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Christopher R Anderson

Abstract
Impulse Ultra Wideband (UWB) communications is an emerging technology that promises a
number of beneﬁts over traditional narrowband or broadband signals: extremely high data rates,
extremely robust operation in dense multipath environments, low probability of intercept/detection, and the ability to operate concurrently with existing users. Unfortunately, most currently
available UWB systems are based on dedicated hardware, preventing researchers from investigating algorithms or architectures that take advantage of some of the unique properties of UWB
signals.
This dissertation outlines the development of a general purpose software radio transceiver
testbed for UWB signals. The testbed is an enabling technology that provides a development
platform for investigating ultra wideband communication algorithms (e.g., acquisition, synchronization, modulation, multiple access), ranging or radar (e.g., precision position location, intrusion detection, heart and respiration rate monitoring), and could potentially be used in the area of
ultra wideband based medical imaging or vital signs monitoring. As research into impulse ultra
wideband expands, the need is greater now than ever for a platform that will allow researchers to
collect real-world performance data to corroborate theoretical and simulation results.
Additionally, this dissertation outlines the development of the Time-Interleaved Analog to
Digital Converter array which served as the core of the testbed, along with a comprehensive theoretical and simulation-based analysis on the effects of Analog to Digital Converter mismatches in a
Time-Interleaved Sampling array when the input signal is an ultra wideband Gaussian Monocycle.
Included in the discussion is a thorough overview of the implementation of both a scaled-down
prototype as well as the ﬁnal version of the testbed. This dissertation concludes by evaluating the
of the transceiver testbed in terms of the narrowband dynamic range, the accuracy with which it can
sample and reconstruct a UWB pulse, and the bit error rate performance of the overall system.
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Chapter 1: Introduction to UWB Communications

1

Chapter 1
Introduction to UWB Communications
1.1
1.1.1

Fundamentals
Overview of UWB

Ultra-wideband (UWB) communication systems can be broadly classiﬁed as any communication system whose instantaneous bandwidth is many times greater than the minimum required
to deliver a particular information data rate, and is the deﬁning characteristic of UWB systems.
Understanding how this characteristic affects system performance and design is critical to making
an informed engineering design decisions on how to implement a UWB system.
The very ﬁrst wireless transmission—via the Marconi Spark Gap Emitter—was essentially a
UWB signal created by the random conductance of a spark. The instantaneous bandwidth of these
spark gap transmissions vastly exceeded their information rate. Users of these systems quickly discovered some of the most important wireless system design requirements: providing a method to
allow a speciﬁc user to recover a particular data stream, and allowing all of the users to efﬁciently
share the common spectral resource. The UWB technology of the time did not offer a practical
answer to either requirement. These problems were solved during the evolution of wireless communications into carrier-based systems with regulatory bodies, such as the Federal Communications Commission (FCC) in the United States. The FCC is responsible for carving the spectrum
into narrow slices which are then licensed to various users. This regulatory structure effectively
outlawed UWB systems, and relegated UWB to purely experimental work for a very long time.
Within the past 40 years, advances in analog and digital electronics and UWB signal theory
have enabled system designers to propose some practical UWB communications systems. Over
the past decade, many individuals and corporations began asking the FCC for permission to operate unlicensed UWB systems concurrent with existing narrowband signals. In 2002, the FCC
1
decided to change the rules to allow UWB system operation in a broad range of frequencies . In
the proceedings of the FCC UWB rule making process [1] one can ﬁnd a vast array of claims relat1

The FCC deﬁnes UWB as a signal with either a fractional bandwidth of 20% of the center frequency or 500 MHz (when the center frequency
is above 6 GHz) [1]. The formula proposed by the FCC commission for calculating the fractional bandwidth is 2(fH – fL )/(fH+fL) where fH
represents the upper frequency of the -10dB emission limit and fL represents the lower frequency limit of the -10 dB emission limit.

Much of the material presented in this chapter, including Figures 1.1, 1.2, and 1.3 appears in [2] and is reprinted here with permission.

Chapter 1: Introduction to UWB Communications

2

ing to the expected utility and performance of UWB systems, some of them quite fantastic. A large
amount of testing has been conducted by the FCC, FAA, DARPA, and others to investigate these
claims. The results of these tests have uniformly shown that UWB still conforms to Maxwell’s
Equations and the laws of physics. Properly designed UWB signals appear very noise-like to narrow band systems, as long as their power spectral density is low enough.
UWB has several features which differentiate it from conventional narrowband systems:
• Large instantaneous bandwidth enables ﬁne time resolution for use as a radar, for network
time distribution, or for precision location capability.
•

Robust multipath performance through more resolvable paths.

•

Low power spectral density allows coexistence with existing users and provides Low Probability of Intercept (LPI).

•

Data rate may be traded off for Power Spectral Density (a larger duty cycle results in
greater average radiated energy) and multipath performance.

What makes UWB systems unique is their large instantaneous bandwidth and the potential
for very simple implementations. Additionally, the wide bandwidth, potential for low-cost digital
design, enables a single system to operate in different modes as a communications device, radar, or
locator. Taken together, these properties give UWB systems a clear technical advantage over other
more conventional approaches in high multipath environments at low to medium data rates.
Currently, numerous companies and government agencies are investigating the potential of
UWB to deliver on its promise. A wide range of UWB applications have been demonstrated [3,
4], but much more work needs to be done. Designers are still faced with the same two problems
as Marconi faced more than 200 years ago: how does a particular user recover a particular data
stream, and how do all of the users efﬁciently share the common spectral resource? Additionally,
now that wireless communications have progressed beyond the point where just making it work at
all was sufﬁcient, a designer must face a third and perhaps more important question: can a UWB
system be built with a sufﬁcient performance or cost advantage over conventional approaches to
justify the effort and investment?

1.1.2

Types of UWB Signals

1.1.2.1

Impulse UWB Signals

There are two common forms of UWB: one based on sending very short duration pulses to
convey information and another approach using multiple simultaneous carriers. Each approach
has its relative technical merits and demerits. Because Impulse UWB (I-UWB) is generally less
well understood than MultiCarrier (MC-UWB), this dissertation will primarily focus on impulse
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Figure 1.1: Comparison of the fractional bandwidth of a narrowband and Ultra
Wideband communication system (from [2]).

modulation approaches. The most common form of multicarrier modulation—Orthogonal Frequency Division Multiplexing (OFDM)—has become the leading modulation for high data rate
systems and much information on this modulation type is available in recent technical literature.
Pure impulse radio, unlike classic communications, does not use a modulated sinusoidal carrier to convey information. Instead, the transmit signal is a series of baseband pulses. Since the
pulses are extremely short (commonly in the nanosecond range or shorter), the transmit signal
bandwidth is on the order of gigahertz and/or the fractional bandwidth is greater than 0.2, as seen
in Figure 1.1. The unmodulated transmit signal as seen by the receiver (in the absence of channel
effects) can be represented as:
s( t ) =

∞

∑ A ( t ) p( t - iT )

i=-∞

i

r

(1.1)

Where:
__
Ai ( t ) is the amplitude of the pulse equal to ±√Ep [Volts]
__

√ Ep is the energy per pulse

p( t ) is the received pulse shape with normalized energy
Tr is the pulse repetition time (the time between transmission of successive UWB
pulses) [seconds]
Tp is the duration of the pulse [seconds]
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1 is not necessarily equal to the inverse of the pulse
Note that the pulse repetition rate Rf = __
Tr
width. In other words, the duty cycle of the transmitted signal is almost always less than 1. In this
work we will refer to s(t) as the transmit signal to avoid confusion with the received signal r(t)

which includes channel effects. Most practical systems will use some form of pulse shaping to
control the spectral content of each pulse to conform to regulatory limits.

1.1.2.2

Multicarrier UWB Signals

Multicarrier communications were ﬁrst used in the late 1950’s and early 1960’s for higher
data rate HF military communications. Since that time, OFDM has emerged as a special case of
multicarrier modulation using densely spaced subcarriers and overlapping spectra and was patented in the U.S. in 1970 [5]. However the technique did not become practical until several innovations occurred. First the OFDM signal needs precisely overlapping, but non-interfering carriers
and achieving this precision requires the use of a real-time Fourier transform [6] which became
feasible with improvements in Very Large Scale Integration (VLSI). Throughout the 1980’s and
1990’s other practical issues in OFDM implementation where addressed, such as oscillator stability in the transmitter and receiver, linearity of the power ampliﬁers, and compensation of channel
effects. Doppler spreading caused by rapid time variations of the channel can cause interference
between the carriers and held back the development of OFDM until Cimini developed coded
multicarrier modulation [7].
OFDM is now used in Asymmetric Digital Subscriber Line (ADSL) services, Digital Audio
Broadcast (DAB), Digital Terrestrial Television Broadcast (DVB) in Europe and Integrated Services Digital Broadcasting (ISDB) in Japan, IEEE 802.11a/g, 802.16a, and Power Line Networking (HomePlug). Because OFDM is suitable for high data-rate systems, it is also being considered
for the fourth generation (4G) wireless services, IEEE 802.11n (high speed 802.11) and IEEE
802.20 (MAN) [8].
MC-UWB is very different from I-UWB. In multicarrier UWB, the complex baseband model
transmitted signal has the form

s( t ) =

N

∑ di ( t ) e

T
j2πi__
T
s

i=1

(1.2)

Where:
N is the number of carriers
Ts = N Tb is the symbol duration [seconds]
Tb is the bit duration [seconds]
di ( t ) is the symbol stream modulating the i th carrier
Figure 1.2 illustrates a comparison of the spectrum of I-UWB and MC-UWB transmissions.
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(b)

Figure 1.2: Comparison of impulse and multicarrier UWB spectrums. (a)
Spectrum of a Gaussian Monocycle based Impulse UWB signal. (b) Spectrum of an
OFDM-based MC-UWB Signal (from [2]).

1.1.2.3

Relative Merits of Impulse vs. Multicarrier

The relative merits and demerits of I-UWB and MC-UWB are controversial issues, and have
been debated extensively in the standards bodies. One particularly important issue is minimizing
interference transmitted by and received by the UWB system. MC-UWB is particularly well
suited for avoiding interference since its carrier frequencies can be precisely chosen to avoid narrowband interference to or from narrowband systems. Additionally, MC-UWB provides more
ﬂexibility and scalability, but requires an extra layer of control in the physical layer. For both
forms of UWB, spread spectrum techniques can be applied to reduce the impact of interference on
the UWB system.
I-UWB signals require fast switching times for the transmitter and receiver and highly precise
synchronization. Transient properties become important in the design of the radio and antenna.
The high instantaneous power during the brief interval of the pulse helps to overcome interference
to UWB systems, but increases the possibility of interference from UWB to narrowband systems.
The RF front end of an I-UWB system may resemble a digital circuit, thus circumventing many of
the problems associated with mixed-signal integrated circuits.
On the other hand, implementing a MC-UWB front end can be challenging due to the continuous variations in power over a very wide bandwidth. This is particularly challenging for the power
ampliﬁer. In the case of OFDM, high-speed FFT processing is necessary, requiring signiﬁcant
processing power.
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Another issue in the implementation of a UWB system is the general detection theory assumption that the system operates in an AWGN noise environment. This is, unfortunately, not
always true for any real communication system, and especially for UWB systems. There can be
real signals that are within the UWB pass band that do not have Gaussian noise statistics. These
narrowband signals force a system to operate at higher transmit power or ﬁnd a way to excise the
in-band interference.

1.1.2

A Brief History of Impulse UWB Signals

The modern era in UWB started in the early 1960’s from work in time-domain electromagnetics and was led by Harmuth at Catholic University of America, Ross and Robins at Sperry Rand
Corporation, and van Etten at the United States Air Force (USAF) Rome Air Development Center
[9, 10]. Harmuth’s work cumulated in a series of books and articles between 1969 and 1990
[11, 12, 13, 14, 15, 16, 17, 18, 19, 20]. Harmuth, Ross, and Robbins all referred to their systems
as base-band radio. During the same period, the engineers at Lawrence Livermore, Los Alamos
National Laboratories (LLNL and LANL) and elsewhere performed some of the original research
on pulse transmitters, receivers, and antennas.
A major breakthrough in UWB communications occurred as a result of the development of the
sampling oscilloscope by both Tektronix and Hewlett-Packard in the 1960’s. These sampling circuits not only provided a method to display and integrate UWB signals, but also provided simple
circuits necessary for sub-nanosecond baseband pulse generation [10, 21]. In the late 1960’s,
Cook and Bernfeld published a book [22] which summarized the developments in pulse compression, matched ﬁltering, and correlation techniques developed at the Sperry Rand Corporation. The
invention of a sensitive baseband pulse receiver by Robbins in 1972—as a replacement for the
sampling oscilloscope—led to the ﬁrst patented design of a UWB communications system by Ross
at the Sperry Rand Corporation [23].
In parallel with the developments in the United States, extensive research into UWB was conducted in the former Soviet Union. In 1957 Astanin developed an X-band 0.5 ns duration transmitter for waveguide study at the A. Mozjaisky Military Air Force Academy, while Kobzarev et. al.
conducted indoor tests of UWB radars at the Radioelectronics Institute of the USSR Academy of
Science [24]. As in the US, development accelerated with the advent of sampling oscilloscopes.
By the early 1970’s the basic designs for UWB radar and communication systems, were
evolved with advances in electronic component technology. The ﬁrst ground penetrating radar
based on UWB was commercialized in 1974 by Morey at the Geophysical Survey Systems Corporation. In 1994, McEwan at LLNL developed the Micropower Impulse Radar (MIR), which
provided a compact, inexpensive, low-power UWB system for the ﬁrst time [25].
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Around 1989, the Department of Defense created the nomenclature ultra wideband to describe
communication via the transmission and reception of impulses. The US Government has been
and continues to be a major backer of UWB research. The FCC effort to authorize the use of
UWB systems [1] spurred a great amount of interest and fear of UWB technology. In response to
the uncertainty of how UWB systems and existing services could operate together, several UWB
interference studies were sponsored by the US government.
In 1993, Robert Scholtz at the University of Southern California wrote a landmark paper which
presented a multiple access technique for UWB communication systems [26]. Scholtz’s technique
allocated each user a unique spreading code that determines speciﬁc instances in time when the
user is allowed to transmit. With a viable multiple access scheme, UWB now became capable of
supporting not only radar and point-to-point communications, but wireless networks as well.
With the advent of UWB as a viable candidate for wireless networks, a number of researchers
in the late 1990’s and early 2000’s began detailed investigations into UWB propagation. These
propagation studies—and the channel models developed from the measurement results—culminated in a number of notable publications by Cassioli, Win, Scholtz, Foerster, and Molisch [27,
28, 29, 30, 31, 32, 33, 34, 35, 36]. Additionally, the DARPA-funded Networking in Extreme
Environments (NETEX) project began detailed investigations into indoor/outdoor UWB propagation modeling, characterization of the response of building materials to UWB impulses, and
characterization of the antenna’s response to a UWB signal [37, 38, 39].
More recently there has been a rapid expansion of the number of companies and government
agencies involved with UWB—growing from a handful in the mid 1990’s that included Multispectral Solutions, Time Domain, Aether Wire, Fantasma Networks, LLNL and a few others to the
plethora of players, big and small, we have today. The FCC, NTIA, FAA, DARPA, as well as the
previously mentioned companies, spent many years investigating the effect of UWB emissions on
existing narrow band systems. The results of those studies were used to inform the FCC’s decision
on how UWB systems could be allowed to operate. In 2003, the ﬁrst FCC certiﬁed commercial
system was installed [40], and the ﬁrst FCC-compliant commercial UWB chipsets have been announced by TimeDomain Corporation.

1.1.3

Regulatory, Legal, and Other Controversial Issues

On September 1st, 1998, the FCC issued a Notice of Inquiry pertaining to the revision of Part
15 rules to allow the unlicensed use of UWB devices [1]. The FCC was motivated by the potential
for a host of new applications of the technology: high-precision radar, through-wall imaging,
medical imaging, remote sensors, and secure voice and data communications. Investigating the
potential use of UWB devices presented a very different mode of operation for the FCC. Instead
of dividing the spectrum into distinct bands which were then allocated to speciﬁc users/services,
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UWB devices would be allowed to operate overlaid with existing services. Essentially, the UWB
device would be allowed to interfere with existing services—ideally at a low enough power level
that existing services would not experience performance degradation. The operation of UWB
devices in tandem with existing users is a signiﬁcantly different approach to spectral efﬁciency
than achieving the highest possible data rates in a channel with precisely deﬁned bandwidths. In
fact, many have questioned whether the operation of UWB devices is “efﬁcient” in the strict sense
of the word, or if it is instead an exercise in interference tolerance.
By May 2000, the FCC had received more than 1,000 documents from more than 150 different
organizations in response to their Notice of Inquiry, to assist the FCC in developing an appropriate
set of speciﬁcations. Speciﬁcally, the FCC was concerned about the potential interference from
UWB transmissions to both Global Positioning System (GPS) signals and commercial/military
avionics signals. On February 14, 2002, the FCC issued a First Report and Order [1], which classiﬁed UWB operation into six separate categories:
•
•
•
•
•
•

Communication and Measurement Systems
Vehicular Radar Systems
Imaging Systems, including:
Ground Penetrating Radar
Through-wall imaging and surveillance systems
Medical imaging

Each category was allocated a speciﬁc spectral mask, as shown in Figure 1.3. Table 1.1 summarizes the various UWB operational categories and their allocated bandwidths, along with restrictions on personnel allowed to operate in that particular mode.
The FCCs ruling, however, did not speciﬁcally address precision location for asset tracking
or inventory control. These applications, known as location-aware communication systems, are a
hybrid of Radar and data communications, using UWB pulses to track the 2-D and 3-D position
of an item to accuracies within a few tens of centimeters [3], as well as transmitting information
about the item—such as its contents—to a centralized database system.
Note that the FCC has only speciﬁed a spectral mask, and has not restricted users to any
particular modulation scheme. As discussed above, a number of organizations are promoting
multicarrier techniques, such as OFDM, as a potential alternative to I-UWB for high data rate
communications.
Beyond the United States, other countries have been using a similar approach towards
licensing UWB technology. In both Europe and Japan, initial studies have been completed and
regulations are expected to be issued in the near future and are generally expected to harmonize
with the FCC mask.
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Table 1.1
Summary of FCC Restrictions on UWB Operation
Application

Frequency Band for
Operation at Part 15 Limits

User Restrictions

Communications and Measurement
Systems (sensors)

3.1 — 10.6 GHz (different
emission limits for indoor and
outdoor systems)

None

Vehicular Radar for collision avoidance,
airbag activation, and suspension system
control

24 — 29 GHz

None

Ground Penetrating Radar to see or detect
buried objects

3.1 — 10.6 GHz and below
960 MHz

Law enforcement, ﬁre and
rescue, research institutions,
mining, construction

Wall Imaging Systems to detect objects
contained in walls

3.1 — 10.6 GHz and below
960 MHz

Law enforcement, ﬁre and
rescue, mining, construction

Through-wall Imaging Systems to detect
location or movement of objects located on
the other side of a wall

1.99 — 10.6 GHz and below
960 MHz

Law enforcement, ﬁre and
rescue

Medical Systems for imaging inside people
and animals

3.1 — 10.6 GHz

Medical personnel

Surveillance Systems for intrusion
detection

1.99 — 10.6 GHz

Law enforcement, ﬁre and
rescue, public utilities and
industry

1.2
1.2.1

What Makes UWB Unique?
Time-Domain Design

UWB has a very unique set of design requirements and attempting to apply the principles for
traditional narrowband or even broadband communications to the design of I-UWB systems can
be misleading. Analysis of I-UWB systems often means examining the impulse response of the
system as opposed to the steady state response, particularly when examining the antenna response.
Time-domain effects can include frequency-dependant pulse distortion imparted by RF components or the wireless channel, pulse dispersion produced by the antenna, or timing jitter generated
by non-ideal oscillators. For traditional communication systems, these transient effects are only a
small fraction of the symbol duration and may often times be ignored. In I-UWB systems, these
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(a)

(b)

(c)

(d)

(e)

Figure 1.3: FCC allocated spectral mask for various UWB applications (from [2]).
(a) Indoor UWB communication systems (b) Vehicular RADAR (c) Imaging (low
frequency) (d) Imaging (mid frequency) and (e) Imaging (high frequency).
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effects directly impact the performance of the overall communication system. For example, timing
jitter will lead to imperfect correlation at the receiver, or—for modulation schemes where data is
transmitted in the precise position of a pulse—potential loss of data and system synchronization.

1.2.2

Impact of the Antenna

One of the challenges in the implementation of UWB systems is the development of a suitable
antenna that would enhance the advantages promised by a pulsed communication system. I-UWB
requires antennas that can cover many octave bandwidths in order to transmit pulses on the order
of a nanosecond in duration with minimal distortion. Since data may be contained in the shape or
precise timing of the pulse, a clean impulse response (i.e. minimal pulse distortion) can be considered as a primary requirement for a good I-UWB antenna.
While it may be more intuitive for communication engineers to think of the performance of an
antenna in terms of its frequency domain characteristics, the response of an antenna to a I-UWB
pulse stream can best be described in terms of its temporal characteristics. An ideal UWB antenna
needs to be relatively efﬁcient across the entire frequency band with a Voltage Standing Wave
Ratio (VSWR) of at most 2:1. To prevent distorting the pulse, an ideal UWB antenna should
produce radiation ﬁelds with constant magnitude and a phase shift which varies linearly with
frequency [37]. An antenna which meets these characteristics will radiate a signal which is only a
time derivative of the input signal.
In reality, due to size and cost constraints, practical UWB antennas may not meet the above
requirements. It must also be noted that the antenna induced distortion can change with elevation
and azimuth angle. Thus, we assume that such effects will ultimately be included in the assumed
channel model. A more detailed discussion of these effects will be discussed in Chapters 3 and 4
which detail channel modeling and antenna effects, respectively.

1.2.3

Propagation and Channel Models

To perform systems level engineering, UWB propagation characteristics must be considered.
UWB differs from conventional communications in that the signal may be overlaid on top of
interference. This interference must be considered in the link budget and, in fact, can often be the
primary reason for performance limitations. Another issue is the introduction of large numbers
of multipath signals which were not resolvable in narrowband communication systems. Measurements of typical UWB channels have shown dense, multipath rich environments, allowing for
Rake receivers that can harvest a tremendous amount of energy. Additionally, UWB propagation
is highly dependant on the effect the antenna has on the shape and duration of the transmitted
pulse.
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UWB propagation measurements and modeling is the subject of ongoing debate in the engineering community; nor is the focus of this dissertation on propagation and channel modeling.
Understanding the impact of the wireless channel on UWB signals is, however, important when
considering the architecture and operation of a UWB signal. Therefore, this dissertation will
discuss the basic concepts behind several UWB channel models as well as some of the differences between narrowband and UWB signal propagation, along with their impact on the receiver
design.

1.2.4

Transmitter and Receiver Design

RF design for UWB systems is distinct from traditional narrowband or broadband systems
in several ways. The extremely wide bandwidth of a UWB pulse necessitates RF components that
have ﬂat frequency responses. Signiﬁcant deviation, or ripple, in the frequency response of RF
components, as well as the nonlinearities present in all RF devices, will introduce distortion to the
UWB pulse. UWB transmitted signals also have a very high peak to average power ratio (PAPR).
As RF components are peak power limited, it becomes important to ensure that all RF devices have
a power handling capacity at least as great as the peak power in the UWB pulse.
Furthermore, the coexistence of UWB and existing services means that narrowband interfering signals will be detected by the receiver. These narrowband signals can either corrupt the
pulse or saturate the RF front end and decrease the receiver’s dynamic range—effectively limiting
the range of the UWB system. Introducing notch ﬁlters at the receiver is a potential solution;
pulse-shaping techniques, such as those described in [41], provide an alternative method for mitigating the presence of narrowband interferers without distorting the UWB waveform.
Most UWB receiver techniques require highly accurate synchronization with the transmitter as
well as stable oscillators to maintain synchronization. With certain I-UWB modulation schemes in
particular, data may be conveyed by the precise position or timing of the pulse and a loss of precise
synchronization could result in a loss of data.

1.2.5

Difﬁculties in Using DSP Technology

One of the many quirks of I-UWB systems is that designing a transmitter to broadcast short
pulses is much simpler than designing a receiver to demodulate those pulses. Thus, designing
I-UWB receivers presents a unique challenge for the communication engineer. Assuming a pulse
width of 250 picoseconds, sampling at a rate of 2 samples/pulse requires a sampling rate of 8
Gigasamples per second. Assuming 6 bits per sample, the receiver must process a data stream of
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48 Gbps; at 8 bits per sample, the data stream increases to 64 Gbps. At the time of this writing,
only the most technologically advanced FPGAs and ASICs are capable of handling such a huge
amount of data.
Another problem is the limitations inherent in practical Analog-to-Digital Converters (ADCs).
2
Most mass-produced commercial grade ADCs have analog input bandwidths less than a GHz
—meaning that regardless of the sampling clock frequency, the ADC can only sample signals that
fall within its input bandwidth. The highest performance commercially available ADCs can have
input bandwidths which extend into several GHz and have a maximum sampling clock frequency
in the low GHz range. It is quite obvious, therefore, that in order to sample a UWB signal which
lies in the 3.1 – 10.6 GHz range, the ADC must, at the very least, have an analog input bandwidth
equal to or greater than the highest frequency component of the input signal—i.e. an input bandwith of 10.6 GHz. The use of high-performance (and high-cost) FPGAs, DSPs, and ADCs are,
however, an anathema to engineers who have heralded UWB as a low-cost, simple, communication system.

1.2.6

Networking Issues

A primary driving application of UWB is to create a high-rate Wireless Personal Area Network
(WPAN) conﬁned to a small coverage area (less than 10m radius). The network should be a selforganized dynamic ad hoc network, which means the network is formed without pre-planning
and that users can join or leave at any time. Network security is also an important issue. Even
though UWB signals may have a Low Probability of Intercept (LPI), it is still important to provide
authentication, encryption, and integrity to prevent spooﬁng and unwanted access to critical data
and functions. Variable modes of operation should allow for both long-range low-data rate communications and short-range, high-speed connections for multimedia or large data transfers.
UWB communications present some unique challenges for a wireless network’s Medium
Access Control (MAC). UWB networks may carry a variety of trafﬁc with widely varying Quality
of Service (QoS) requirements, and thus a hybrid CDMA and TDMA based MAC becomes a more
appropriate technique for instead of the traditional TDMA MAC. Furthermore, the unique nature
of I-UWB communications means that several additional features should be built into the MAC
layer. Ranging information will assist with the formation of piconets by excluding users which fall
outside of a pre-determined radius of operation. The need for strict synchronization between transmitter and receiver and the ability to generate accurate channel estimates must also be addressed
by the MAC. Implementing a decentralized MAC provides the ability to incorporate UWB into
consumer electronics and mobile phones which can operate over ad-hoc networks. Finally, dif-

2

Analog input bandwidth is deﬁned as the frequency at which the sampled output of the ADC falls 3 dB below the full scale
input amplitude.
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ferent modes of operation—high data rate, long range, or distributed sensor networks—each have
somewhat different design constraints, suggesting that multiple approaches to the MAC design
may be necessary to develop an optimal MAC layer for a particular application.

1.2.7

Future Directions

At the present time, the FCC is content to allow UWB devices to develop within the limitations
of their First Note and Order [1]. As the technology matures, it is possible that the FCC may relax
both the transmitted power level and bandwidth restrictions for UWB operation. Such modiﬁcations will most likely be as a result of detailed investigations which demonstrate minimal impact
that higher power UWB devices would have on the Quality of Service (QoS) of existing users. In
particular, major concerns still exist about the potential interference of UWB emissions to GPS
and air trafﬁc control signals.
A potential future application of UWB communications is low-power, low-data rate distributed sensor communications, similar to the 802.15.4/ZigBee standard. As the duty cycle of
I-UWB pulses is inherently very small, an I-UWB based extension of the 802.15 standard would
help to conserve valuable battery life [3]. Also, the extremely low power spectral density and short
time duration of the pulse makes the transmitted signal difﬁcult to detect and intercept—a deﬁnite
advantage for ensuring a secure network.
Another potential application for I-UWB signals is the ﬁeld of medicine. Microwave and
radar monitoring of physiologic functions is an idea which has been around in concept since the
1970’s [42, 43], but its development was hampered by the cumbersome and expensive technology
of the time. With sufﬁciently short pulse duration (on the order of 100 picoseconds), an I-UWB
radar would be capable of monitoring the movements of internal organs (such as the heart or lungs)
without the need for direct skin contact or constraining the patient in space. Additionally, research
is underway which analyzes the backscattered signals from a UWB pulse to detect cancer [44, 45].
While I-UWB imaging may not provide the resolution of CT or MRI scans, it has the potential to
cost-effectively provide critical information, and based on those results determine whether further
diagnostics will be required.

1.3

Purpose

This dissertation describes the development and implementation of a UWB communication
system based on Software Deﬁned Radio principles. This communication system was designed
to be a very powerful, general purpose testbed, so that future students and researchers could use
it for the test and development of UWB pulse shapes, channel coding, error control, and network
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algorithms. Additionally, the receiver can be converted to a variety of other uses by changing the
ﬁrmware code. Thus, in addition to communications, the receiver can be reconﬁgured for use in
propagation research, or for investigative studies in UWB medical imaging.
Currently, commercially available UWB development kits are composed of custom-developed
hardware. The end-users of these development kits have little or no control over pulse shape,
modulation/multiple access schemes, or coding. UWB chipset manufacturers also tend to optimize their systems for only one type of communication: high-speed data (XtremeSpectrum),
low-speed data and ranging (TimeDomain), inventory control and position location (Aetherwire
and MSSI), and voice (MSSI). No commercially system currently available is capable of adapting
or reconﬁguring itself to support more than one or two applications. The challenges involved in
developing such a reconﬁgurable UWB communication system—extremely high sampling rates
and a tremendous amount of digital processing power—have been fairly daunting.

1.4

Project Overview

The ﬁrst phase of this project was to develop and simulate a system-level architecture for the
UWB receiver. Because of the desire to use off-the-shelf components, the system was constrained
to using baseband UWB pulses, meaning that it would not be compliant with FCC guidelines. The
limitation is, however, a hardware one, rather than an architectural or software limitation, and thus
the receiver hardware could be upgraded to use ADCs with a greater input bandwidth, along with
higher frequency RF components. The overall system architecture chosen was a Time-Interleaved
Sampling receiver, for reasons discussed in Chapter 3. This architecture choice required very tight
control over almost all analog and digital signals (such as the RF signal path, ADC clock, and data
output lines), necessitating a custom-designed printed circuit board (PCB). Before committing
to spend the tens of thousands of dollars on designing the PCB, a detailed system level simulation successfully demonstrated the conceptual operation of the communication system, as well as
provided a benchmark performance for the receiver to be evaluated against.
The second phase of the project was to produce several prototype boards, in order to ﬁnd and
ﬁx any hardware and software bugs before committing to the ﬁnal implementation. The prototype
boards also served as a development and debugging platform for the FPGA design. Several prototype PCBs were constructed in this phase, starting with various receiver components (Voltage
Regulators, ADC-FPGA interface), which culminated in the development of a highly simpliﬁed
receiver board. In addition, two other prototype boards were created, to evaluate the performance
of the ADC-FPGA interface with various numbers of ADCs. The prototype boards also served as
a means to characterize PCB structures (transmission lines and vias) and their interactions with
signals on the board. Understanding how these structures impact the signals on the PCB is critical
to designing and operating systems at the highest clock frequencies.
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The third and ﬁnal phase of this project is the design and development of the full receiver.
Performance evaluation of the receiver will also determine how well it matches the predicted
simulation results.

1.5

Original Contributions

The following list highlights the original contributions of this research:
• Development of a SDR UWB receiver. As discussed above all UWB receivers currently
on the market are based on specialized hardware. Additionally, UWB systems that have
been developed at universities or research labs have a very limited amount of ﬂexibility/
versatility. As a result, end users have little to no control over the operation of these UWB
systems. The SDR UWB receiver gives users full control over nearly all aspects of a UWB
communication link. Also, the SDR receiver is extremely general purpose, and could be
reconﬁgured to operate with almost any broadband communication standard.
•

Derivation of the SNR of a Time-Interleaved ADC array for Gaussian Monocycle
UWB signals. Over the past 25 years, a number of researchers have examined the effects
of mismatches in Time-Interleaved Sampling arrays for simple CW or sine wave inputs,
most notably Black [46, 47], Kurosawa [48], as well as Jenq [49, 50]. To date, no one
has investigated the performance of these arrays for non-continuous time signals, such as
pulse-based UWB signals. This dissertation uses Black’s approach to derive the SNR for a
Gaussian Monocycle UWB signal in the presence of Gain, Offset, and Timing Mismatches
across the ADC array.

•

Simulation of the SNR of an 8-ADC Time-Interleaved array for Gaussian Monocycle UWB signals. Most commercial Time-Interleaved ADC arrays are implemented
on a single IC, where designers have very precise control over matching ADC parameters.
Time-Interleaved sampling using multiple individual ADCs on a printed circuit board—
which is the implementation presented in this dissertation—poses some very signiﬁcant
design challenges, including very close matching of the ADC characteristics, accounting
for temperature and part-to-part variations, along with carefully controlled clock delay and
jitter. Thorough simulations presented in this dissertation demonstrate just how closely
the individual ADC parameters must be matched, and indicate close agreement with the
theoretically predicted performance.

1.6

Dissertation Overview

When beginning any major design effort, it is important to understand the engineering tradeoffs one expects to encounter along the way. Chapter 2 provides a general overview of the major
design issues and tradeoffs encountered in developing an IR-UWB receiver, along with a review
of a number of IR-UWB receivers discussed in the literature.
Chapter 3 then presents a high-level overview of the Software Radio IR-UWB Communication
System developed for this Dissertation. Chapter 4 presents theoretical analysis and simulation
results for three aspects of the system:
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• System Level Performance
• Time Interleaved ADC Array Performance
• Pilot-Based Matched Filter Mitigation of Time Interleaved ADC Mismatches
With any high-speed digital system, simulation and prototyping are essential to the design and
development for a number of reasons:
• Verifying Signal Integrity
• Characterizing PCB Structures
• Demonstrating Design Feasibility
• Providing a Platform for Software/Firmware Development
Chapter 5, therefore, details the development of a simple 2-ADC prototype of the IR-UWB
receiver, and presents performance results from the prototype receiver board. Chapter 6 then
details the development of the full transceiver testbed, and Chapter 7 presents the performance
results from each of the component parts, as well as the system as a whole.
Finally, Appendices A-E contain the schematics and bill of materials for the prototype receiver,
as well as all subsystems for the UWB SDR Testbed. TIFF images of the PCB layout for all subsystems ahve been archived along with this dissertation.
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Chapter 2
UWB Communication Systems: Design
Issues, Tradeoffs, and Literature Review
2.1

Introduction and Motivation

Ultra wideband (UWB) communications can be broadly classiﬁed as communication systems
which occupy a bandwidth signiﬁcantly greater than their information bandwidth. The very ﬁrst
wireless transmission—via the Marconi Spark Gap Emitter—was essentially a UWB signal. From
that point, wireless communications evolved into carrier-based systems, with a regulatory body
(such as the FCC) responsible for carving the spectrum into narrow slices which were then licensed to various users. In the 1960’s interest in time-domain electromagnetics and carrierless
communications resurfaced, with Ross [23, 51] being generally credited as the ﬁrst person to describe a practical UWB communication system. Around 1989, the Department of Defense created
the nomenclature Ultra wideband to describe communication via the transmission and reception
of impulses. On February 14, 2002, the US Federal Communications Commission adopted a First
Report and Order which created a spectral mask (based on Part 15 rules) allowing Ultra wideband
communication systems to operate license-free in the 3.1—10.6 GHz and below 960 MHz bands
at an average output power of -41 dBm/MHz, illustrated in Figure 2.1.
Note that the FCC has only speciﬁed a spectral mask, and have not restricted users to any particular modulation scheme. While the most common UWB implementation uses impulse modulation, a limited number of researchers have investigated alternate techniques, such as broadband
BPSK or Fast Frequency Hopping [52, 53]. To prevent confusion, this dissertation will adhere to
the standard nomenclature of UWB as communication via impulses (I-UWB or Impulse Radio
Ultra wideband), and will use the term Ultra broadband (UBB) when referring to alternative techniques.
This chapter will discuss some of the system level physical layer implementation issues and
tradeoffs for UWB communication systems. Speciﬁcally, the following areas will be covered:

Much of the material presented in this chapter, including Figures 2.1, 2.5, 2.6, 2.7, 2.9, 2.21, and 2.25 appears in [2] and is reprinted here with
permission.
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Figure 2.1: FCC Deﬁned Spectral Mask for Ultrawideband Communication
Systems (from [2]).

•

The basic pulse shape, modiﬁcations to the pulse shape, its spectrum, practical pulse generation, and popular modulation schemes.

•

The effects of the antenna on the radiated pulse shape, including a qualitative comparison
of popular broadband antennas for UWB systems.

•

A brief look two popular channel models used when discussing UWB propagation.

•

Common receiver architectures, including a qualitative summary of major implementation
tradeoffs.

2.2
2.2.1

I-UWB Transmitters
Overview of the I-UWB Communication System

This section presents the overall system model and notation convention which will be used
throughout the remainder of this dissertation. The basic model for an unmodulated I-UWB pulse
train was given in Equation 1.1, and is repeated below:
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(2.1)

Where:
Ai ( t ) is the amplitude of the pulse [Volts].
p( t ) is the received pulse shape with normalized energy.
Tf is the frame repetition time [seconds].
Note that we have assumed that the pulse is not distorted by the channel. Thus, p(t) is the pulse
that would be observed by the receiver in a distortionless and noiseless channel with inﬁnite SNR.
However, this is not necessarily equal to the pulse generated by the pulser circuitry, nor is it necessarily equal to the pulse launched by the transmitter. This is a unique feature of UWB systems and
arises from the fact that the transmit and receive antennas can (and usually do) distort the pulse
shape.
Thus, in our system model we assume that the antenna-induced distortion is included in the
received pulse p ( t ) . Recall also that the antenna induced distortion can change with elevation
and azimuth angles. Thus, we assume that such effects will ultimately be included in the assumed
channel model.

2.2.2

Pulse Shapes

By far the most popular pulse shapes discussed in UWB communication literature are the
Gaussian pulse and its derivatives, as they are easy to describe and work with analytically. A
Gaussian pulse is described analytically as:
(t - µ) 2
_______
2σ 2

1
____
p( t ) = _____
e
√ 2πσ 2

Where:

(2.2)

σ is the standard deviation of the Gaussian pulse [seconds].
µ is the location in time for the midpoint of the Gaussian pulse [seconds].

The standard deviation of the Gaussian pulse is related to the pulse width via Equation 2.3:
τp = 2πσ
Where:

τp is the pulse width [seconds]

(2.3)
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An example is plotted in Figure 2.2 (a). The ﬁrst derivative of a Gaussian pulse is also a
commonly used analytical pulse shape, due to the fact that a UWB antenna may differentiate the
generated pulse (assumed to be Gaussian) with respect to time1 leading to the Gaussian Monocycle
pulse shape:

(t - µ)
p( t ) = _____
e
σ2

2

(t - µ)
- ______
2

(2.4)

2σ

A third model uses the second derivative of a Gaussian pulse, known as a Gaussian Doublet:
(t - µ)
p( t ) = _____
e
4
σ

2

(t - µ)
_____
2σ 2

2

2

(t - µ)
- _____
(t - µ)
2σ
- ______
e
4
σ
2

(2.5)

These three pulse types, along with the spectrum of a Gaussian Monocycle, are plotted in
Figure 2.2. The time axis is arbitrary and depends on the value assumed above for τ p. Considering
Figure 2.2d, it can be seen that the total energy of the pulse is spread over a very large frequency
range. Thus the amount of energy in any particular frequency band is extremely low, resulting
in the possibility that a communication system utilizing these pulses could coexist with existing
licensed spectrum without causing a signiﬁcant amount of interference. It should be noted, however, that it is not possible to operate a UWB communication system “below the noise ﬂoor” of
existing users [10, 54]. The energy transmitted by the UWB communication systems will add to
the noise ﬂoor for existing users, leading several researchers to suggest that UWB is more of an
exercise in interference tolerance than elegant engineering design [10, 54]. Unfortunately, little
data exists to quantify exactly how much (if any) performance degradation can be expected by operating a UWB communication system concurrently with a narrowband system. In particular, with
pulse durations of less than 1 nanosecond, achieving precise synchronization (which is required to
accurately demodulate data from the UWB transmission) is extremely difﬁcult in the presence of
large amounts of background noise. We should also note that the current FCC rules make UWB
transmission most practical in the 3.1-10.6 GHz band. As a result, the preceding pulse shapes
may not be useful for commercial systems. Instead Gaussian modulated sinusoidal pulse are more
practical. Speciﬁcally, the pulse shape

( )

8k
p( t ) = __
π

Where

1
_
4

1
________
________

√1+e 2π f
2

c

2

)2

e - kt cos( 2πfc t )
(

fc is the desired center frequency for the pulse [Hz].
k is a constant that determines the pulse width [seconds].

1

Certain types of antennas--such as the Bicone antenna--can be conﬁgured to prevent differentiation of the generated pulse.

(2.6)
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Figure 2.2: Example UWB Pulses: (a) Gaussian Pulse, (b) First Derivative of a
Gaussian Pulse (Gaussian Monocycle), (c) Second Derivative of a Gaussian Pulse
(Gaussian Doublet), Spectrum of a single Gaussian Monocycle.

An example plot of this pulse and its spectrum is given in Figure 2.3. Note that the pulse is
a high frequency carrier with a Gaussian shaped envelope. To simplify analysis and discussion,
the remainder of this dissertation will consider only the simple Gaussian pulse shape—with the
understanding that in a practical system the bandpass pulse would be required to meet the FCC
spectral mask.

2.2.2

Pulse Generation

Several techniques exist for generating pulses which approximate the Gaussian pulse shape,
with the most popular listed below:
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(b)

Figure 2.3: Example of a Gaussian modulated sinusoidal pulse. (a) Gaussian
modulated sinusoidal pulse with center frequency of 6 GHz and 1.0 ns in time
duration as well as (b) its spectrum.

• Avalanche Transistor
• Tunnel Diode
• Step Recovery Diode
The Avalanche transistor is a bipolar transistor speciﬁcally designed to operate in the avalanche breakdown mode. These transistors can produce pulses on the order of 150 picoseconds,
with amplitudes of up to several thousand volts. Unfortunately, these devices require collector
bias voltages of 70-300 Volts, making implementation unwieldy in portable UWB communication
systems. Their ability to produce pulses with very high voltages, however, makes them eminently
suitable for UWB radars.
Tunnel Diodes are very heavily doped semiconductor diodes which possess a very narrow
depletion region. Tunnel diodes have a very unique V-I characteristic (Figure 2.4) causing them to
be bi-stable devices—i.e. a given current bias has two unique stable bias voltages.
Tunnel diodes may be used as pulse generators by taking advantage of their bi-stable operation. An input signal with a voltage greater than the peak point will trigger the diode into its region
of instability and will cause it to rapidly switch to its other stable operating point. The switching
operation will result in a very fast rise time pulse—on the order of 60 picoseconds. Unfortunately,
commercial utilization of tunnel diodes peaked in the 1960’s, and at the current time these devices
are no longer in mainstream general production [55].
Currently, the most common device for generating Gaussian-like impulses is step-recoverydiodes (SRDs). The SRD has a DC V-I characteristic similar to a normal diode, but features a fast
switching characteristic. When the forward biased SRD is suddenly reverse biased, current will
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Figure 2.4: Tunnel diode V-I characteristic.

Figure 2.5: Simple Impulse Generator using a Step Recovery Diode (SRD).
Circuit may also use a Tunnel Diode in place of the SRD (from [2]).

continue to ﬂow in the forward direction as long as recombination takes place. When the stored
charge carriers are depleted, the diode immediately switches off to a high impedance state, a transition which occurs in around 100 picoseconds.
Figure 2.5 illustrates a circuit which can take advantage of the rapid switching properties of
tunnel diodes or step recovery diodes to generate a Gaussian-like pulse [56]. The circuit operates
by taking the step waveform generated by the diode and dividing it along two transmission lines
into a forward- and reverse-traveling pulse. The step pulse which travels in the reverse direction
along the shorted transmission line will be inverted and reﬂected back toward the forward-traveling pulse. At the end of the forward transmission line, the two step pulses will be combined to
form a short-duration impulse whose width is given by [56]:
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(b)

Figure 2.6: Simulated response of a SRD pulse generator (from [2]). (a)
Simulated output from an impulse generator based on the circuit in Figure 2.5 (b)
Multispectral Solutions Inc. impulse generator output. Impulse generator uses a
circuit similar to the one illustrated in Figure 2.5.

2l
τ = __
v

Where:

(2.7)

τ is the pulse width [seconds]
l is the length of the transmission line [meters]
v is the velocity of propagation in the transmission line [m/s]

Figure 2.6a shows a simulation of the circuit in Figure 2.5 using a SRD and Figure 2.6b shows
the output of a pulse generator developed by Multispectral Solutions Inc. which uses a similar circuit. A continuous stream of impulses at regularly spaced intervals produces distinct spectral lines
[26], as seen in Figure 2.7. The presence of these lines necessitates lowering the pulse amplitude
(Energy/Bit) or dithering the timing of the pulses until the entire spectrum falls below the FCC
limits.

2.2.3

I-UWB Modulation and Multiple Access Schemes

2.2.3.1

Overview

Transmitting data using UWB implies that some sort of modulation is applied to the generated
pulse train. A plethora of techniques for modulation and multiple access exist—limited only by the
imagination of the engineer—however only the three most popular modulation schemes and two
most popular multiple access techniques (at the time of writing) will be discussed here:
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Figure 2.7: Spectral lines created by a stream of Gaussian monocycles transmitted
at regular time intervals (from [2]).

Modulation Techniques
• On-Off Keying (OOK)
• Pulse Amplitude Modulation (PAM)
• Pulse Position Modulation (PPM)

Multiple Access Techniques
• Time Hop Multiple Access
• Direct Sequence Multiple Access

Implementation of any of the three modulation schemes is generally extremely simple (requiring nothing more than triggering a UWB pulse generator at a particular time instance), hence their
popularity with engineers. Time Hop Multiple Access has been around in principle for quite some
time (see for example [57]), however, Scholtz is generally credited as being the ﬁrst to apply it
to low-data rate UWB communications [26]. Because, by deﬁnition, UWB transmissions from
multiple users overlap in the frequency domain, assigning each transmitter a unique time-hopping
code allows the receiver to differentiate between users. Time Hop Multiple Access does, however,
require very precise synchronization between transmitter and receiver. Direct Sequence Multiple
Access was introduced by several researchers [41, 58, 59], and is advantageous in that it functions
very similar to Direct Sequence CDMA communications. Direct Sequence Multiple Access does
not require quite as precise a synchronization between transmitter and receiver, but it does sacriﬁce
the LPI/low PSD properties associated with traditional UWB transmissions.
Figure 2.8 illustrates the modulation techniques and Figure 2.9 illustrates the multiple access
techniques which will be discussed below. On-off keying (Figure 2.8a) for pulse modulation is
similar to OOK—transmit a pulse to send a binary “1”, refrain from transmitting a pulse to send
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Figure 2.8: Illustration of three popular modulation techniques for UWB, using the
data sequence {1 0 1 1 0 1 0 0 1}. (a) On-Off Keying, (b) Binary Pulse Amplitude
Modulation (2-PAM), (c) Binary Pulse Position Modulation (2-PPM).

a binary “0”. OOK is the simplest of all the UWB modulation schemes, but is the least versatile.
A continuous stream of “0’s” could cause the receiver to lose synchronization, while a continuous
stream of “1’s” will cause the average output power to raise above the FCC limits.

2.2.3.2

Modulation Techniques

Pulse Amplitude Modulation2 (Figure 2.8b) is similar to Amplitude Shift Keying in standard
analog communications. The most common type of PAM for UWB systems is 2-PAM, where a
positive-amplitude monocycle represents a binary “1” and a negative-amplitude monocycle represents a binary “0”. Transmitting multiple bits/pulse is theoretically possible (4- or 8-PAM);
however, the output power of the system will be limited by the maximum pulse amplitude, resulting in a non-constant Energy/Bit.
The transmit signal in the case of PAM is represented by:
2

Pulse Amplitude Modulation (PAM) is also referred to as Pulse Polarity Modulation (PPM) or BPSK in the literature. We have chosen to use
the generic PAM, as it allows for a more general discussion of UWB modulation. PPM thus becomes a special case of PAM (2-PAM).
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Where:
Ai = di ( t ) represents the amplitude of the ith pulse, which is dependant on the data di ( t )
and the speciﬁc modulation scheme.
Pulse position modulation (Figure 2.8c) involves shifting the timing of a pulse to represent
a bit/symbol. For binary PPM (2-PPM), a binary “0” is represented by a pulse which occurs at
exactly its scheduled position in the pulse train; a binary “1” is represented by a pulse which has
an additional timing delay added to its scheduled instance in the pulse train. Transmitting multiple
pulses/bit is possible and limited only by the timing accuracy of the Transmitter/Receiver oscillators and the maximum practical time delay which can be added to a pulse.
A pulse position modulation scheme may represented by
∞

s( t ) =

∑ Ap( t - iT

f

i = -∞

- δdi ( t )

)

(2.9)

Where:

di ( t ) is the time modulation based on the information and δ is the base time increment.
As an example, let di ( t ) be an antipodal binary bit stream consisting of +1’s and -1’s. The
transmitted PAM signal will consist of a stream of positive and negative pulses (Figure 2.8b). The
transmitted PPM signal will consist of pulses which are shifted either slightly before or slightly
after their ideal positions in a regularly spaced pulse train (Figure 2.8c).
A key characteristic of UWB systems is the low power spectral density. The desire for low
power spectral density (PSD) impacts the system model in two distinct ways. First, it means that
often the pulse rate is higher than the data rate. In other words, to obtain sufﬁcient energy per
symbol while maintaining sufﬁciently low PSD, multiple pulses will be associated with a single
symbol. In this case the received signal is represented by
∞

∑A

s( t ) =

i = -∞

Where:

i
⎣__
⎦
N

p( t - iTf

s

Ns is the number of pulses per symbol.
Rp is the pulse repetition rate [seconds].
Rp

is the symbol rate [seconds].
Rs = __
Ns

)

(2.10)
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For PPM systems where multiple pulses per symbol are used, the received signal is represented
as:
∞

s( t ) =

∑ Ap( t - iT

i = -∞

f

- δd⌊__i 」
Ns

)

(2.11)

The received signal is then modeled as:
r( t ) =s( t ) ⁎h( t ) + n( t )
Where

(2.12)

r( t ) is the received signal
h( t ) represents the channel
n( t ) is modeled as AWGN

Note that h( t ) represents the channel which possibly distorts the transmit signal and is assumed to have unit average energy. That is, we scale out all gross attenuation effects and include
them in the noise power. The noise is assumed to be Additive White Gaussian Noise (AWGN) with
power where SNR is the average signal-to-noise ratio3.

2.2.3.3

Multiple Access Schemes

Before discussing multiple access techniques, it is important to note that UWB communication
systems achieve spreading gain not by bandwidth expansion, but by transmitting multiple pulses
per bit (loosely termed “temporal expansion” or “pulse repetition coding”) [41]. The system
bandwidth is set by the individual pulse width, and the pulse amplitude is set by the pulse repetition frequency (PRF), since the total average output power is constrained by the FCC. Therefore,
engineers developing UWB communication systems have several parameters which can be traded
off depending on the requirements of the system:

3

Unfortunately, narrowband interferers located within the bandwidth of the I-UWB signal invalidates the AWGN assumption. For the sake of
simplicity, however, we will adhere to the assumption of AWGN, in order to provide a means to enable some selected comparison of I-UWB
with traditional narrowband communication systems.
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Figure 2.9: Two popular multiple access techniques for UWB (from [2]). (a) TimeHop Multiple Access, (b) Direct Sequence Multiple Access.

•

Spreading Gain and Data Rate (Spreading Gain ↑ Data Rate ↓)

•

Pulse Width and Bandwidth (Pulse Width ↑ Bandwidth ↓)

•

Pulse Amplitude and Pulse Repetition Frequency (Pulse Amplitude ↑ PRF ↓)

•

Data Rate and Pulse Repetition Frequency (Data Rate ↑ PRF ↑)

•

Data Rate and Range (determined by Amplitude, PRF, and Spreading Gain) (Data Rate ↑
Range ↓)

The concept of Time-Hop Multiple Access (illustrated in Figure 2.9a) has been around for a
number of years [57], however, Scholtz is arguably the ﬁrst person who applied Time-Hopping to
UWB (TH-UWB) communications [26]. A major advantage of TH-UWB modulation is no multiple access interference, since each user is transmitting at a unique time. Receivers can be designed
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to turn on only during their designated time slot and thus reject all of the energy from interfering
UWB signals. The baseband TH-UWB signal for the mth user can be represented by [41]:
∞

s

(m)

(t) =

N

∑ ∑w( t - kT

k = -∞ j = 1

Where:

d

- jTf - ( cw ) j(m) Tc

)

(2.13)

w( t ) Is the baseband pulse waveform
N Is the number of pulses per data bit (spreading gain)
Tf Is the pulse repetition time (inverse of the PRF) [seconds]
Td Is the bit duration, equal to [seconds]
(m)

( cw ) j

Tc

Is the time shift imparted by a pseudo-random (PN) code for the jth pulse. The
PN time shift is used for dithering the pulse train as discussed above. [seconds]
Is the added time shift to represent a bit or symbol [seconds]

The disadvantage of using Time Hop Multiple Access is a decrease in the pulse rate as the
number of users increases, as there must be a sufﬁcient number of time slots between successive
pulses to accommodate transmissions from all the users in the local vicinity (otherwise transmissions from two or more users could overlap in time).
Direct Sequence Multiple Access for UWB (DS-UWB, illustrated in Figure 2.9b) communications has been proposed by several researchers [41, 58, 59]. DS-UWB works by transmitting a
continuous pulse train (one pulse immediately followed by another pulse) with the amplitudes
of the pulses modulated by an antipodal PN sequence. Multiple access is provided by assigning
different users different spreading codes. The baseband DS-UWB waveform can be represented
by [41]:
∞

s

(m)

(t) =

N

∑ ∑w( t - kT

k = -∞ j = 1

Where:

d

- jTp ) ( cw ) j(m) dk

(m)

(2.14)

w( t ) Is the baseband pulse waveform
N Is the number of pulses per data bit (spreading gain)
Td Is the bit duration, equal to [seconds]
(m)

( cw ) j

Is the pseudo-random (PN) spreading code for the jth pulse. The PN code is
used for multiple accesses as discussed above. [{+1, -1}]

Tp Is the pulse width of an individual impulse [seconds]
dk Is the kth data bit [{+1, -1}]
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The data rate for both TH-UWB and DS-UWB can be represented by:
1
Rd = ____
N Tf
1
Rd = ___
N Tp

Where:

for TH-UWB

(2.15)

for DS-UWB

(2.16)

Tf Is the pulse repetition time (inverse of the PRF) [seconds]
Tp Is the pulse width of an individual impulse [seconds]
N Is the number of pulses per data bit (spreading gain)
It can be seen from Equations 2.14 & 2.15 that UWB systems have informational values generally less than 1 bit per pulse (maximum occurs for N = 1). Transmitting multiple data bits per pulse
is theoretically possible; however, the tradeoff is a reduction in range and/or Energy/Bit (higher
BER). Additionally, for the same spreading gain and pulse width, the DS-UWB will be able to
operate at a higher data rate than the TH-UWB system, due to the continuous transmission of
pulses (assuming the system is not restricted by the FCC spectral mask). For a ﬁxed pulse width
and data rate, however, fewer pulses will be transmitted in the TH-UWB system.
One ﬁnal note is that TH-UWB may use any of the three modulation techniques discussed
above, but DS-UWB is constrained to use only OOK or PAM. The most popular combinations
both reported in the literature and implemented in practice are Time-Hop UWB with Pulse Position Modulation and Direct-Sequence UWB with 2-Pulse Amplitude Modulation.

2.2.4

Receiver Decision Statistic

The receiver estimates the most likely transmitted data symbol by using a decision statistic
which is a function of the received signal.
__
(2.17)
d = f( Z )
Where
Z Represents the output of the Receiver
f( Z ) will depend on the modulation scheme and receiver structure
Additionally, in diversity systems with multiple receiver branches (e.g., multiple antenna structures or a RAKE receiver) the decision statistic Z will be the sum of several statistics
L

Z=

∑Z
i=i

i

Where
L is the number of diversity branches (either in time or space)
Zi is the statistic calculated per diversity branch

(2.18)
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2.3 Transmission of UWB Signals
One of the main advantages of UWB is the ability to go directly from raw data to a transmitted
signal—bypassing the upconversion / downconversion stages present in traditional communication systems and simplifying the transmitter and receiver hardware. One of the challenges in the
implementation of UWB systems is the development of a suitable antenna that would enhance the
advantages promoted by such a pulsed communication system. UWB requires antennas that can
cover multiple octave bandwidths in order to transmit pulses which would be on the order of a
nanosecond in duration. Since data may be contained in the shape or precise timing of the pulse
(i.e. PAM or PPM), a clean impulse response (i.e. minimal pulse distortion) can be considered as
a primary requirement for a good UWB antenna.
The performance of various antennas in a UWB communication system is the subject of
on-going research [60, 61]. Antennas which have been investigated for potential use in a UWB
communication system include:
•
•
•
•
•

Log Periodic Dipole Array (LPDA)
Archimedean Spiral
Double Ridged Horn
Resonant Monopole
Vivaldi

The Log Periodic Dipole Array, Archimedean Spiral, Double Ridged Horn, and Vivaldi are
classical broadband antennas. Each of these antennas is capable of operating over a 10:1 or greater
bandwidth; yet they have vastly different transient characteristics. The Resonant Monopole is generally considered to be a narrowband antenna; however it has a transient response which is compatible with a UWB communication system. Since the frequency characteristics of these antennas
are generally well understood, this paper will discuss the transient response of these antennas.

2.3.1

Log Periodic Dipole Array

The LPDA is a series fed array of parallel wire dipoles which have successively increasing
lengths moving outward from the feed point at the apex (Figure 2.10a) [62]. The smallest dipole
element radiates the highest frequency component of the input pulse while the largest antenna
element radiates the lowest component after the pulse has had time to propagate to the far end of
the antenna. As the pulse travels along the antenna surface, radiation occurs toward the feed end,
causing pulse dispersion (Figure 2.10b).
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(a)
(b)
Figure 2.10: LPDA response to a UWB pulse input. (a) Image of a Log Periodic
Dipole Array antenna (b) Transient response of the LPDA to a 1 nanosecond input
pulse (from [61]).
© Mobile and Portable Raio Research Group. Used with Permission.

(a)
(b)
Figure 2.11: Archimedean Spiral antenna response to a UWB pulse input. (a) Image
of a Archimedean Spiral antenna (b) Transient response of the Archimedean Spiral
to a 1 nanosecond input pulse (from [61]).
© Mobile and Portable Raio Research Group. Used with Permission.

34

Chapter 2: UWB Communication Systems: Design Issues, Tradeoffs, and Literature Review

35

(a)
(b)
Figure 2.12: Double Ridged Horn antenna response to a UWB pulse input. (a)
Image of a Double Ridged Horn antenna (b) Transient response of the Double
Ridged Horn to a 1 nanosecond input pulse (from [61]).
© Mobile and Portable Raio Research Group. Used with Permission.

2.3.2

Archimedean Spiral

This Archimedean Spiral antenna is composed of two spirals extending out from the center of
the antenna such that the outer circumference is one-wavelength at the lowest desired frequency of
operation, (Figure 2.11a) [62]. The Archimedean Spiral essentially operates by allowing an input
signal to radiate from a point on the spiral where the circumference is equal to the wavelength
of the signal. For a UWB communication system, the input signal is a broadband pulse; and as
the pulse travels from the center of the spiral to the edge, the higher frequency components are
radiated ﬁrst, followed by the lower frequency components at a later time, causing time dispersion
(Figure 2.11b).

2.3.3

Double Ridged Horn

The double ridged horn is similar to a pyramidal horn, but with a ﬂared center conductor
and ridges on two of the sides (Figure 2.12a). Qualitatively, the Double Ridged horn operates
by maintaining a single mode of propagation (TE10, for example) across a very wide range of
frequencies. The ﬂared center conductor servers to maintain an impedance match across the entire
band. Because of these attributes, the Double Ridged Horn has an excellent transient response.
Unfortunately, it has a large physical size, making it unsuitable for portable I-UWB applications.
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(a)
(b)
Figure 2.13: Resonant Monopole antenna response to a UWB pulse input. (a)
Image of a Resonant Monopole antenna (b) Transient response of the Resonant
Monopole to a 1 nanosecond input pulse (from [61]).
© Mobile and Portable Raio Research Group. Used with Permission.

2.3.4

(a)
(b)
Figure 2.14: Vivaldi Antenna response to a UWB pulse input. (a) Image of a Vivaldi
Antenna on FR4 Printed Circuit Board (b) Transient response of the Double Ridged
Horn to a 1 nanosecond input pulse (from [61]).
© Mobile and Portable Raio Research Group. Used with Permission.

Resonant Monopole

The resonant monopole is the simplest of antennas; essentially it is a wire ¼-wavelength
long at the frequency of operation surrounded by a ground plane (Figure 2.13a). Monopoles generally have bandwidths of around 10% and thus are considered narrowband antennas. However, a
monopole designed to have a resonant frequency at the center of the UWB band (approximately 6
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GHz) has a very clean transient response, as seen in Figure 2.13b. While the monopole is very inefﬁcient at radiating UWB signals, its small size, low proﬁle, omnidirectional pattern, and simple
construction makes it an ideal candidate for inexpensive, short-range, low-power distributed UWB
networks.

2.3.5

Vivaldi Antenna

The Vivaldi is a slow traveling wave, leaky, end-ﬁre antenna (Figure 2.14a). Theoretically, the
Vivaldi antenna has an unlimited range of operating frequencies, with constant beamwidth over
the entire bandwidth [63]. The antenna bandwidth is limited in practice by the feeding arrangement, and the physical size of the structure. The antenna shape and the dimensions determine the
main beamwidth and sidelobe radiation. The Vivaldi antenna is a very good UWB radiator as it is
capable of converting an input Gaussian pulse to a near-perfect Gaussian doublet in the radiation
process, as seen in Figure 2.14b [64]. Additionally, the Vivaldi antenna can be implemented on
printed circuit boards [64] such that the RF electronics can be mounted on the same substrate as
the antenna, reducing the physical size of the UWB communication system. The main drawback
is that the Vivaldi is a directional antenna, and thus would be unsuited for applications where
omnidirectional radiation is a desired characteristic.

2.4
2.4.1

UWB Channels
Overview

UWB propagation measurements and modeling is the subject of ongoing debate in the engineering community; as such, this section does not purport to resolve that debate. Rather, it will
discuss the basic concepts behind the most popular UWB channel models as well as some of the
differences between narrowband and UWB signal propagation. A thorough discussion of UWB
propagation and channel models may also be found in [65] The two most commonly discussed
UWB propagation models in the literature are the Saleh-Valenzuela model [66] and the Cassioli
model [27].

2.4.2

Saleh-Valenzuela Propagation Model

The Saleh-Valenzuela model is based on a multipath clustering phenomena observed during their indoor measurement campaign. Essentially, they observed that multipath signals arrived
at the receiver in discrete clusters (or groups of individual signals), with a maximum observed
excess delay of a few hundred nanoseconds. It was observed that secondary and tertiary clusters
arrived with reduced amplitude compared to the ﬁrst cluster and that multipath within a cluster had
amplitudes which decayed over time as well. Their model proposes that both the overall envelope
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and the individual multipath within a cluster have an exponential decay over time, and can be
modeled using two time constants: G, the overall cluster decay time constant, and g, the individual
multipath decay time constant.
The impulse response for the Saleh-Valenzuela model is given by:
∞

∞

∑∑β

h( t ) =

l=0 k=0

Where:

lk

e jϕ δ( t - Tl - τlk
lk

)

(2.19)

l Is an individual cluster
k Is an individual multipath within a cluster
Is an Independent Identically Distributed random phase for each multipath on
e
[0, 2p)
Tl Is the time delay of the cluster [seconds]
jϕlk

τlk Is the time delay of the kth arrival relative to the ﬁrst multipath in the lth cluster
[seconds]
βlk Is the amplitude of each multipath and is a Rayleigh distributed Random Variable
_______

T

τ

lk
-___l - __
γ

βlk = β 2( 0,0 ) e Γ e

(2.20)

Where:
_______

β 2( 0,0 ) Is the average power of the ﬁrst arrival of the ﬁrst cluster.
Γ is the delay time constant for the multipath clusters (the time required for the
cluster amplitude to reduce to 63% of the initial value) [seconds].
γ is the delay time constant for the individual multipath signals within a particular
cluster (the time required for the multipath amplitude to reduce to 63% of
the initial value) [seconds].

The time of arrival of the multipath is described by two Poisson processes—one for the cluster
arrival time and one for the multipath arrival time within clusters. The time of arrival in each
cluster is an exponentially distributed random variable conditioned on the time of arrival of the
previous cluster. For individual multipath, the same conditioning applies—the time of arrival of
individual multipath is conditioned on the time of arrival of a previous multipath. The distributions for these arrival times are given below:
P [ Tl ⎜Tl-1 ] =Λe -Λ
Where:

P [ τlk ⎜τl(k-1) ] =λe

( Tl - Tl-1 )

(2.21)

-λ( τl - τl(k-1) )

(2.22)

Λ Is the inter-cluster arrival rate
λ Is the multipath arrival rate within a cluster
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Saleh and Valenzuela then applied these models to the measured data. They discovered that _Λ1
= 200 - 300 ns, _λ1 = 5 - 10 ns, γ = 20 ns, and Γ = 60 ns . Another interesting observation is
that 75% of the time they observed fewer than 3 multipath clusters.
While the Saleh-Valenzuela model is an excellent broadband channel model, it has some
signiﬁcant shortfalls when used to describe UWB propagation. Saleh and Valenzuela used a 10
nanosecond pulse to probe the channel [66], which provides about 10 nanoseconds of time domain
multipath resolution, or approximately 200 MHz of frequency domain characterization. Thus,
multipath arriving within a 10 nanosecond window of time will add vectoraly and be recorded as
a single pulse—leading to the observed Rayleigh fading on individual multipath signals. A true
UWB pulse has a time duration of less than 1 nanosecond, and would be able to resolve many more
multipath signals, yielding less signiﬁcant multipath fading—or perhaps even none at all.

2.4.3

Cassioli Propagation Model

In an attempt to provide a more reﬁned UWB propagation model, Cassioli, Win, and
Molisch conducted a measurement campaign in a large ofﬁce building using a UWB-like pulse
width on the order of a nanosecond [27]. What Cassioli discovered empirically was that the
multipath amplitudes should be Gamma distributed, rather than Rayleigh distributed, with largescale propagation obeying a log-normal distribution. For large-scale propagation, a dual slope
model was used, as given below.

PL =
Where:

{

( )
d
-56 + 74log ( __
d )
d
20.4log10 __
d
0

10

(2.23)

0

PL Is the Path Loss from transmitter to receiver [dB]
d Is the transmitter-receiver separation distance [meters]
d0 Is the reference distance of 1 meter
For small scale propagation, the time axis is quantized into 2 nanosecond wide bins. The
multipath power in each bin obeys a Gamma distribution
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(2.24)
___

___

Γ( Gk , mk )

= ( Gk - 1 ) !

Gk -1

∑

mjk
___
j!
j=0

(2.25)

Where:
k is the index of a speciﬁc delay bin in the PDP
Gk is the power of a multipath signal in the kth delay bin

___

Gk is the mean power (over all PDPs) of the multipath in the kth delay bin
mk is the variance of the power of the kth multipath

Empirically, Cassioli found that the mk values were distributed according to a truncated Gaussian distribution (Gaussian for mk > 0.5, zero elsewhere) and generally ranged between 1 and 6,
and decrease with increasing excess delay. The distribution for mk is given below [27].

fm (x) =

{

-( x - µm )
________
2σ2m

Ke
0

for x > 0.5
otherwise

τk
µm = 3.5 - __
73

(2.27)

τk
σ2m = 1.84 - ___
160

Where:

(2.26)

(2.28)

fm (x) is the truncated Gaussian distribution

K is a normalization constant such that the integral over f (x) = 1
m
µm is the mean of the truncated Gaussian distribution
σm is the standard deviation of the truncated Gaussian distribution
τk is the time delay of the kth multipath

[nanoseconds]

In analyzing the measurements, Cassioli made three important observations:
___

•

The mean power, Gk , of a multipath component varies both with excess delay and largescale propagation conditions.

•

The parameter depends only on the multipath signal’s excess delay.

•

The normalized energy of multipath signals at different excess delays have independent
gamma distributions (i.e. the multipath signals are essentially uncorrelated).

Therefore, the channel impulse response may be approximated as:
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Nbins

h( t,τ ) =

∑G δ( τ - τ
k=1

k

k

)

(2.29)

Where:
N is the number of multipath delay bins in the PDP
Gk is the power of the multipath signal in the kth delay bin and follows a Gamma
distribution, Γ( Gk , mk ) .
[seconds]
τk is the excess delay of the kth multipath delay bin
∆τ is the width of the multipath delay bins [seconds]
It is interesting to note that Cassioli did not observe any effects of pulse dispersion in the
measurement results. Because building materials have a non-constant frequency response to wireless signals [67, 38], UWB pulses which pass through building materials will become distorted.
For maximum effectiveness, matched ﬁlter-based receivers must account for the effects of pulse
dispersion and distortion.

2.5

UWB Receivers

One of the many quirks of UWB systems is that designing a transmitter to broadcast short
pulses is an order of magnitude simpler than designing a receiver to demodulate those pulses.
Thus, designing UWB receivers presents a unique challenge for the communication engineer. Assuming a pulse width of 500 picoseconds, Nyquist sampling of 4 samples/pulse (for Inphase and
Quadrature) requires a sampling rate of 8 GigaSamples per second! With 6 bits per sample, the
receiver must process a data stream of 48 Gbps; at 8 bits per sample, the data stream increases to 64
Gbps. At the current time, only the most technologically advanced ADCs, FPGAs, and Microprocessors are capable of handling such a huge amount of data. Since one of the heralded advantages
of UWB is a low-cost, simple, ubiquitous communication system, a number of methods have been
developed for pulse detection and reception with the most prevalent listed below [10, 24]:
•
•
•
•
•
•

Leading Edge Detection
Equivalent Time Sampling
Integration and Averaging
Template Match Detection
Correlation Detection
Transmitted Reference

In practice, researchers and companies use a combination of these techniques. For example,
O’Donnell has implemented a design based on a combination of the Equivalent Time Sampling
and Correlation Detection, and is capable of demodulating either Pulse Amplitude Modulation or
Pulse Position Modulation [68]. Time Domain Corporation has also implemented a similar design
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which demodulates Pulse Position Modulation [69]. Immoreev uses a Leading Edge Detection receiver with on-off keying [70], while Cellonics implements an Integration and Averaging receiver
[71].
RAKE receiver designs for UWB systems are much different from that of narrowband/wideband
systems. The delay spread σT of a realistic indoor channel is approximately 5 to 14 ns [72]. Since
the pulse duration is much smaller then the delay spread, the channel is frequency selective. Assuming a delay spread of 10 ns, if the bandwidth of the transmitted UWB signal is W = 7.26 GHz,
the number of possible multipath components is given by L = ⌊ WσT 」 = 73. That is, we need a
RAKE receiver with 73 ﬁngers. Designing a 73 ﬁnger RAKE receiver is a challenging task. For
outdoor channels where the delay spread is of the order of microseconds, the number of RAKE
ﬁngers needed could be on the order of 1,000, which is practically impossible to design. Furthermore, channel estimation is an important task in RAKE reception, as imperfect channel estimates
degrade the RAKE receiver performance.
A number of different forms of I-UWB RAKE receivers with maximum ratio combining, as
well as several multi-user detector-based optimum combining schemes are discussed in detail in
[2]. Several of these designs will be brieﬂy presented and discussed in this section.

2.5.1

Leading Edge Detection

A leading edge detection (LED) receiver is probably the simplest of all the UWB receivers.
The LED receiver sets a threshold at the receiver; any incoming pulse which crosses the threshold is detected and demodulated. The problem with the threshold reception technique is that
noise spikes which happen to cross the threshold will also be erroneously detected as a data pulse
(known as a “False Alarm” or “False Detection”). To mitigate the problem of false detections,
the receiver must continuously monitor the input noise signal and set a threshold such that only
a small percentage of false detections will occur, similar to a Constant False Alarm Rate (CFAR)
RADAR system [73]. To operate properly, the LED receiver must use a device which is capable
of responding to a very sharp change in received voltage in a very short time span. A tunnel diode,
with its bistable operating point, would seem to be an ideal candidate for the leading edge detection receiver, however, its bias point does vary with temperature and a temperature compensation
network must be designed into the receiver. The LED receiver is advantageous in that it is simple
to implement and may be used for the case where only 1 pulse per data bit is transmitted.
The LED receiver does have some disadvantages. Because it will respond to any signal
which crosses the threshold, it is incapable of taking advantage of multipath signals in the channel. Additionally, the receiver front end must by necessity have a very large bandwidth—any
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Figure 2.15: Block diagram of a LED Receiver (from [65]).
Source: Reed, Jeffrey H., Introduction to Ultra Wideband Communication Systems,
An, 1st Edition, © 2005, pp. 259, 260. Reprinted by permission of Pearson
Education, Inc., Upper Saddle River, NJ.

interfering signals (or intentional jammers) will either be sufﬁciently strong to cross the threshold
and trigger numerous false detections or cause the receiver to increase its threshold and reduce its
range.
The LED receiver is made up of a circuit fast enough to detect the presence of the I-UWB
pulse, and some type of pulse stretcher that outputs a pulse that is long enough for slower logic
or analog circuits to process. Figure 2.15 illustrates the basic block diagram of a LED receiver.
Note that the pulse stretcher can be viewed as a power gain since the energy in the output pulse is
much greater than in the input pulse. One primary characteristic of a LED receiver is that it should
be capable of detecting a single pulse. However, because the receiver must respond to a very
weak signal, LED receivers cannot collect energy available in multipath signals and are extremely
vulnerable to noise and interference.
Early LED receiver designs consisted of simple tunnel diode circuits, as illustrated in Figure
2.16. Essentially, the tunnel diode is connected to the output of a broadband antenna, and the bias
current through the diode is adjusted to point A in Figure 2.17. A received UWB pulse will cause a
voltage to be applied across the diode, and when the sum of the UWB pulse voltage and the voltage
at the bias point A exceeds the peak voltage VP, the diode abruptly shifts to the stable bias point
B. To reset the circuit, the diode bias current must either be interrupted or the voltage across the
diode must be forced below VP.
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Figure 2.16: Block diagram of a tunnel diode peak detection circuit for use in a LED
Receiver (from [65]).
Source: Reed, Jeffrey H., Introduction to Ultra Wideband Communication Systems,
An, 1st Edition, © 2005, pp. 259, 260. Reprinted by permission of Pearson
Education, Inc., Upper Saddle River, NJ.

Figure 2.17: Illustration of the I-V operation of a tunnel diode LED Receiver
(from [65]).
Source: Reed, Jeffrey H., Introduction to Ultra Wideband Communication Systems,
An, 1st Edition, © 2005, pp. 259, 260. Reprinted by permission of Pearson
Education, Inc., Upper Saddle River, NJ.

44

Chapter 2: UWB Communication Systems: Design Issues, Tradeoffs, and Literature Review

45

As mentioned above, one of the major problems with LED receivers is that any electrical signal strong enough to cross the threshold will trigger a false detection, however, this problem may
be mitigated through the use of a CFAR receiver. In a CFAR receiver, the threshold is constantly
readjusted to ensure a preset number of errors. Figure 2.18 is an example block diagram of a simple
cell-averaging CFAR receiver. Essentially, the transmitter broadcasts a RADAR pulse; the pulse
will reﬂect off both the target as well as clutter in the vicinity of the target. The received signal is
then split into a number of reference cells that break apart the return from the clutter and the target.
The amount of energy in the clutter cells is used to adaptively determine the threshold for detection
of the target in order to maintain a constant false alarm rate. More details on the CFAR RADAR
and receiver may be found in [74, 73].
An analysis of threshold receiver performance is given in [74] and [65]. Estimates of the probability of detection, PD , and the probability of false alarm, Pfa , are necessary in order to estimate
threshold receiver performance and are given by the following equations [65] and are illustrated
in Figure 2.19.

(
(

(

1 - FσG
__
PD = _21 1 + erf _____
σG √2

(

1 - FσG
__
Pfa = 1 - erf _____
√
σG

2

))

))

Average Noise Density During Signal Duration
σG = ________________________________
Received Signal Energy

Where:
PD is the Probability of Detection
Pfa is the Probability of False Alarm
F is the Threshold Factor. Thus, the Receiver Threshold is given by FσG

(2.30)
(2.31)

(2.32)
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Figure 2.18: Block diagram of a Constant False Alarm Rate (CFAR) receiver.

Figure 2.19: Threshold detection using a Constant False Alarm Rate (CFAR)
receiver in AWGN.

2.5.2

Equivalent Time Sampling

The equivalent time sampling (ET-Sampling) receiver operates similar to a sampling oscilloscope by sampling the UWB signal at a very low rate (such as 200 KSamples/sec) and combining
multiple snapshots into a single received waveform. Typically, snapshots are sampled at random,
interleaved intervals to ensure that the combined waveform is faithfully reproduced, a process
which is illustrated in Figure 2.20.
ET-Sampling is most useful when a large number of pulses per data bit are being utilized by
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Figure 2.20: An Equivalent Time Samping system samples an input UWB signal at
interleaved intervals and then combines the various snapshots into a single received
waveform. (a) First sampled pulse, (b) Second sampled pulse, (c) Third sampled
pulse, (d) Fourth sampled pulse, (e) Reconstructed Waveform.
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the UWB communication system, as it will automatically combine all of the transmitted pulses
into a single received pulse. ET-Sampling is an interesting approach in that by sampling a series
of snapshots, the equivalent sampling rate may be very high, but the resulting data rate output is
signiﬁcantly reduced, easing the requirements on the receiver hardware. ET-Sampling also allows
receivers to take advantage of multipath signals which may be present in the environment. A primary disadvantage of the ET-Sampling receiver is that it will only sample each input pulse a single
time, with the individual samples combined together to produce a single pulse output. Thus, the
ET-Sampling receiver does not fully realize the spreading gain that could be achieved if the total
energy in each pulse were added together.

2.5.3

Integration and Averaging

An Integration and Averaging (IA) receiver is essentially a classical pulse compression receiver, where some number, N, of high-rate pulses are combined into a single time-dilated pulse.
The IA receiver may be implemented similar to a Sliding Correlator Channel Sounder [75, 67].
For a sliding correlator implementation, the time dilation is related to the slide factor:
Tf TX

k = ________
Tf TX - Tf RX

(2.33)

Td OUT = kTd IN

(2.34)

Where:
Tf TX is the pulse repetition time for the transmitted pulses

[seconds]

Tf RX is the pulse repetition time for the receiver pulse generator

[seconds]

k is the slide factor
Td OUT is the time duration of the pulse output from the sliding correlator
Td IN is the time duration of the pulse input to the sliding correlator

[seconds]

[seconds]

For example, consider a system transmitting pulses 1 nanosecond wide at a rate of 10 MHz ( Tf
= 10ns ) . The receiver correlates the pulses with a locally generated reference pulse clocked
TX
at a slightly faster rate ( Tf RX = 9.9ns ) . Thus, the slide factor k = 100, and the output pulse
has a duration of 0.1 microsecond. The net result of this sliding correlation operation is to reduce
the requirements on the digital portion of the receiver—the output pulse may be sampled at a
signiﬁcantly lower rate as compared to the original input pulse. The primary disadvantage of the
IA receiver is that a number of pulses must be transmitted per data bit, as the receiver trades off a
reduction in power and complexity for a lower data rate.
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Figure 2.21: A basic block diagram of a Template Match Detection UWB Receiver
(from [2]).

2.5.4

Template Match Detection

Template Match Detection (TMD) receivers essentially take an input waveform and perform
a cross-correlation operation with a bank of stored waveform templates to see which template
generates a match. A basic block diagram of such a system is shown in Figure 2.21. The incoming
pulse is multiplied by a number of template waveforms. The output of the TMD receiver is then a
function of how well the template waveform matching the incoming waveform in time and shape.
TMD reception would be useful if the receiver is expected to operate in a variety of environments
which will impart a signiﬁcant amount of pulse distortion or environments which will try to jam
the receiver by transmitting UWB-like pulses.
One of the major problems, however, with a TMD receiver is the need to precisely synchronize
the timing of all of the template waveform generators with the received UWB pulse. In a typical
indoor home or ofﬁce environment, UWB pulses can experience dispersion or distortion in a wide
variety of ways [37], meaning that a TMD receiver would require a large number of template
waveforms and correlators. Synchronizing all the correlators would require a massive clock distribution network with unrealistic timing skew and timing jitter performance requirements. As a
result, the TMD technique adds signiﬁcant amount of complexity to the receiver and has not been
used in practice.
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Figure 2.22: A basic block diagram of a Correlation Detection UWB Receiver.

2.5.5

Correlation Detection

The Correlation Detection (CD) receiver is also known as a Matched Filter receiver and has
been used in narrowband communication systems for a number of years. The basic block diagram
is essentially identical to the TMD receiver, with the exception that only a single reference pulse
is stored at the receiver, as shown in Figure 2.22. The CD receiver is advantageous in that the
correlation operation can be done either in analog or digital circuits. The receiver can also take
advantage of multipath signals by creating a bank of correlators—one for each multipath signal.
The primary disadvantage of the CD receiver is imperfect correlations resulting from distorted
input pulses. To correct this problem, an adaptive equalizer may be added, or the CD receiver
may be combined with the TMD technique and perform a matched ﬁlter operation with a series of
template waveforms, assuming the resulting increase in digital complexity is allowable. The BER
performance of the CD receiver is derived in [65], and the results are summarized below for an
Optimal Matched Filter.
The BER performance of an Optimal Matched Filter CD receiver is based on having perfect
channel knowledge and having a template waveform which is precisely matched to the received
signal. The optimal receiver provides a benchmark from which the performance of the other receiver architectures may be evaluated. The major assumptions behind these equations are perfect
channel knowledge as well as perfectly matched receiver templates. The BER Equations for both
PAM and PPM signals is given below.
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(c)

Figure 2.23: Signal constellation diagrams for three different I-UWB Modulation
Schemes. (a) 2-PAM (Antipodal PAM) (b) 2-PPM and (c) 4-PAM (the arrow
indicates the average Eb ).
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For M-PPM Modulation

Pe = Q

Where:
N0 is the noise power [Watts]
Eb is the energy per bit [Watts]. If a single pulse is transmitted per bit, then Eb =
Ep (the energy in a single pulse). If multiple pulses are transmitted per bit,
then Eb is given by:
L

Eb =

∑E
i=0

p

(2.37)

Where:
L is the number of pulses transmitted per bit.
Note that the BER for 2-PAM is identical to BPSK, and that the BER from PPM is identical to
OOK. The difference arises due to the fact that PAM is an antipodal modulation scheme, whereas
PPM is simply an orthogonal modulation scheme. Also note that in the case of M-ary PAM, the
transmitted signal has an non-constant Eb and the BER will be based on the average Eb . These
signal constellations are illustrated in Figure 2.23.
In reality, the channel will degrade and distort the transmitted pulse, and the BER will become
dependant on the cross-correlation between the received pulse and the matched ﬁlter template.
One technique to mitigate the effects of distorted pulses is to derive a matched ﬁlter template based
on a series of pilot pulses. Such a system also has the inherent advantage of capturing a signiﬁcant
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amount of multipath energy without the need to implement an extremely complex RAKE receiver.
The pilot-based matched ﬁlter receiver is known as a Transmitted Reference receiver and is discussed below.

2.5.6

Transmitted Reference

The ﬁne time resolution of UWB signals results in the channel being extremely frequency
selective. This results in a signiﬁcant number of resolvable multipath components at the receiver.
Thus, the need arises for a receiver structure tailored to achieve maximum energy capture. Research has mainly concentrated on the analysis of RAKE receivers. However, RAKE receivers
applied to UWB systems suffer from two major drawbacks: First, the energy capture is relatively
low for a moderate number of ﬁngers when Gaussian pulses are used; Second, each multipath
undergoes a different channel, which causes distortion in the received pulse shape, and makes the
use of a single line-of-sight path signal as a template suboptimal [76].
An alternative approach is the use of an autocorrelation receiver that correlates the received
signal with a previously received signal [76, 77, 78, 79]. More precisely, a transmitted reference
(TR) system is used, where a pair of unmodulated and modulated signals is transmitted, and the
former is employed to demodulate the latter. This receiver can capture the entire signal energy for
a slowly varying channel without requiring channel estimation. A potentially attractive feature
of UWB autocorrelation receivers is their relative robustness to synchronization problems [78].
However, it suffers from the use of a noisy received signal as the template for demodulation.
TR systems were ﬁrst proposed in the 1920s [16]. However, fundamental system weaknesses,
such as bandwidth inefﬁciency and high noise vulnerability, coupled with the advent of stored
reference and matched ﬁlter implementations in the 1950s and 1960s, largely diminished research
interest in TR schemes [80]. However, research in UWB autocorrelation receivers has been relatively active in the last two years. A delay-hopped, TR Communications system was recently built
by the research and development center in GE. Experiments show the viability of such a system in
an indoor multipath environment [78, 79].
An analytical characterization of the performance of a UWB autocorrelation TR system can
be found in [76]. Experimental results comparing the TR receiver with RAKE receiver structures
can be found in [77]. It is shown that the TR receiver performs slightly better than a single ﬁnger
RAKE receiver with coherent reception. Giannakis, et. al. [81, 82], introduced a general pilot
waveform assisted modulation (PWAM) scheme, which subsumes TR as a special case. The values
of the system’s parameters were derived to minimize the channel’s MSE and maximize the average
capacity. The circumstances under which the UWB autocorrelation-TR system is optimal were
also analyzed.
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Figure 2.24: Performance comparison of a Transmitted Reference UWB
communication system for several different numbers of pilot pulses used to form the
Matched Filter Template (from [83]).
Source: J. Ibrahim, “Notes on Ultra Wideband Receiver Design,” MPRG Project
Report. © J. Ibrahim, 2004. Used with Permission.

In a practical UWB communication system, data will be arranged in a frame, with a certain
number of pilot pulses being used to demodulate a certain number of data pulses. The matched
ﬁlter template is thus updated every frame, and provides a certain amount of robustness in dynamic
or fading channels. It is shown in [83] and in Figure 2.24 that increasing the number of averaged
pilot pulses decreases the amount of noise in the pilot-based matched ﬁlter template, causing the
BER of the system to converge to the Optimal Matched Filter receiver performance. However,
for a ﬁxed number of pulses in a frame, increasing the number of pilot pulses results in a decrease
in the data pulses transmitted. Thus, the designer is able to tradeoff BER performance for data
rate. Ideally, a communication system would be able to adjust its frame structure in response to
the wireless channel and the type of service required (e.g. high reliability at low data rates or highspeed but without regard for BER).
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RAKE Receivers

UWB systems development for high-speed indoor communications requires an analysis to establish which type of multiaccess and modulation format, and which receiver structure, offers the
best compromise between complexity and robustness against multipath, multi-user and narrowband interference. In this section we present some of the receiver structures and design issues for
UWB systems. A more comprehensive treatment of the subject, along with detailed performance
analyses for various modulation schemes may be found in [65].
The RAKE receiver is used in any kind of spread spectrum communication system to accumulate the energy in the signiﬁcant multipath components. A RAKE receiver is a bank of correlators. Each ﬁnger of the RAKE is synchronized to a multipath component. The output of each
ﬁnger is coherently combined using MRC (maximum ratio combining). Channel estimation is
required in the combining scheme and synchronization is critical in this form of receiver. RAKE
receivers ideally reject self-interference due to multipath effects in addition to other forms of
interference—such as multiaccess interference and adjacent channel interference—by using long,
almost orthogonal spreading sequences like the PN or Gold sequence. RAKE receivers for CDMA
systems are described in [84].
I-UWB RAKE receivers suffer from two major drawbacks. First, the energy capture is relatively low for a moderate number of ﬁngers when Gaussian pulses are used. As we have seen, a
typical NLOS channel can have up to approximately 70 resolvable dominant specular components.
Even if a RAKE receiver with so many ﬁngers is possible, it would only be able to capture part of
the signal energy. Second, each multipath undergoes a different channel, which causes distortion in
the received pulse shape, and makes the use of a single LOS path signal as a suboptimal template
[51]. Another issue is channel estimation, which is critical in RAKE receivers for MRC, and hence
degradation in performance is observed due to imperfect channel estimates. Also, the design of an
all-digital RAKE receiver (similar to conventional RAKE for narrowband and wideband systems)
is highly impractical using currently available hardware.
Several papers investigate impulse radio systems using the AWGN channel or other simpliﬁed multipath channels where taps are spaced at an integer multiple of one pulse period [36, 85].
However, to get representative results it is crucial to use realistic channel models. Recently IEEE
proposed a channel model for UWB systems [31]. The channel is a modiﬁed Saleh-Valenzuela model where the multipath components arrive in clusters [66]. In general, several multipath
components arrive during the duration of one pulse, which generates intrapulse interference. A
fractionally spaced (FS) receiver can compensate for channel distortion due to intrapulse interference by sampling at least as fast as the Nyquist rate [75]. An optimal maximum likelihood (ML)
detector is far too complex to be implemented for a realistic system, and hence a suboptimal
coherent RAKE receiver to reduce the complexity and still obtain diversity is presented in [86].
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Figure 2.25: Effect of a 50 picosecond timing offset on a received UWB pulse train (from [2]).
The coherent receiver estimates the delay, amplitude, and phase of the channel taps, but does not
attempt to account for the correlation between received versions of the same signal. It is possible
to reduce complexity even more by using noncoherent receivers that apply nonlinear operations on
the received signal to eliminate the necessity of full channel estimation [86]. Such solutions incur
additional performance losses.

2.5.8

Synchronization and Timing Issues

With the exception of the LED receiver, all of the above receiver techniques require highly
accurate synchronization with the transmitter as well as accurate oscillators to maintain that timing. In particular with Pulse Position Modulation, proper synchronization and timing is essential
to correctly demodulating the received signals, since information is conveyed in the time position
of the pulse. Figure 2.25 shows the cumulative effect of a 50 picosecond offset in the timing of
the transmitter and receiver pulse train. Note that after only a few pulses the two waveforms are
no longer aligned.
The timing offset will have a signiﬁcant impact on the quality of the signal output by all of
the receiver techniques (with the exception of the LED receiver). Particularly, the TMD or CD
receivers will see a dramatic drop in the SNR at the receiver output due to imperfect match or correlation with the receiver waveform. Additionally, if PPM is used and the cumulative timing offset
becomes large enough, bit errors will occur. Work is currently underway at Berkeley to develop
a high quality crystal-based oscillator which will maintain the precise timing required by UWB
systems [87].
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In addition to maintaining precise timing at the receiver, acquiring and synchronizing to the
transmitted signal is essential for UWB communication systems. Currently, very little has been
published in the area of synchronization, as many in industry consider synchronization algorithms
to be proprietary information. One known technique is used by Immoreev and involves transmitting a long stream of regularly-spaced impulses only until the receiver acquires synchronization
[70]. Whenever the receiver loses synchronization, the transmitter will return to transmitting a
stream of synchronization impulses.
Another technique for acquisition and tracking is based on the sliding correlator principle.
Bing et. al., has developed a “two-stage” technique which allows the receiver to acquire, capture,
and track a UWB signal with a very simple hardware setup [88]. In their setup, the UWB transmitter produces pulses at a rate of 10 MHz. At the receiver, an identical copy of the transmitted pulse
(the reference pulse) can be produced at rates of 10.01 MHz, 10.006 MHz, and 10.00 MHz. For
coarse acquisition, the receiver ﬁrst performs a sliding correlation operation with the reference
pulse clocked at 10.01 MHz. Once a correlation has been detected, the receiver will switch to the
10.006 MHz clock signal, in order to ﬁne tune the timing of the reference pulse. Finally, when
the reference pulse is perfectly aligned with the received waveform, the receiver will switch to the
10.00 MHz clock signal, and begin demodulating data. Bing et. al.’s technique is unique in that it
does not require expensive hardware or signal processing techniques, and can produce synchronization in a few milliseconds [88].

2.6

Conclusions

This chapter discussed some of the major fundamental physical layer design considerations
and tradeoffs for an ultra wideband impulse-radio communication system. Although ultra wideband
has been around in concept for well over a century and has been discussed in the literature since the
1960’s, it is only now being seen as a plausible answer to the increasing demand for high data-rate
communication systems. Engineers implementing these UWB systems must approach their designs from the time-domain perspective, rather than the frequency domain. While UWB has been
introduced with much fanfare, many questions regarding the ideal modulation, multiple access,
signal transmission and reception, as well as its susceptibility to interference (and its potential to
cause interference) remain unanswered, creating numerous research and design opportunities for
communication engineers.
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Chapter 3
Overview of the Software Radio I-UWB
Communication System Testbed
3.1

Overall Design Concept

The overall goal of this project is to design an impulse-based ultra wideband communication
system based on software-deﬁned/reconﬁgurable radio concepts, and then implement the system
using off-the-shelf components. The software-deﬁned radio implementation provides tremendous
ﬂexibility compared to a single hardware implementation—providing the capability to utilize
one of several different popular UWB modulation schemes, for example. In order to leverage
MPRG’s existing experience in board- and system-level design the communication system will be
implemented using commercially available off-the-shelf (COTS) components. The use of COTS
components places some signiﬁcant constraints on the system, but results in a signiﬁcant time and
resource savings compared to designing a custom integrated circuit.

3.1.1

Design Objectives

•

Raw Data rate of 100 Mbits/second at a maximum range of 10 meters.

•

Multiple Modulation Schemes: On-Off Keying (OOK), Pulse Position Modulation (PPM),
or Pulse Amplitude Modulation (PAM).

•

Multiple receiver topologies: Digital Leading Edge Detect and Digital Matched Filter.

•

Capable of transmitting multiple data bits/UWB pulses (for increased data rates) or multiple UWB pulses/data bit (to increase range or decrease BER).

•

Take advantage of multipath energy for increased receiver performance.

•

Flexible platform which allows software control over the type of modulation/multiple access scheme, frame structure, MAC layer, as well as the receiver topology.

Much of the material presented in this chapter, including Figures 3.3, 3.4, 3.8, and 3.14 appears in [2] and [97] and is reprinted here with permission.
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System Architecture

The UWB communication system design discussed in this dissertation is based on a sampling
architecture with digital demodulation. The basic concept is to oversample the analog received
signal (sample at equal to or greater than twice the Nyquist frequency) and then perform demodulation in the digital domain. Sampling the received signal may be accomplished using one of three
techniques: Direct Sampling, Frequency Domain Sampling, or Time Interleaved Sampling.
3.1.2.1 Direct Sampling
Direct Sampling means sampling the received signal at a very high rate of 10-20 GHz with
a 1-4 bit ADC. The overall waveform is essentially preserved and demodulation in the digital
domain may be performed. The major challenge in the Direct Sampling approach is implementing
a very high speed data bus on the order of 10-20 Gbps. For the best performance, the ADC and
digital demodulation hardware should be implemented on a single IC, where the designer has very
tight control over signal propagation delay and skew. For COTS components the ADC and digital
processing hardware will be on separate chips, and a high-speed data bus must be developed on
the Printed Circuit Board (PCB). While implementing such a high-speed data bus on a PCB
is possible, taking care of clock synchronization, distribution, and signal propagation delay is a
major design challenge. Therefore, the Direct Sampling approach is ideally suited for a custom
designed IC approach. In general, Direct Sampling is a form of Nyquist Sampling (sampling equal
to or greater than twice the highest frequency component in the desired signal), and the reader is
referred to the literature for a thorough discussion of its performance.
3.1.2.2 Frequency Domain Sampling
Frequency Domain Sampling makes use of the ability to describe any periodic signal using a
Fourier Series, as illustrated below [89].
∞

∑c e
1
= __
s( t ) e
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s( t ) =

j2πkf0 t
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-j2πf0 t

dt

(3.2)
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Where
Tp is the period of the signal, equal to the pulse repetition interval in a UWB system
[sec]
f0 is the fundamental frequency of the signal s( t ) , and is equal to the inverse of the
1
period, f0 = __
T
p

ck are the complex Fourier coefﬁcients
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Using the periodic characteristics of the sinusoidal function, Equation 3.2 can be represented
by [89]:
1 s( t ) ⊛ cos 2πkf t + js( t ) ⊛ sin 2πkf t
(3.3)
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Where
⊛ denotes the convolution operation
ℒ denotes the Laplace Transform
X( s ) is the Laplace Transform of s( t )
The above equations demonstrate that the ck coefﬁcients for a waveform may be determined
2πkf
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by sampling the outputs of analog ﬁlters with transfer functions of _________
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A block diagram of a filter bank is shown in Figure 3.1. Note that a single filter bank only
captures a single spectral component (i.e. each filter bank only determines one ck coefficient), and
thus multiple filter banks are required to accurately reconstruct the original signal.
A Frequency Domain Sampler (conceptually illustrated in Figure 3.2) is constructed by constructing multiple ﬁlter banks and then sampling the outputs with ADCs, where the number of
ﬁlter banks is determined by the required accuracy of the reconstructed signal. The ADC outputs
are then fed into digital processing hardware where an IFFT operation is performed, and the timedomain signal is reconstructed.
The advantages and disadvantages of Frequency Domain Sampling, as compared to Direct
Sampling, are listed below:
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(a)

(b)
Figure 3.1: A block diagram of ﬁlter banks used in the Frequency Domain Sampling
technique. (a) A single ﬁlter bank, and (b) Cascaded ﬁlter banks. Image adapted
from [90].

Advantages
•

The data bus which connects each ADC to the digital hardware is able to run at a much
slower rate.

•

The digital hardware can provide a reasonably accurate reconstruction of the received
time-domain signal.

•

Built in interference rejection via deactivating ﬁlterbank(s) that contain an interfering signal.
Disadvantages

•

Multiple ﬁlter banks and ADCs are required to sample the received signal—leading to an
increase in system complexity.

•

Filters are implemented in the analog domain, and may signiﬁcantly deviate from the theoretical ideal characteristics.

•

Frequency Domain Sampling requires transforming the received signal from the time domain to the frequency domain, and then back into the time domain, requiring additional
steps before the waveform may be demodulated.
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(a)

(b)
Figure 3.2: Frequency domain sampling illustrated (20 ﬁlter banks were used).
(a) The received signal is passed through a series of ﬁlters and the output of each
ﬁlter is sampled with an ADC. (b) The time domain waveform is reconstructed by
performing an IFFT operation on the ADC samples.
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Figure 3.3: Block diagram of the Time Interleaved Sampling technique utilizing 4
ADCs (from [2]).

•

Accurately reconstructing the received waveform may require a very large number of ﬁlter
banks and ADCs.
3.1.2.3 Time Interleaved Sampling

The idea behind Time Interleaved Sampling (TI Sampling)—which was the technique chosen
for implementation in this dissertation—is to relax the requirements on the data bus while still
sampling the received signal at a very high rate in the time domain. Time-interleaving sampling is
quite common technique for high-speed oscilloscope design. Essentially, the received waveform
is sampled by a number of ADCs operating in parallel, with each ADC clock slightly offset from
the others, as shown in Figure 3.3. Thus, each ADC samples a slightly different point of the timedomain waveform, and the effective sampling rate is the individual ADC sample rate multiplied
by the total number of ADCs, as illustrated in Figure 3.4 with a set of 4 ADCs and Equation 3.5.
Time Interleaved Sampling is functionally equivalent to the Equivalent Time Sampling Receiver
(§2.5.2), however, in the Time Interleaved Sampling, a single waveform is sampled by multiple
ADCs, rather than sampling multiple waveforms using a single ADC.
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(a)

(b)

(c)

(d)

(e)
Figure 3.4 : Graphical representation of the Time Interleaved Sampling technique
(from [2]). (a) ADC #1 samples the signal at point A (b) ADC #2 samples the signal
at point B—a time offset of τ relative to ADC #1 (c) ADC #3 samples the signal at
point C—a time difference of τ relative to ADC #2 (d) ADC #4 samples the signal at
point D—a time difference of τ relative to ADC #3 (e) The original waveform may be
reconstructed by putting all 4 samples together.
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(3.5)

Where
fs

effective

is the effective sampling frequency [Hz]

N is the number of ADCs
fs is the sampling frequency of an individual ADC [Hz]
1
The time delay between ADCs, τ, is simply the inverse of the effective sampling rate, or ___
.
f
seffective

As an example, consider the setup in Figure 3.3. ADC #1 samples the received signal at point
A (Figure 3.4a). ADC #2 has a clock signal delayed by a small interval, τ, as compared to ADC #1,
and will sample the received signal at point B (Figure 3.4b). ADC #3 has a clock signal delayed by
the same small interval τ as compared to ADC #2 (2τ as compared to ADC #1), and will sample the
received signal at point C (Figure 3.4c), and so forth. The data bus which connects each ADC to
the digital hardware is able to run at a much lower rate. Additionally, the digital hardware can recreate the received signal as if it had been sampled by a single, high-speed ADC (Figure 3.4e). The
trade-off is in complexity: instead of having a single high-speed data bus, we now have several
lower-speed busses. Additionally, the use of multiple ADCs will increase the power consumption
and chip area required to implement the receiver. Finally, small imperfections in the clock signal
delay, as well as clock jitter, ADC aperture delay, and variations in the quantization levels will lead
to slight variations in the exact point at which each ADC samples—resulting in distortion of the
UWB signal. The amount of distortion is proportional to the amount of mismatch between ADC
converters, as discussed in §3.6. Timing offsets and jitter produce the most signiﬁcant distortion
of the received signal, as small amounts of timing mismatch can produce a signiﬁcant amount of
distortion.
The performance of a TI sampling architecture is highly dependant on precise matching of the
ADC offsets, gains, and timing delays [48]. Consider a 2-ADC TI sampling architecture. The
output of the system may be written in the following manner [48]:
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(3.6)

Where
Gi is the Gain of the ith ADC.
Ts is the sampling time interval, equal to the inverse of the effective sampling frequency of the system (fs
) [seconds]
effective

δti is the deviation from the ideal sampling instance for the ith ADC. This number
may be composed of both a ﬁxed component and a random jitter component
[seconds].
osi is the offset from the ideal Input/Output characteristic for the ith ADC.
As shown in [48], the gain and timing mismatches interact with each other, while the offset
mismatches are independent. In all cases, these mismatches result in a degradation of the SNR at
the output of the sampler, creating a smearing of the received signal. While careful system calibration can correct most of the problem, careful analysis and simulation is required to verify that any
degradation in SNR is within tolerable limits. Figure 3.5 provides an illustration of how these
three mismatches can distort the received signal.
Time Interleaved Sampling has several advantages, as well as some disadvantages, when compared to both Direct Sampling and Frequency Domain Sampling in UWB receiver implementations:
Advantages
•

The data bus which connects each ADC to the digital hardware is able to run at a much
slower rate.

•

The digital hardware can recreate the received signal as if it had been sampled by a single,
high-speed ADC.
Disadvantages

•

The use of multiple ADCs is an increase in hardware complexity and system cost.

•

Gain, offsets, clock jitter, and clock delay mismatches can combine to degrade the overall
system SNR.

3.1.3

COTS Limitations

The use of Commercial Off-The-Shelf components places some signiﬁcant constraints on the
overall system design.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 3.5: Illustration of the effects of ADC mismatch on time interleaved sampled
signals. The ﬁgures depict a 2-ADC TI-Sampling array, where ADC#1 has the ideal
offset, gain, and timing characteristic, and ADC#2 has a non-ideal offset, gain, and
timing characteristic. The input is a 100 Hz sine wave, and the individual ADC
sampling frequency is 5 kHz. (a) Offset mismach model, (b) Offset mismatch
effects, (c) Gain mismatch model, (d) Gain mismatch effects, (e) Timing mismatch
model, and (f) Timing mismatch effects.
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Analog to Digital Converter

The primary limitation of a practical ADC is the analog input bandwidth, or the range of
frequencies which the ADC can sample a signal with no loss in ﬁdelity. Most mass-produced
commercial grade ADCs, such as those manufactured by Analog Devices or Texas Instruments,
have input bandwidths on the order of 500 MHz. The highest performance commercially available
ADCs, manufactured by Atmel or Maxim, can have input bandwidths which extend into the 2 – 3
GHz range. Higher performance specialized ADCs are available, however, the increase in cost is
signiﬁcant. Therefore, using a commercially available ADC restricts the UWB communication
system to utilizing a baseband UWB pulse with a bandwidth below 2 GHz or time duration of
greater than about 500 picoseconds.
Another limitation of a practical ADC is the aperture delay variation. The aperture delay is the
time delay between the rising edge of the ADC clock signal and the point in time when the ADC
actually samples the input signal. For a system utilizing a single ADC, aperture delay is a minor
concern. For the TI Sampling technique, the performance of the receiver design is predicated on
each ADC sampling the received signal at precisely spaced intervals. If the aperture delay on each
ADC is constant, the time between samples remains constant, causing the aperture delay variation
to be zero. However, if the aperture delay varies signiﬁcantly among ADCs, then the received
signal will become distorted because the time spacing between samples is uneven. Typical ADCs
with sampling rates on the order of 100 MSamples/sec or greater possess an aperture delay variation ranging from 50 ps to 1 ns. The performance of a digital receiver will severely degrade if the
aperture delay variation is equal to or greater than the time delay between ADCs (the inverse of the
effective sampling rate), which results in successive samples to overlapping in time. For example,
in a 4-ADC system with an effective sampling rate of 2 GHz (each ADC sampling at 500 MHz), an
aperture delay variation of 500 ps means that any 2 adjacent ADCs are actually sampling exactly
the same point on the input signal.
Gain and offset variations among ADCs also produces problems in the Time Interleaved Sampling approach. These variations may be typically conﬁned to ±1 Least Signiﬁcant Bit (LSB)
through careful matching of ADC parameters. When interleaved, however, these minor variations
may cause a certain amount of distortion in the reconstructed waveform. To combat this distortion,
many ADC manufacturers provide the ability to ﬁne-tune the ADC gain and/or offset characteristics within a small range, allowing the user to calibrate the system prior to use.
One ﬁnal note is that other mismatches among the ADCs in the TI-Sampling array are possible.
For example, many ADCs exhibit a nonlinear relationship between the analog input signal and the
digital output code, which can be quantiﬁed by the Integral Nonlinearity (INL) and Differential
Nonlinearity (DNL) parameters [90]. These nonlinearities mean that spurious signals generated

Chapter 3: Overview of the Software Radio I-UWB Communication System Testbed

68

It is important to understand that this dissertation focuses on the development of a Software
Deﬁned Receiver. In FPGA parlance, Software is a relativley generic term which could refer
to the VHDL code which deﬁnes how the internal registers, gates, and structures of the FPGA
are connected together OR to the C++ code which is running on the internal processor cores.
To avoid confusion, the following terms are deﬁned here:
Software will continue to be used as a generic all-encompasing descriptive term.
Firmware refers to the VHDL code which deﬁnes the FPGA hardware interconnection
and operation.
PowerPC Software refers to the C++ code which is running on the internal processor
core.
by gain or offset mismatches will be proportional to the amplitude of the input signal. Analog
bandwidth mismatches among the ADCs will also result in the generation of spurious signals in the
digitized output [48], and may be modeled as frequency dependent gain and phase mismatches.

3.1.3.2

Digital Processing

The heart and soul of the receiver is the digital processing hardware; as it must be capable of
handling multiple data streams from the ADCs and then demodulating the data in real-time. In
order to meet the design objectives, the digital processing must also be reconﬁgurable—to provide
the ﬂexibility demanded by a software radio design. Given these limitations, a powerful FPGA is
the optimal choice for the digital processing block on the receiver. Current top-of-the-line FPGAs
are capable of handling multiple high-data rate input streams, have several embedded processor
cores for any DSP operations which may be required, and may be easily reconﬁgured for a variety
of different modulation/demodulation schemes. Practical FPGAs are limited by the rate at which
they can input data; and the maximum achievable data rate of the wireless link is limited by the
time required to process and demodulate each received pulse. Xilinx, however, produces several
FPGAs (Virtex II-Pro, Virtex II-X, and Virtex-4) capable of inputting data at the rates used in the
design presented in this report as well as demodulating the proposed data rate of 100 Mbps.

3.1.3.3

Clock Distribution

As discussed above, the performance of the TI-Sampling technique is highly dependant on
sampling the received signal at precisely spaced intervals. Thus, an ultra-low skew clock distribution network is required. Manufacturers such as On Semiconductor produce clock distribution
chips with pin-pin skew on the order of ±20 picoseconds. Additionally, constraint-driven routing
of the clock signals on the PCB must be used to ensure that all trace lengths are synchronized.
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Another issue in clock distribution is ensuring the precise delay is properly inserted in each
clock signal with very low jitter or variation. In most cases, clock distribution could be performed
inside the FPGA, however, the current top-of-the -line Virtex II-Pro FPGA has a timing jitter spec
of ±100 picoseconds [91], potentially resulting in overlapping of samples and distortion of the
reconstructed waveform. Thus, to ensure very tight tolerances on the clock jitter, programmable
delay chips (such as On Semiconductor’s MC100EP195) that have ±1 picosecond time resolution
and sub-picosecond jitter, are required. The use of these chips has another advantage: the ability
to calibrate out any part-part variation in the ADC aperture delay by adjusting the timing of the
ADC clock.

3.2

Transmitter Design

A block diagram of the transmitter is shown in Figure 3.6. UWB pulses are generated by Step
Recovery Diodes (SRDs). The SRDs are triggered by an off-board data source. Note that if PAM
is utilized, two data input lines are required—one to trigger a positive pulse to transmit a “1” and
another to trigger a negative pulse to transmit a “0”. For OOK or PPM, either the positive or negative pulses may be used. The outputs of the pulse generators are then ﬁltered, pre-ampliﬁed, and
transmitted using an off-board power ampliﬁer and non-dispersive antenna. A detailed discussion
of the transmitter design and implementation may be found in [92], as well as in Chapter 6.

3.2.1

SRD Pulse Generator

The pulse generator for the transmitter is a circuit based on the transition characteristics of
an SRD. These diodes are designed to have a very abrupt switching time from their forward
bias state to their reverse bias state, making them very popular devices for pulse generators. The
circuit in Figure 3.7 shows the schematic of the SRD positive pulse generator design, along with
its response to a square wave input signal. The negative transition of the input waveform causes
the SRD (D1, a Metelics SMMD-0840 part with 10 ns carrier lifetime and 70 ps transition time)
to switch into a high impedance state from a constant current state, giving rise to a high negative
voltage output. Once the pulse arrives at the transmission line, it splits into two negative ramp
pulses, each propagating down opposite sides. One of the pulses travels down a short-circuited
stub, which reﬂects an inverted and time delayed pulse (due to the negative reﬂection coefﬁcient
from the short circuit). The two ramp pulses then combine to form a Gaussian pulse at the input
of the attenuator. The attenuator serves to reduce reﬂections on the transmission line, as well as
to assist with impedance matching the SRD pulser output to the ﬁlter input. The length of the
short-circuited stub determines the width of the pulse due to the propagation delay of the reﬂecting
ramp pulse down the microstrip transmission line. The line length may be calculated for a speciﬁc
Printed Circuit Board (PCB) substrate material using the equations found in [93, 56].
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Figure 3.6 : A basic block diagram of the UWB transmitter.
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(a)

(b)
Figure 3.7: An SRD pulse generator is used by the transmitter to generate UWB
pulses. (a) Schematic diagram of the SRD pulse generator, (b) Simulated output of
the SRD pulse generator.

The remaining circuitry is designed to shape the pulse and reduce the amount of ringing. The
series Schottky diode (D2) accomplishes this task by removing any negative ringing, essentially
acting as a half-wave rectiﬁer. Any negative voltage in the input waveform causes the diode to
be reversed biased, which effectively disables the output until the input reaches a positive voltage
state. The shunt Schottky diode (D3) reduces the ringing in the pulse train by acting as a switch
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with a DC bias circuit. As the pulse passes through the shunt diode section, the current is switched
off due to the surge in voltage, allowing the pulse to pass through without distortion. Once the
voltage surge subsides, the diode switches back on, which enables it to become a short circuit
again. Effectively, the ringing acts as an AC waveform and since its voltage is not high enough
to reverse bias the diode, it passes through the diode to ground due to the low impedance. Both
of the Schottky diodes used in the pulse shaping section are also a Metelics part, speciﬁcally the
MSS50-048. Capacitors C1 and C3 in the diagram serve as blocking capacitors, while C2 is an RF
bypass capacitor for the DC power supply.

3.2.2

RF Ampliﬁers

Each of the SRD pulse outputs is ﬁltered, individually ampliﬁed, and then combined into a
single signal. To minimize distortion of the pulse, both ampliﬁer and switch must have the following characteristics:
•
•
•

Nominal bandwidth signiﬁcantly greater than the bandwidth of the pulse
Highly linear (High IP3)
Flat gain across the bandwidth of the pulse

The initial transmitter design in [2] and [92] called for the use of a Minicircuits ERA-4SM
ampliﬁer to drive the SRD pulser, and a GALI-6 Ampliﬁer to serve as a buffer for the output.
Experimentally it was determined that the SRD requires a signiﬁcant amount of current to operate
properly (approximately 200-300 mA), and the Minicircuits ampliﬁers were incapable of meeting
this demand. In a design revision, the Minicircuits amps were replaced with an Analog Devices
AD8009 high-speed, high-current op-amp. The new conﬁguration is capable of supplying up to
175 mA of current to the SRD to ensure adequate signal output. Additionally, a number of redundant components (such as the oscillator and RF switch) were removed from the transmitter design.
Further details on the redesigned transmitter may be found in §6.4.

3.2.3

Filters & Antenna

The Mini-Circuits Ceramic ﬁlters on the output of the SRD pulsers reduce high frequency
components (greater than 3 GHz) which may be present in the pulses. These ﬁlters help to smooth
over the shape of the SRD pulse and to prevent the pre-ampliﬁcation stage from wasting power
by boosting frequency components which cannot be detected by the receiver. The resistive power
combiner combines the two individual SRD signals into a single signal, which is then bandlimited,
sent through a ﬁnal pre-ampliﬁcation stage, and then sent to the external power ampliﬁer and
antenna. Also, several attenuators have been placed at various points throughout the transmitter.
These attenuators help to ensure a 50Ω termination impedance as well as to reduce reﬂections from
the board-component interface.
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External to the transmitter board is a power ampliﬁer and antenna. To ensure optimal performance, this design will make use of a non-dispersive antenna, such as a biconical antenna, double
ridged horn, or Vivaldi antenna. Other antennas, however, could be utilized—assuming an appropriate reference pulse shape was downloaded into the Digital Matched Filter.

3.2.4

Data Generation

The transmitter is designed to produce OOK, 2-PAM, M-ary PPM, or a combination PAM/PPM
output signal by directly triggering the SRD pulsers. Two inputs were placed in the transmitter
design to allow for each SRD pulser to operate independently. Each input uses a MC100EL16 differential receiver to convert the input signal to PECL logic levels. The use of the EL16 part makes
the transmitter very versatile, allowing any single-ended signal (such as TTL, LVTTL, CMOS,
etc) to drive the SRD pulsers. Thus, the transmitter could operate as a daughterbaord attached to
the receiver (creating a transceiver system), or it could be driven by a separate source for one-way
communications.
One ﬁnal note on data generation is that ultimately the data rate in a UWB communication
system is limited by the maximum excess delay of the wireless channel, as mentioned in the
previous chapter. If multipath signals from a previous data pulse overlap with the current data
pulse, it is possible that the receiver will demodulate the multipath signal—rather than the true
data pulse—unless complex equalization is employed. Multipath delay spreads are a product
not only of the wireless propagation environment, but are also a function of the directionality of
the antennas used in the communication system, meaning that higher data rates are possible with
directional antennas.

3.3
3.3.1

Air Interface
Frame Structure

One of the design goals for the Software Radio UWB Communication System was a high
degree of ﬂexibility in the air interface. Thus, the frame structure, multiple access, MAC, and so
forth are all under user control. For illustration and initial development purposes, a frame structure and multiple access technique were created somewhat arbitrarily, and their performance was
analyzed and simulated in [92]. The remainder of this dissertation adheres to that frame structure,
but with the understanding that the end user could create a structure which is more optimally suited
to their task.
To facilitate synchronization and channel impulse response estimation, the transmitted pulses
will be grouped into frames and superframes. Figure 3.8a illustrates the basic structure of the
UWB frame. Each frame consists of 960 data pulses, 48 pilot pulses, and two guard time slots
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(a)

(b)
Figure 3.8: Air interface for the UWB SDR communication system testbed (from
[2]). (a) UWB data frame consisting of: pilot pulses, guard time, and data pulses.
(b) UWB superframe, consisting of 2 UWB data frames.

where no pulses are transmitted. The guard time has a duration equal to the time duration of eight
pulses and is positioned at the end of the pilot pulses as well as at the end of the frame. A superframe (Figure 3.8b) is made up of two regular frames.
The pilot pulses will be transmitted using either 2-PAM or 2-PPM modulation (with the default
being 2-PAM), with the ability to use a unique code for each user (e.g. an m-sequence or gold
code) as an option. The maximal length implementation allows synchronization to be performed
with more accuracy due to its near-ideal autocorrelation properties. The pilot sequence will be repeated every frame to allow the receiver to differentiate among users in a multi-user environment.
A guard time equal to the time duration of eight pulses is positioned at the end of the pilot pulses
as well as at the end of the frame. Since the pilot pulses are separated from the data pulses via the
guard time, the receiver can develop a pilot-based matched ﬁlter template. Also, if synchronization between the transmitter and receiver is completely lost, the receiver can search for the pilot
pulses (because the guard time allows for easy differentiation from data pulses) and re-acquire the
signal.
Even though implementing a MAC was not the primary concern for the initial design, a superframe (Figure 3.8b) was created, allowing the system to operate using a TDMA technique.
Each user would transmit a superframe in a hyperframe, which will consist of a number of slots
equal to the number of users. Therefore, the overall data rate would reduce as the number of users
increases.
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Note that the testbed/software radio architecture of this receiver design will allow users to
develop and experiment with a wide variety of MAC techniques, and they are not restricted to
using the implementation discussed in this dissertation. Additionally, the frame structure itself can
be redesigned to accommodate FEC for better BER performance, or to optimize performance in
speciﬁc environments.

3.3.2

Acquisition

The Acquisition and Synchronization procedure discussed here is diagrammed in Figure 3.9.
To initiate communication on the forward link (User 1 to User 2), User 1 begins by broadcasting a
N pulse long sequences of UWB pulses at a 100 MHz pulse repetition rate amplitude modulated
by a maximal-length sequence (m-sequence). User 1 will continue broadcasting the acquisition
sequence until it receives an acknowledgement signal from User 2.
To acquire the transmitted signal, the FPGA in User 2’s receiver will capture a set of samples
equal to N UWB pulses (NP samples, where P is the number of samples per pulse) and store them
in memory. Capturing NP samples guarantees that at least one complete m-sequence will be
captured. The FPGA used in the receiver is a Xilinx VirtexII-Pro (§3.4.3), which has an on-board
PowerPC processor that will be responsible for signal acquisition. Acquisition is performed in
three stages: Coarse Acquisition, Fine Acquisition, and Initial Synchronization.

3.3.2.1

Coarse Acquisition

Once the samples are captured, the FPGA’s PowerPC processor will perform a sliding matched
ﬁlter operation using a stored template waveform, as illustrated in Figure 3.10. The template
waveform consists of an ideal version of the N-pulse m-sequence. Note that the pulse shape will
be that of the ideal expected received signal in the absence of multipath and channel distortion.
Using the ideal pulse shape will result in less than optimal correlation with the actual received
signal; however, it should be sufﬁcient for initial acquisition.
While the PowerPC is performing the sliding correlation operation, the FPGA is not capturing any new samples, and the sample values stored in RAM do not change. However, a 32-bit
counter keeps track of the number of samples which have been skipped during the time required
to perform the sliding matched ﬁlter operation. Because the strongest correlation will occur when
the template waveform is precisely aligned with the received m-sequence, the PowerPC processor
can determine the sample index of the peak correlation. The PowerPC processor can then add the
sample index to the number of samples which have been skipped, and calculate the point in time
when it should receive the next m-sequence transmission.
Unfortunately, the oscillators for User 1 and User 2 are not precisely synchronized, they may
drift signiﬁcantly during acquisition. Thus, the amount of time that the PowerPC can take to per-
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Figure 3.9 : Graphical illustration of the acquisition and synchronization procedure
for the UWB communication system.
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Figure 3.10 : Graphical illustration of the Pilot Template Sliding Matched Filter
(PTSMF) algorithm, used to establish synchronization in noisy channels.

form the sliding correlation operation is severely restricted. The oscillator drift creates a window
of uncertainty about the calculated start time of the next m-sequence transmission. The width of
the window may be approximated by:
Umax = 2fosc Sosc telapsed

(3.7)

Where
Umax is the uncertainty window [Number of Samples].
fosc is the frequency of the transceiver master oscillators [Hz].
Sosc is the stability of the transceiver master oscillators [Parts Per Million].
telapsed is the time required to complete acquisition [seconds].
To alleviate the uncertainty problem, a second acquisition stage ﬁne-tunes the signal acquisition
to be within the tracking capabilities of the real-time data demodulation system. Experimentally, it
was determined that the maximum uncertainty window that could be tolerated was half the number
of samples in a UWB pulse period (i.e. 0.5P). As discussed in §3.4.2, the receiver has an effective
sampling rate of 8 GHz, yielding P=80 samples/UWB pulse period. The master oscillators on the
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communication system are from the Fox Electronics RFV300 series, have a frequency of 1 GHz
and a stability of ± 20 parts per million (ppm). Thus, the maximum allowable acquisition time is
1 millisecond.
The FPGA’s PowerPC processor operates at a frequency of 300 MHz. An acquisition time of
1 msec gives the receiver 300,000 processor cycles to complete the ﬁrst stage of acquisition. For
all possible starting indices in the captured sample data, the PowerPC computes the results of the
following equation:
80N - 1

CK =

∑x
i=0

i+K

yi

(3.8)

Where
K is the start index in the set of captured samples.
CK is the magnitude of the correlation.
xi is the captured sample value at index i.
yi is the template sample value at index i.
N is the number of pulses in the acquisition sequence.
Note that many of the samples in the template pulse have a value of 0, and contribute nothing to the correlation amplitude, and waste valuable processor cycles. To reduce the number of
calculations performed, the correlation is performed only on samples that have a non-zero value,
i.e. just the samples that make up the ideal received UWB pulse. As shown in §3.5.1, the expected
duration of the received pulse is approximately 2 nanoseconds, corresponding to a length of 16
samples. The m-sequence has N UWB pulses; hence the PowerPC processor calculates CK using
a nested loop with 16N iterations, where each iteration is estimated to require 25 cycles. Computing CK for every possible value of K is extremely inefﬁcient and wastes a signiﬁcant amount of
processor cycles. In a UWB pulse, adjacent samples are generally strongly correlated [83], thus
the index K can be incremented by half the number of samples in a received pulse; that is, K
may be incremented by 8. Incrementing K by a number greater that 1 may result in a slight error
between the calculated index of maximum correlation and the true index of maximum correlation,
but will be taken care of in the ﬁne acquisition stage. Therefore, the total number of possible K’s
is equal to:

( )

80
KMAX = N __
= 10N
8

(3.9)

Therefore, the total number of PowerPC cycles required to complete acquisition is equal to
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2

(3.10)

r

M-sequences are only of length N = 2 – 1 (N = 3, 7, 15, 31, …). A N = 7 m-sequence
requires 196,000 processor cycles to complete coarse acquisition, and yields an uncertainty window of approximately 28 samples.

3.3.2.2

Fine Acquisition

Knowing the index of maximum correlation, the number of samples missed, and the window
of uncertainty, the PowerPC processor can calculate the expected starting point of the next msequence transmission.
The FPGA will then capture NP samples, starting at the point in time it expects the m-sequence
transmission to begin, minus the duration of the uncertainty window. The processor will again perform a sliding correlation as before, with the exception that K is incremented by 4 (as the tracking
loop can compensate for a ± 2 sample offset), and the maximum number of correlations performed
is 0.25Umax . With Umax = 28, 7 correlations will be performed, which will require a total of about
20,000 processor cycles, or approximately 66 µsec. Given the above oscillator parameters (1 GHz
clock frequency, ±20 ppm stability), then the uncertainty window Umax is only 3 samples, which
is within the limits of the tracking loop. Once acquisition has successfully completed, User 2 will
send an acknowledge signal to User 1.

3.3.2.3

Synchronization

The synchronization routine ﬁne tunes the initial alignment between transmitter and receiver
so that data demodulation can then proceed in real-time. As with acquisition, all steps to establish
the forward link will be used to establish the reverse link. When User 1 receives the acknowledge
signal, the transmitter will begin sending a series of test frames. Transmission will begin at the
next scheduled transmission of the N acquisition pulses (i.e. the test frame will be sent in lieu of
acquisition pulses). Because User 2 knows how much time has elapsed since acquisition, it is able
to determine the start index of the ﬁrst pulse in the test frame.
The test frame will be demodulated by the receiver in real time using the data demodulation
routines (Discussed in §3.4.4). The ﬁrst test frame will serve only to ﬁne-tune synchronization
between transmitter and receiver via an early-late gate implementation. Subsequent test frames
will be demodulated using the real-time data demodulation engine. Because the test sequence is
known to the receiver, it can compare the demodulated data to the true data. If the number of errors
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in the demodulated sequence is below a preset threshold (which will depend on the application and
the end users ability to tolerate bit errors), then User 2 will send a second acknowledge signal back
to User 1. When both Users have veriﬁed the integrity of the link, data transmission will begin.

3.3.3

Tracking

Once synchronization is established, the receivers responsibility shifts to maintaining synchronization between users. The receiver maintains synchronization through the use of an early-late
gate algorithm and ﬁne tune either the master clock oscillator or the start of the data index.
The early-late gate algorithm operates by correlating multiple template waveforms with the
received data. In each template, the waveform is either advanced a set number of samples, delayed
a set number of samples, or set to the ideal position. Ideally, the maximum correlation should
occur with the template which is set to the ideal position. However, if the receiver notices a trend
where the maximum correlation is occurring in either the advanced or delayed templates, it can
make adjustments to bring the received waveform back into alignment. Additionally, the early-late
algorithm also helps to smooth over any short-term jitter in the clock oscillator, by either using the
output from the strongest correlation or averaging/combining the outputs together. Note that in the
case of 2-PPM the early-late algorithm must be performed twice—once for each possible position
of the data pulse.
For example, consider a pulse rate of 100 MHz and 8 ADCs sampling at 1 GHz each (125 ps
between samples yielding exactly 80 samples between any two data pulses), along with either 3 or
5 template waveforms set up in the following manner:
•
•
•
•
•

One template advanced in time by 2 samples
One template advanced in time by 1 sample
One template with the ideal timing
One template delayed in time by 1 sample
One template delayed in time by 2 samples

The receiver performs a matched ﬁlter correlation operation with each of these templates. The
template with the strongest correlation will be chosen for data demodulation and tracking. If the
strongest correlation consistently occurs in either the advanced or delayed templates, the receiver
will then adjust the timing to bring the received waveform back into alignment.
One potential drawback with the tracking algorithm is time-varying multipath signals. If the
multipath amplitude and/or location in time vary faster than the rate at which the pilot template is
updated, it could cause stronger correlations in either the advanced or delayed correlator. One way
to mitigate the false positives would be to require a larger number of correlations to occur in the
offset correlators before adjusting the receiver’s timing. Unfortunately, that would limit the ability
of the receiver to track a fast moving transmitter in a mobile environment. Another possibility
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would be to decrease the number of data pulses in the frame (thus increasing the update rate of
the pilot template), but this would result in a decrease in throughput. Finally, in scenarios where
a strong LOS signal is present, the tracking algorithm could time-gate out multipath signals and
make decisions based solely on the timing of the LOS pulse.

3.4

Receiver Design

The receiver is divided up into four separate sections: RF Front End, ADC/Clock Distribution,
Digital Processing, and External Interface. Figure 3.11 illustrates the overall block diagram of the
receiver, with the basic function of each of these section discussed below.

3.4.1

RF Front End

The RF Front End is composed of a broadband low-noise ampliﬁer (LNA), a gain stage, variable attenuator, bandlimiting ﬁlter, and resistive power divider. The LNA is crucial to ensuring
both the longest possible range of the communication link by minimizing the amount of noise
and distortion added to the received signal. Originally, a Miteq AMF-3D-10M-10G-30-10P ultrabroadband LNA (3.0 dB Noise Figure and 24 dB of Gain) was used in the design, however, at a
cost of over $2,500, it was one of the most expensive components in the receiver. As a cost savings
measure, the LNA was eliminated (although a provision was put in place to add it at a later date if
desired), and the design was re-worked by adding more ampliﬁcation in the gain stage.
The MiniCircuits ZX60-3018G was chosen for both the LNA and gain stages, as it provides a
2.7 dB noise ﬁgure and 20 dB of gain. Up to four gain stages can provide approximately 80 dB of
gain, to ensure the system will be able to operate over the speciﬁed 10 meter range.
Two Hittite Microwave HMC307QS16G variable attenuator allows the receiver to reduce the
overall gain of the RF Front End when the received signal is very strong, to avoid overdriving the
ADCs. The variable attenuator is digitally controlled by the FPGA, and each one provides up to
31.5 dB of attenuation from DC–4 GHz. A MiniCircuits ceramic ﬁlter bandlimits the incoming
signal to ensure that the ADCs do not sample any extraneous signals.
In order to distribute the UWB signals to the ADCs, a wideband power divider is necessary.
The broadband nature of UWB signals means that the power divider must have ﬂat performance
characteristics from near-DC to several GHz. The only circuit capable of providing this performance is a resistive power divider [94]. These power dividers may be formed by designing a
Pi- or T-Network Attenuator (Figure 3.12a-b, and discussed in detail in [95]) and then combining
one leg of the attenuator in parallel (Figure 3.12c-d). Figure 3.13 shows the design and simulated
response of an 8-way resistive power divider formed from 3 dB attenuators. Figure 3.13b is the
transient response of the power divider using to a 200 picosecond duration UWB pulse using ideal
components. Figure 3.13c is the transient response of the power divider when surface mount resis-
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Figure 3.11 : Block diagram of the UWB receiver.
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(a)

(b)

(c)

(d)

Figure 3.12: A broadband resistive power splitter can be formed by combining
multiple resistive attenuators. (a) 3 dB T-Network resitive attenuator, (b) 3 dB PiNetwork resistive attenuator, (c) 2-Way power divider formed by combining two 3
dB T-Network Attenuators, and (d) 2-Way power divider formed by combining two
3 dB Pi-Network attenuators.

tor package parasitics are included (0.5 nH series inductance and 0.5 pF shunt capacitance for an
0402 size Resistor). Note that even when package parasitics are included in the model, the power
divider imparts a minimal amount of distortion to the UWB pulse.
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(b)

(a)

(c)

Figure 3.13: An 8-way resistive power divider is used to distribute the input UWB
signal to all 8 ADCs on the receiver. (a) Schematic of the power divider based on 3 dB
Pi-Network attenuators, (b) Transient response of the power divider to a 200ps UWB
pulse, and (c) Transient response of the divider when including package parasitics.
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ADC/Clock Distribution

The most critical part of the receiver is the bank of ADCs and clock distribution network which
will be responsible for parallel sampling the received UWB pulse. As discussed above, the proper
selection of an ADC is critically important to the proper operation of the receiver. Furthermore, the
cost of the ADC is extremely important, since a number of them will be used on a single receiver.
After a thorough search, the Maxim MAX104 ADC was found to offer an input bandwidth of 2.2
GHz, a maximum sampling rate of 1 GHz with 8-bit quantization, an aperture delay of 100 picoseconds, part-part variation of less than 30%, and was available for a reasonable cost. The receiver
uses 8 of the MAX104 ADCs operating in parallel at an individual sampling rate of 1 GHz—each
successive ADC samples the signal at 125 picosecond increments—yielding a maximum effective
sampling rate of 8 GHz. Another beneﬁt of the MAX104 is a demultiplexer feature that allows for
two output data paths at half of the sampling rate. This would allow digital data to be processed at
a clock frequency equal to half the ADC sampling frequency.
Initial FPGA timing analyses indicate that the FPGA would be able to input the data at a 500
MHz clock frequency. Estimates of skew on the FPGA-ADC data bus, as well as signal integrity
simulations (§4.3), a 500 MHz data clock (1000 MHz ADC sampling clock) was determined to be
pushing the absolute maximum that the FPGA could support, although still theoretically possible
[96].
As seen in the block diagram, clock distribution is accomplished using On Semiconductor’s
MC100EP14DT low-skew clock distribution chip, which provides an output-output skew of less
than 25 picoseconds. Clock delays are adjusted using On Semiconductor’s MC10E195 programmable delay chip. The 10E195 provides a maximum delay of 10 ns, adjustable in 10 ps increments. Thus, the system could be conﬁgured to operate at sampling rates as low as 100 MHz (12.5
MHz sampling rate for each individual ADC), allowing the system to operate in a narrowband
mode. The 10E195 chips are controlled by the FPGA and the precise delays are determined using
a calibration procedure discussed in §3.7. Constraint driven routing of the clock signal PCB traces
ensures that each clock signal reaches the ADC free from excessive noise or distortion.

3.4.3

Digital Hardware

As discussed above, a software-deﬁned radio implementation of the receiver architecture provides a tremendous amount of ﬂexibility over hardware-based implementations. For the UWB
receiver design presented in this dissertation, data demodulation is performed by reconﬁgurable
logic—in the form of an FPGA—in the digital domain. This approach allows the user to choose
between one of three different modulation schemes (OOK, biphase modulation, and binary PPM)
as well as one of two receiver topologies (Digital Leading Edge Detection and Digital Matched
Filter). Additional receiver topologies and/or Rake combining algorithms can easily be generated
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and downloaded into the FPGA—without making a single hardware change. The user then has the
ability to match schemes and topologies based on application requirements or research interests.
Due to the nature of the Sampling Receiver design, the processing requirements are extremely
strenuous. The FPGA must be able to handle the combined 256 outputs from the 8 ADC (16 differential pairs from each ADC when using the demultiplexer feature), at an individual data rate of
500 MHz and 8 bits/sample—an aggregate data rate of 64 Gbps. Furthermore, assuming a target
raw data rate of 100 Mbps (using a pulse rate of 100 MHz), for real-time data transfer, the FPGA
must be capable of demodulating data in under 10 ns. After surveying the available FPGAs on
the market, it was determined that the Xilinx Virtex II Pro XC2VP70 was the best suited for the
task. The Virtex II Pro XC2VP70 contains up to 996 high-speed I/O pins, 328 dedicated hardware
multipliers (necessary for correlation with the template waveform), two PowerPC processor cores,
and was designed especially for processing large amounts of data at very high rates. Additionally,
the XC2VP70 is pin compatible with the XC2VP100, which provides an additional 116 multiplier
blocks, 1,164 high speed I/O pins, along with some additional RAM memory and logic gates. Thus,
either FPGA can be installed on the receiver PCB without altering any of the hardware—providing
an easy way to upgrade the digital hardware of the receiver in the future.
Another important feature of the Virtex II Pro FPGA is the implementation of double-data
rate (DDR) registers on the I/O pins. These registers can read in data on both the rising and falling
edge of the clock, which allows for the FPGA clock to run at 250 MHz to input 500 MHz data.
Even though the clock timing requirements are relaxed using DDRs, the data must be stored within
the allotted 2 ns time duration between samples. Performing a preliminary timing analysis, the
setup and hold times for the DDR registers that will latch these sample values is 0.86 ns and -0.63
ns. Thus, the FPGA has a window of 510 ps (2.0ns – (0.86ns+0.63ns)) to capture the data. This
window is, however, reduced by the following factors:
1. Skew between lines in the ADC-FPGA Data Bus: Estimated Maximum Value 100 ps.
2. Jitter on the FPGA Digital Clock Manager used to clock in the ADC samples:
Maximum Value 200 ps.
3. Signal Rise Time (time required to go from a Logic 0 to a Logic 1): Maximum Value
100 ps.
Thus, the window for latching the correct data values has been reduced to approximately 100
ps. To operate within such tight tolerances, the FPGA will be using DCMs with ﬁne-grained phase
shift feature to precisely align the edge of the incoming clock to the data bus. The ﬁne-grained
1
phase shift feature allows high-resolution phase adjustments in increments of __
256 of the clock period (increments 7.8 ps for a 500 MHz clock). The exact value of the phase shift for each DCM
will be determined experimentally.
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When the DMF receiver is operational, one of the available PowerPC processors will be dedicated to processing the data from the pilot pulses, as well as generating and updating the template
waveform.
To meet the target data rate of 100 Mbps, the internal FPGA hardware must be capable of
operating at clock frequencies equal to or greater than 100 MHz. Both ﬁrmware and software code
must be written to eliminate any extraneous clock cycles and allow the hardware to operate in an
optimal fashion. This timing analysis cannot be accomplished without the Xilinx System Generator software package or by testing the FPGA hardware with fully-functional code downloaded to
memory.

3.4.4

Data Demodulation

3.4.4.1

Digital Leading Edge Detection

For UWB communications, the basic D-LED receiver is the simplest of all receiver architectures. The D-LED receiver sets a threshold and any incoming pulse which crosses the threshold
is detected and demodulated as a data bit. The threshold value is based on the received pulse
amplitude and the standard deviation of the noise. To help reduce the number of false detections,
the receiver will only look at ADC samples in a small window of time about the correct data
index. The data index will be incremented based on the number of samples per pulse period or the
expected number of samples between a “1” and a “0” if using 2-PPM. Bit decisions will be made
by comparing the received samples to the threshold value. In the case of binary PPM, two sample
values for each pulse are taken and they are compared to each other. The higher sampled value will
be chosen as the correct bit.
As discussed in Chapter 2, the primary problem with the threshold reception technique is that
noise spikes which happen to cross the threshold will also be erroneously detected as a data pulse
(a “False Alarm” or “False Detection”). To mitigate the problem of false detections, the receiver
must continuously monitor the input noise signal and set a threshold such that only a small percentage of false detections will occur, similar to a CFAR RADAR system [73].
While the Digital LED receiver is a relatively unsophisticated technique—subject to noise,
interference, and jamming, it is an extremely simple implementation, requiring only a simple comparison (which could be implemented in the FPGA’s logic gates) on every group of input samples.
In a relatively noise-free and benign multipath environment, however, the D-LED receiver provides the fastest continuous data rates, as it requires no extended processing. As an added beneﬁt,
acquisition and synchronization processing is signiﬁcantly reduced, as the receiver simply looks
for any pulse which crosses its pre-determined threshold.
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Pilot-Based Matched Filter Estimation

The Digital Pilot-Based Matched Filter (DPBMF) receiver is similar to the Matched Filtering
receiver which has been used in narrowband communications for many years. A digitized version
of the expected received pulse is stored in the FPGA’s BRAM memory; this reference pulse (which
will be termed a template pulse for the remainder of this dissertation) is then correlated with the
actual received pulses via a matched ﬁlter operation. Included in the template are any resolvable
multipath, which form a pilot-based matched ﬁlter estimation to combine all of the received signal
energy to improve performance. The challenge in UWB systems is that due to pulse distortion, the
received pulse shape is unknown. The DPBMF is able to track distortions in the received pulse, so
that even in non-line of sight scenarios, the averaging template should compensate for any pulse
distortion in the received data pulses. The primary drawback to DPBMF is the noisy template
formed after averaging the pilot pulse waveforms. The extraneous energy causes the BER performance of the receiver to degrade due to the lack of correlation between the pilot-based template
and the perfectly matched waveform. The cause of the degradation is a “noise-cross-noise” term,
due to the multiplication of the noise in the template by the noise in the received signal [83]. The
impact of the noise term may be reduced by increasing the number of pilot symbols, but at the
expense of a reduction in the data rate.
The three most important aspects of the DPBMF receiver are Synchronization (discussed
in §3.3.2), along with Pilot-Based Template Generation, and Data Demodulation which will be
discussed in detail below.
Template Waveform Generation
The template waveform will be generated and updated every data frame by one of the FPGA’s
dedicated PowerPC processors. By examining samples of the pilot bits, the PowerPC processor
can establish an estimate of the actual received pulse resulting from the channel distortion and
multipath. Due to lack of time between pilot and data pulses in an individual frame, the pilot-based
matched ﬁlter template will be generated from pilot pulses in the previous frame. The implied assumption is that the wireless channel will remain essentially static for the duration of one frame
(approximately 10.24 μs), a reasonable assumption for channels with low Doppler spreads (i.e.
low mobility). It is important to note the pilot-based matched ﬁlter template algorithm is slightly
different depending on the method of synchronization the receiver uses. If the single pulse sliding
matched ﬁlter technique is used, the length of the template is based on the indices provided from
the synchronization algorithm given the number of multipath detected. The template waveform
is then created by breaking the pilot pulses into segments which contain the correct number of
samples. The breakpoints are determined based on data from the sliding matched ﬁlter process
from the coarse and ﬁne acquisition stages (§3.3.2). Essentially, the acquisition stages will report
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Figure 3.14: Graphical representation of the matched ﬁlter template generation
(from [2]).
(a) Five pilot pulses recorded by the receiver, (b) Each of the ﬁve pilot pulses is
broken down into one-symbol segments (denoted by the vertical bar), and (c) The
one-symbol segments are averaged together to create the template waveform.

89

Chapter 3: Overview of the Software Radio I-UWB Communication System Testbed

90

the sample index value for the peak correlation of the m-sequence. Knowing this value, along with
the number of pulses in the m-sequence and the number of samples per pulse allows the receiver to
calculate the time position of each pulse in the m-sequence. The breakpoint will then be selected
such that the LOS pulse is located at or near the front of the symbol window.
These pilot pulse segments are then averaged together to create the matched ﬁlter template
waveform. Figure 3.14 is a simpliﬁed graphical illustration of the template generation process,
with the end result being a low-noise template with a channel estimate including two multipath.
Averaging reduces the effects of AWGN present in the channel and helps to minimize the effects
of aperture delay variation in the receiver. If the template sliding matched ﬁlter synchronization
technique is necessary, a pilot-based matched ﬁlter template using one entire symbol period (80
samples at a pulse rate of 100 MHz) is used. Using the entire symbol period to generate the
template waveform allows the receiver to capture all or nearly all multipath energy in the channel.
However, if no multipath energy is present at the receiver, the additional samples cause more bit
errors due to the additional noise in the data demodulation calculation. The increase in BER is the
primary reason the single pulse sliding matched ﬁlter synchronization technique is included, as it
only includes the samples containing multipath energy.
Data Demodulation
The receiver then performs a matched ﬁltering operation by correlating the received UWB
pulse with the template waveform. To speed up the correlation process, multiplications will be
performed in parallel using the FPGA’s block of dedicated multipliers. The resulting output will
be integrated and a Firmware decision routine will determine if a 1 or a 0 was received. The aggregate data rate is constrained only by the speed at which the FPGA logic elements can perform
the matched ﬁlter operation.
To help combat the effects of a one or two sample random timing jitter, the template waveform
will be replicated, with each replica offset from the ideal timing by one or more samples. Each of
the templates will then be used in the matched ﬁltering operation with the received pulse. Ideally,
the FPGA will perform all matched ﬁltering operations in parallel and then examine the results to
determine the maximum correlation. For example, at a pulse rate of 100 MHz, each UWB pulse
period will occupy time duration of 80 samples. The XC2VP70 FPGA has sufﬁcient multiplier
blocks to perform three matched ﬁltering operations in parallel, while the XC2VP100 has sufﬁcient
multipliers to perform ﬁve matched ﬁltering operations in parallel. Assuming the XC2VP100 is
installed, the ﬁve template waveforms will be generated as follows:
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One template advanced in time by two samples
One template advanced in time by one sample
One template with the ideal timing
One template delayed in time by one sample
One template delayed in time by two samples

Each of the matched ﬁlter outputs will then be examined and the one with the strongest correlation will be chosen for Data Demodulation. The matched ﬁlter outputs could also be averaged or
combined together in some way to help mitigate the effects of random timing jitter.
Proper operation of the Data Demodulation routine is predicated on generating an extremely
accurate template waveform. Thus, the Template Generation routine must work closely with the
Data Demodulation Routine in order to ensure the template waveform is both accurate and updated
in a timely manner. Additionally, LOS or multipath signals may experience a change in polarity
as a result of reﬂections in the environment. For example, a positive-amplitude pulse which is
reﬂected from a wall may turn into a negative-amplitude multipath signal. Therefore, the Template Generator must ensure that the proper polarity of all multipath signals is represented in the
template waveform.

3.5

Conclusions

The objective of this project is to create a software radio I-UWB communication system testbed. The testbed will allow future researchers to evaluate the performance of receiver algorithms,
modulation and multiple access schemes, as well as radar, imaging, or channel measurement research. The testbed will be implemented using an 8 ADC Time-Interleaved Sampling technique,
and will make use of COTS components. The Maxim MAX104 ADCs were selected as the ADCs
for the receiver, and a powerful Xilinx VirtexII Pro FPGA will perform data demodulation in the
digital domain.
Before implementing the testbed, it was important to determine how well both the overall
system and the TI-Sampling architecture would perform. Chapter 4, therefore, discusses both
system simulation, along with a detailed theoretical analysis and performance simulation of the
TI-Sampling array used in the receiver.
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Chapter 4
Performance Analysis and Simulation of the
Software Radio I-UWB Testbed
4.1

Overview

Before implementing the testbed, it was extremely important to determine how well the system
would perform. A number of simulations were therefore performed to thoroughly characterize
the expected operation and performance of the testbed. These simulations fell into three broad
categories:
System Level — The objective of the system level simulation was to look at acquisition/synchronization and BER curves for the Pilot-Based Matched Filter implementation discussed
in Chapter 3. These simulations present a big picture overview of the system as a whole
TI-Sampling Array — Because the TI-Sampling architecture is based on the parameters
of each ADC being very closely matched, it was important to characterize how well the
TI-Sampling array would perform when using COTS ADCs. Additionally, a theoretical
analysis of the TI-Sampling array in the presence of ADC mismatches complements the
simulation results.
PBMF Mitigation of TI-Sampling Noise — One of the major advantages of a Pilot-Based
Matched Filter Receiver is that, assuming ADC mismatches are static over the duration
of a frame, distortion introduced in the signal will appear in both the pilot pulses and data
pulses. These simulations determine just how effectively the PBMF receiver is able to
mitigate the performance degradation due to TI-Sampling.

4.2

System Simulation

A thorough system simulation is described in [92] to verify the design for the UWB system
that has been outlined thus far. The major results from the system simulation are presented here,
in an effort to consolidate all of the simulation results into one location, thus providing an easy
means actual measured performance (from Chapter 7) with the simulated performance. The software packages Agilent ADS and Matlab were the primary tools to determine design modiﬁcations,
validate Firmware and PowerPC Software algorithms, and conﬁrm the overall proof-of-concept
for the system. A block diagram describing the procedure of each software package is shown in
A portion of the material presented in this chapter, including Figures 4.19, 4.20, 4.21, 4.22, and 4.23 appears in [97] and is reprinted here with
permission.
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Figure 4.1: Block diagram of the system simulation procedure (from [92]).
Source: A. Orndorff, “Transceiver design for ultra-wideband communications,”
M. S. Thesis. © A. Orndorff, 2004. Used with Permission.

Figure 4.1. The general details of the system simulation are a data pulse rate of 100 MPulses/sec,
an overall time duration of 118.55 µs (12111 total pulses) with a 25 ps time step. Both 2-PAM and
2-PPM modulation schemes were simulated in both AWGN and simple 2-path multipath channels.

4.2.1

Transmitter

The transmitter was simulated in Agilent ADS, and consisted of evaluating the performance of
the SRD pulse generator by itself and then the transmitter as a whole.
The schematic of the transmitter as it was simulated is shown in Figure 4.2. In addition to the
SRD pulse generator, two bandlimiting ﬁlters, an ampliﬁer, and a differentiator (to represent the
antenna) were included in the simulation. With the assumption that the ampliﬁers are highly linear
(a poor assumption given the measured S-Parameter results presented in §7.4), the low noise ampliﬁer (LNA) at the receiver and the attenuation due to path loss (calculated at 10 meters) were also
added to the simulation [92]. Figure 4.3 and 4.4 show the outputs from the SRD pulse generator
and at the output of the receiver antenna. Note that the received pulses show a few nanoseconds
of exponentially decaying ringing. The ringing is due to the effects of the bandlimiting ﬁlters as
well as the impulse response of the antennas.

4.2.2

Receiver

The data from the ADS simulation was used by Matlab to perform the remainder of the system
simulation. The Matlab routine adds data modulation, AWGN, and multipath signals (with random amplitudes, and polarities) to the received signal. Both the amount of AWGN (i.e. Eb/No of
the received signal) as well as the number of multipath signals are user-deﬁnable variables. For the
simulation, it is assumbed that that the channel is reasonably static for the duration of the simulation, therefore multipath signal delays remain ﬁxed throughout the simulation.
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Figure 4.2 : Schematic diagram of the transmitter used in system simulation
(Original Image From [92]).
\Source: A. Orndorff, “Transceiver design for ultra-wideband communications,”
M. S. Thesis. © A. Orndorff, 2004. Used with Permission.
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Figure 4.3 : Simulated output of the SRD pulse generator (point A in Figure 3.2) at
a pulse rate of 100 MPulses/sec (from [92]).
Source: A. Orndorff, “Transceiver design for ultra-wideband communications,”
M. S. Thesis. © A. Orndorff, 2004. Used with Permission.

Figure 4.4 : Simulated output of the UWB transmitter (point B in Figure 3.2) at a
pulse rate of 100 MPulses/sec (from [92]).
Source: A. Orndorff, “Transceiver design for ultra-wideband communications,”
M. S. Thesis. © A. Orndorff, 2004. Used with Permission.
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Figure 4.5 : Synchronization performance of the pilot pulse sequence (from [92]).
Source: A. Orndorff, “Transceiver design for ultra-wideband communications,”
M. S. Thesis. © A. Orndorff, 2004. Used with Permission.

4.2.2.1

Synchronization Performance

Figure 4.5 illustrates the synchronization performance of a received pilot sequence with a pilot
sequence stored in the FPGA on the receiver. Because an m-sequence was not used to modulate
the pilot pulses, multiple correlation peaks can be observed in the ﬁgure, where perfect synchronization is achieved when the correlation is a maximum. The use of an m-sequence would result
in a single maximum correlation peak, preventing the receiver from synchronizing to one of the
secondary peaks (i.e. a false detection), and was ultimately employed in the ﬁnal system.
Because of oscillator drift, aperture delay variation among the ADCs in the array, as well as
timing jitter, it is conceivable that the actual synchronized data index could be located ± 1 samples
from the estimated data index (§3.3.2). With this in mind, a valid detection could occur anywhere
within a three sample window, while a false alarm was deﬁned as a threshold crossing anywhere
outside of the window.
Because in this system Acquisition and Synchronization are two separate processes, Probability of False Alarm vs. Probability of Detection curves were generated for each process. Synchronization curves for the acquisition pulses (Figure 4.6) illustrate a typical result, with a low Eb/No
producing more false alarms while the opposite occurs for a higher Eb/No. Even for the worst case
scenario for these threshold values, an Eb/No of 1 dB has a probability of detection of 0.67 while
-4
maintaining a 3·10 probability of false alarm. While it appears the probability of detection is
uncharacteristically low for the chosen threshold value, one should remember the probability of
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detection is calculated based on three sample points, all of which are valid frame synchronization indices due to the use of the early-late gate tracking algorithm. Therefore, since there are
three possible detections per pulse, only one of those sample points need to cross the threshold to
achieve frame synchronization.
Synchronization curves for the pilot pulses (Figure 4.7) do not follow the same shape as those
for the acquisition pulses. Because of timing errors (such as aperture delay variation, timing mismatches across the array, or clock jitter), there often are times when two of the three samples points
used in the probability of detection calculation are above the correlation threshold. However, the
timing errors were simulated as a random process, meaning that the speciﬁc time when two pulses
are above the correlation threshold is unpredictable, and therefore the probability of detection
between 0.33 and 1 is an unpredictable value.
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Figure 4.6 : Probability of Detection vs. Probability of False Alarm for acquisition
pulses (from [92]).
Source: A. Orndorff, “Transceiver design for ultra-wideband communications,”
M. S. Thesis. © A. Orndorff, 2004. Used with Permission.

Figure 4.7 : Probability of Detection vs. Probability of False Alarm for
synchronization pulses. Note that these curves were generated assuming the
receiver implemented a 3-template early-late gate algorithm (from [92]).
Source: A. Orndorff, “Transceiver design for ultra-wideband communications,”
M. S. Thesis. © A. Orndorff, 2004. Used with Permission.
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BER Simulation for AWGN Channels

To determine the ultimate performance of the UWB receiver, a series of BER tests were performed. The ﬁrst test was to evaluate the performance of the system in a simple AWGN channel.
As discussed previously, a pilot-based matched ﬁlter template waveform was used to demodulate
data in conjunction with an early-late algorithm which was used to account for timing jitter and/or
aperture delay variations.
The BER results for 2-PAM modulation in a simple AWGN channel is shown in Figure 4.8
along with the BER from a perfectly matched template (Equation 2.35). As expected, the performance of the pilot-based UWB receiver is slightly worse than the theoretical curve, due to the use
of a noisy template waveform.
Figure 4.9 displays the BER results for 2-PPM in an AWGN channel, along with its theoretical
curve, described in Equation (2.36). These results are similar to the biphase modulation performance, as they are slightly worse than a perfectly matched receiver due to the noisy nature of the
pilot-based matched ﬁlter template used in data demodulation.
As discussed in Chapter 2, increasing the number of averaged pilot pulses decreases the amount
of noise in the pilot-based matched ﬁlter template, causing the BER of the system to converge to
the perfectly matched receiver performance. Therefore, the frame structure of the system can
re-arranged to optimize the BER performance, but at the expense of a decrease in throughput.
Additionally, the above simulations only examined the cases where 1 data bit was represented
by 1 UWB pulse. Transmitting multiple UWB pulses per data bit would also improve the BER
performance, but again, at the expense of a loss in throughput.

4.2.2.3

BER Simulation for Multipath Channels

The next BER test was to evaluate the performance of the system in a simple two-path
multipath channel. One of the primary advantages of the pilot-based matched ﬁlter receiver is the
ability to include multipath energy in the pilot-based template waveform without using a computationaly expensive RAKE architecture. Note that no intersymbol interference or interpulse interference occurred in the multipath simulation (i.e. the maximum delay for a multipath signal was 7
nanoseconds, and the minimum was equal to one pulse width, or approximately 2 nanoseconds).
The results of the multipath simulation for 2-PAM and 2-PPM are shown in Figures 4.10 and
4.11. Compared with the single path case, the curves for biphase modulation in a multipath channel illustrate slightly worse BER performance due to the decrease in Eb/No of the template as the
number of multipath increases. The decrease in performance is caused by the addition of noise in
the template due to more energy per bit, leading to a higher BER for multipath channels, although
the degradation is minor. One interesting result is that the performance degradation for 2-PPM in
a multipath channel is greater than for 2-PAM. The reason is that information in PPM is contained
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Figure 4.8 : BER for 2-PAM in a Simple AWGN channel using 27 Pilot Pulses (from
[92]).
Source: A. Orndorff, “Transceiver design for ultra-wideband communications,”
M. S. Thesis. © A. Orndorff, 2004. Used with Permission.

Figure 4.9 : BER for 2-PPM in a Simple AWGN channel using 27 Pilot Pulses (from
[92]).
Source: A. Orndorff, “Transceiver design for ultra-wideband communications,”
M. S. Thesis. © A. Orndorff, 2004. Used with Permission.
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Figure 4.10: BER curves assuming perfect synchronization for 2-PAM in a 3-Path
multipath channel with no ISI and 2-PAM in an AWGN channel, both using 27
pilots (from [92]).
Source: A. Orndorff, “Transceiver design for ultra-wideband communications,”
M. S. Thesis. © A. Orndorff, 2004. Used with Permission.

Figure 4.11: BER curves assuming perfect synchronization for 2-PPM in a 3-Path
multipath channel with no ISI and 2-PPM in an AWGN channel, both using 27
Pilots (from [92]).
Source: A. Orndorff, “Transceiver design for ultra-wideband communications,”
M. S. Thesis. © A. Orndorff, 2004. Used with Permission.
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in the precise timing of the pulse, making it signiﬁcantly more sensitive to channel dispersion,
since orthogonality is lost. The loss in orthogonality causes the probability of detecting a “1” to be
greater than the probability of detecting a “0”, leading to a higher BER.

4.3

Effects of Non-Ideal TI-Sampling

As discussed previously, the performance of a TI-Sampling architecture is highly dependant on
matching the individual ADC gains, offsets, and timing delays. Mismatches may result in a signiﬁcant distortion of the received signal, which can be thought of as noise added to the ideal received
signal by the TI-Sampling process, as shown in Figure 4.12. Mismatches may be caused by minor
physical differences between ADC components (due to variations in the semiconductor fabrication
process), as well as ﬂuctuations due to noise and environmental variations (temperature, vibration,
etc.). Many researchers have investigated the SNR degradation of a TI-Sampling array for CW
inputs—most notably [46, 47, 48, 49, 50], however, no one has investigated the performance of
such an array for a UWB or other pulse-based signal. Thus, a detailed analysis and simulation was
performed to investigate the impact of mismatches in a TI-Sampling array for UWB signals.

4.3.1

Derivation of Error Power for UWB Signals

4.3.1.1

Error Power for Gain and Offset Mismatches

The quantizing error of an ADC at an input voltage x is given by [46]:
_

δ(x) = x - ( Gx + os )

(4.1)

Where
δ is the quantizing error of the ADC
__

x is the quantized value output from the ADC

G is the ADC gain
os is the ADC offset
x is the analog input value
In a Time-Interleaved array of ADC converters, each ADC will have a unique gain and offset.
Therefore, the error in the ith converter due to quantization error is illustrated in Figure 4.13, and
given by [46]:
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 4.12: Illustration of the effects of ADC mismatch on Time Interleaved
Sampling receivers. (a) Offset mismach model, (b) Offset mismatch effects, (c)
Gain mismatch model, (d) Gain mismatch effects, (e) Timing mismatch model, and
(f) Timing mismatch effects.
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Figure 4.13: Illustration of gain and offset mismatch errors in the Input/Output
characteristic of a Time-Interleaved Sampling ADC converter array.
__

δi (x) = xi - ( Gi x + osi

)

(4.2)

Where
δi is the quantization error for the ith ADC.

__

xi is the quantized value output from the ith ADC.

Gi is the gain for the ith ADC.
osi is the offset for the ith ADC.
x is the analog input value sampled by the ith ADC.
The error in the ith converter due to array mismatch (TI-Sampling) error is also illustrated in
Figure 4.13, and given by [46]:
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(4.3)

Where
∆i is the TI-Sampling mismatch error for the ith ADC.
Gi is the gain for the ith ADC.
Gmin is the best ﬁt gain of the array as a whole, typically the average of all the individual ADC gains.
osi is the offset for the ith ADC.
osmin is the best ﬁt offset for the array as a whole, typically the average of all the individual ADC offsets.
x is the analog input value sampled by the ith ADC.
Under the assumption that Gmin is the average of all the individual ADC gains and that osmin
is the average of all the individual ADC offsets, then the average error power across the array due
to quantization and TI-Sampling mismatches is given by [46]:
Ep

G&O

1
= __
M

∑ <( δ
M

2
+ ∆i )

i

i=1

>

(4.4)

Where
Ep

G&O

is the total average error power for the TI-Sampling array due to gain and offset
mismatches.

M is the number of ADCs in the array.
<α( t ) > is the Time Average of signal α( t ) (i.e. the average over t).
The Time Average of a signal is deﬁned as:

<α(t)> =

T/2

∫

lim
T→∞

α(t) dt

(4.5)

-T/2

Which for a periodic signal reduces to:

<α(t)>

1
=_
T

∫

T/2

α(t) dt

-T/2

Where
T is the period of the signal [seconds].

(4.6)
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Equation 4.4 may therefore be expanded to [46]:

1
EP = __
M

M

∑[( G

i

i=1

- Gmin

)

2

<x > + ( os
2

i

2

- osmin ) +

<>

+ 2( Gi - Gmin ) ( osi - osmin ) x
+ 2( Gi - Gmin

) <δi x > + 2( osi - osmin

<δ >
2

i

(4.7)

< >]

) δi

Assumption: The input signal is a bipolar, zero mean signal which is asynchronous with
respect to the sampling clock. Under those conditions, then the average error will be distributed in
a zero mean fashion, and the last two terms in Equation 4.7 are approximately 0. Thus, Equation
4.7 may be approximated by [46]:
Ep

G&O

1
≈ __
M

∑ [ <δ > + <∆ > ]
M

2

2

i

i

(4.8)

i=1

Under the assumption that the best ﬁt gain and offset (Gmin and osmin ) are simply the average
of all the individual ADC gains and offsets, that the individual ADC gains and offsets are distributed in a zero mean fashion (a reasonable assumption if the array size is large enough), and that
E{x} = 0, then Equation 4.8 can be reduced to [46]:
Ep

G&O

≈ σ G2

<x > + σ
2

2
os

+

<δ >
_

2

(4.9)

Where
σG is the standard deviation of the distribution of the individual ADC gains in the
TI-Sampling array.
σos is the standard deviation of the distribution of the individual ADC offsets in the
TI-Sampling array.

<x >
< _δ >
2

is the average power of the input signal, or PAV .

2

is the average power of the quantization error of the TI-Sampling array as a
whole.

Note that the average power of any periodic signal is given by the following equation:
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T
_
2

∫ x ( t ) dt
2

(4.10)

T
-_
2

Where
x( t ) is the equation that represents the periodic signal.
T is the period of the signal [sec].
PAV is the average power in the signal [Watts].
For example, a CW input, x(t) = Vpk cos( 2πfc t ) , has the following average power:
PAV = _21 Vpk2

(4.11)

Where
fc is the frequency of the CW signal [Hz].
Vpk is the peak voltage of the CW signal [Volts].
PAV is the average power of the CW signal [Watts].
For a UWB pulse, determining the average power is not as clear-cut, and its derivation is given
below.
Derivation of the Average Power for a Gaussian Monocycle
A Gaussian Moncycle may be described analytically by the following Equation:

x( t ) = Ate

2
t
- ____
2

(4.12)

2σ

Where
A is an amplitude scaling factor of the pulse [Volts].
t is time [seconds].

(

τ

w
σ is related to the pulse width σ = __
2π

)

[seconds].

Thus, for a sequence of Gaussian Monocycles that are equally spaced T seconds apart, the
average power is given by:
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T
__

1
=_
T

PAV

(

2

3

∫

2

2 2

A t e

2
t
- ___
2

σ
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(4.13)

dt

T
- __
2

__

2

2

t ) - _____
1 ________
A σ √ π Erf ( __
A σ te
PAV = __
σ
2
4
T

2

t
- ___
2
σ

)|

T
__
2

(4.14)

T
-_
2

Where

Erf(z) =

2__
___
√

π

∫

z

e

-t

2

dt

(4.15)

0

Evaluating Equation 4.15, we get:
PAV

(

2

3

__

( )

2

3

__

(

)

2 2
A σ √π
A σ √π
σ T
1 _______
T - _______
T - A
__
__
_____
=_
Erf
Erf
e
2σ
2σ
2
4
4
T

PAV

2

3

__

( )

2 2
A σ √π
A σ
T - ____
__
= _______
Erf
e
2σ
2
2T

2

T
- ___
2
4σ

)

(4.16)

2

T
- ___
2
4σ

Assumption: For a UWB transmission, the time between successive pulses is generally much
T
larger than the pulse width, i.e., T ≫ σ. Thus, Erf ( __
≈ 1, and Equation 4.16 can be reduced
2σ )
to:
__

2 3
A σ √π
PAV ≅ _______
2T

(4.17)

Thus, the error power introduced via TI-Sampling a UWB pulse (not including quantization
noise) is given by:
Ep

G&O

2

3

__

A σ √π
= _______
σG2 + σos2
2T

(4.18)

Intuitively, the result in Equation 4.18 makes sense. Gain errors are dependant on both the
duration of the UWB pulse as well as the amplitude of the pulse. Larger input amplitudes result
in a greater deviation from the average gain of the ADC array, additionally, a longer duration
pulse results in more ADC samples per pulse, and thus, more errors. Offset errors are present at
all times, and thus, are independent of the input signal. For this reason, noise created by offset
mismatches is often referred to as “ﬁxed pattern noise” [48].
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Error Power for Timing Mismatches

In addition to gain and offset mismatch noise, another equally important source of errors exists:
skew or jitter of the ADC sampling clocks. These timing mismatches in a TI-Sampling array are
particularly troublesome for UWB signals, as the noise power is roughly proportional to the time
rate of change of the signal amplitude [48] (i.e. the noise power is proportional to the derivative of
the signal). A very narrow UWB pulse will experience large changes in signal amplitude over an
extremely short duration of time even very small timing offsets can introduce signiﬁcant amounts
of noise. However, a narrower pulse also means fewer samples per pulse, and (assuming the ADC
timing mismatches and the time between successive UWB pulses remains unchanged), less overall
noise power introduced into the UWB signal.
In a Time-Interleaved array of ADC converters, each ADC will have a unique sampling clock
delay. Therefore, the error in the ith converter is given by [46]:
1
Ep = __
M
T

∑ < ( _x
M

i=1

i

- x)

2

>

(4.19)

Where
Ep is the total average error power for the TI-Sampling array due to timing mismatches.
T

__

xi is the quantized value output from the ith ADC (includes the effects of timing
mismatches and jitter).
x is the analog input value sampled by the ith ADC.

M is the number of ADCs in the array.
For a Gaussian Monocycle:
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2
t
- ____
2

(4.20)

2σ

__

xi ( t ) = A( t + ∆t ) e

2

( t + ∆t )
__________

-

2σ

(4.21)

2

(4.22)

∆t = ti - tmin
Where
A is an amplitude scaling factor of the pulse [Volts].
t is time [seconds].

(

τ

w
σ is related to the pulse width σ = __
2π

)

[seconds].

ti is the timing offset for the ith ADC (the difference between the actual ADC sampling time and the ideal ADC sampling time).
tmin is the best ﬁt timing offset for the array as a whole, typically the average of all
the individual ADC timing offsets.
The expression for error power due to timing mismatches can therefore be expanded to:
M

2

A
EP = ___
M
T

<

∑ ( ( t + ∆t ) e
i=1

2

-

2

( t + ∆t )
_________

2σ

2

- te

2
t
- ____
2

2σ

)

2

>

(4.23)

The argument of the summation operation can be expanded to the following expression:

<

2

(t + ∆t) e

-

2

( t + ∆t )
________

σ

2

> <
+

Working with the last term ﬁrst:

<

2

t e

2
t
- ___
2

σ

>

2

2

-2t( t + ∆t ) e

(

-t - ( t + ∆t )
____________
2σ

( )

2

> < >
2

+

2

T
____

2
__
T - Te - 4σ
σ
___
= 2T σ√ π Erf ___
2σ

2

t e

)

2
t
- ___
2

σ

(4.24)

(4.25)

Recall that T is the time between successive Gaussian Monocycles (the signal input to the
ADC array is assumed to be a sequence of Gaussian Monocycles that are equally spaced T seconds
apart).
Assumption: For a UWB transmission, the time between successive pulses is generally much

( )

T

2

___
T ≈ 1, and e - 4σ ≈ 0. Therefore, Equation
larger than the pulse width, i.e., T ≫ σ. Thus, Erf __
2σ
4.24 can be reduced to:
2

Chapter 4: Performance Analysis and Simulation of the Software Radio
I-UWB Communication System Testbed

<

2

t e

2
t
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σ
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3 __
σ √π
≈ _____
2T

(4.26)

Assumption: If ∆t ≪ T then the ﬁrst term in Equation 4.24 is simply a time-shifted version
of the third term, and the average over time is identical, thus:

<

2

( t + ∆t ) e

-

2

( t + ∆t )
_________

2σ

2

>

3 __
σ √π
≈ _____
2T

(4.27)

Evaluating the middle term of Equation 4.24 is a bit more involved. Integrating and using
the above assumption that time between successive pulses is generally much larger than the pulse

( )

T ≈ 1, yields the following result:
width, i.e., T ≫ σ, and Erf __
2σ

σ
__
e
4T

2
2
T +2T∆t +2∆t
- _____________
2

4σ

( 2σ ( T + Te

T∆t
___
σ

2

+ ∆t - ∆te

T∆t
___
σ

2

)+2

√

__

2

( T + ∆t )
________

π ( ∆t - 2σ ) e
2

2

4σ

2

)

(4.28)

Which can be expanded to:
σ e
__
4T

2
2
T +2T∆t+2∆t
- ____________
2

4σ

( 2σT + 2σTe

T∆t
___
2
σ

+ 2σ∆t - 2σ∆te

T∆t
___
2
σ

__
2
2
+ 2√ π ( ∆t - 2σ ) e

2

2

T +2T∆t+∆t
___________
2
4σ

)

(4.29)

Assumption: for ∆t ≪ T; T ≫ σ; and sufficiently short duration pulses (i.e. pulse width less
than 1 nanosecond), then

ψ=e

2
2
T + 2T∆t + 2∆t
- _________________
2

4σ

is an extremely small number

In order for the product of ψ and any of the terms inside the parenthesis in Equation 4.29 to be
signiﬁcant, that particular term must be a very large number. Looking at each term individually
under the assumptions above:

2σT is small relative to ψ
2σT e

T∆t
___
σ2

is small relative to ψ

2σ∆t is small relative to ψ
2σ∆t e
__

T∆t
___
σ2

is small relative to ψ

2√ π ( ∆t - 2σ ) e
2

2

2

2

T + 2T∆t + ∆t
____________
2
4σ

is large relative to ψ
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Therefore, the only term in Equation 4.29 which is signiﬁcant is the ﬁnal one, and it can be
simpliﬁed to:
__

2σ√ π (
_____
∆t
4T

2

2
- 2σ ) e

2
∆t
- ___
2

(4.30)

4σ

Assumption: if ∆t ≪ σ (i.e. the timing offset of the ADC converter is much smaller than
the pulse width—a reasonable assumption if the TI-Sampling array is going to operate properly),
then:
2
∆t
- ____
2

e

≈1

4σ

Therefore, the middle term evaluates to:

<

-2t ( t + ∆t ) e

-

2

2

t - ( t + ∆t )
____________
2σ

2

>

__

2σ√ π
_____

≈

4T

( ∆t 2 - 2σ 2 )

(4.31)

and Equation 4.24 becomes:
__

2

σ∆t √ π
_______
2T

(4.32)

Resulting in an error power:
2

A
EP ≈ ___
M
T

M

∑

__

2

σ∆t √ π
_______
2T

(4.33)

i=1

In Equation 4.33, σ, T, and π are all constants, and may be brought outside the summation. The
equation may therefore be rewritten as:

(

__

) ( ∑( t

2
A σ√ π __
1
EP ≈ ______
T
M
T

M

i

- tmin )

i=1

2

)

(4.34)

Notice that the expression on the right hand side of Equation 4.34 is simply the deﬁnition of the
variance of the distribution of the timing mismatches (under the assumption that tmin is the average
of all the individual ti’s). Therefore, the timing error power becomes:
2

EP

T

__

A σσ 2 √ π
≈
2T

t
________

(4.35)

The above result is somewhat non-intuitive. For a given pulse amplitude and distribution of
timing skew, the amount of noise introduced into the signal is proportional to the duty cycle of the
σ
UWB transmission (i.e., _
T ), and not purely based on the time rate of change of the UWB pulse.
Thus, narrower pulses spaced far apart would introduce the same amount of error power as longer
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pulses spaced close together. Also, note that a number of simpliﬁcations and approximations were
used to generate a mathematically tractable result, and the theoretical result will be less accurate as
the pulse width, timing skew or duty cycle increases.

4.3.1.3

Signal to Quantization Noise

The error power due to quantization noise in an ADC is given by [90]:
2

VFS
NQ = ______
2B
12( 2 )

(4.36)

Where
NQ is the quantization noise power [Watts].

V
V
, + ___
] [Volts].
VFS is the full-scale voltage of the ADC, which a range of [- ___
2
2
FS

FS

B is the number of bits of quantization of the ADC.
Note that the above formula implicitly assumes the input signal is distributed across the fullscale input range of the ADC. The Signal to Quantization Noise Ratio (SQNR) is thus given by
[90]:

( )

PAV
SQNR = 10log10 ___
N
Q

(4.37)

Where
SQNR is the Signal to Quantization Noise Ratio [dB].
PAV is the average signal power [Watts].
NQ is the average noise power [Watts].
For a simple sinusoidal input signal, Equation 4.37 reduces to the familiar:
SQNR = 6.02B + 1.76 [dB]

(4.38)

For a UWB signal whose peak voltage is equal to the maximum full-scale voltage of the ADC,
then A is equal to:
__

VFS √ e
A = ______
2σ

And the average power is equal to:

(4.39)
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__

VFS e σ√ π
PAV = _______
8T

(4.40)

Where
PAV is the average power in the UWB signal [Watts].
t is time [seconds].

(

τ

)

w
σ is related to the pulse width σ = __
[seconds].
2π
T is the time between successive UWB pulses [seconds].

e is the base of the natural logarithm (e = 2.71828...).
Therefore, the SQNR of a UWB signal is equal to1:
σ
SQNR ≈ 6.02B + 12.93 + 10log10 ( _
T)

(dB)

(4.41)

Where
B is the number of bits of quantization of the ADC.

(

τ

)

w
σ is related to the pulse width σ = __
[seconds].
2π
T is the time between successive UWB pulses [seconds].

The SQNR for a number of different UWB pulse conﬁgurations is given in Table 4.1. As
expected, as the duty cycle of the UWB signal increases, the SQNR increases. Indeed, for a duty
cycle of 1.0 (where the pulse width is approximately the same as the time between successive
pulses), the SQNR approaches that for a sinusoid (6.02B + 0.96 dB for the UWB pulse, and
6.02B + 1.76 dB for the sinusoid).

4.3.1.4

Summary of Error Power Analysis

To summarize, the error power for a UWB signal due to gain, offset, and timing mismatches, as
well as the Signal to Quantization Noise Ratio are given in Equations 4.42 - 4.47. Additionally, the
SNR as a result of only gain, offset, and timing mismatches (not including the effects of quantization) are given in Equations 4.48 - 4.50, along with the Signal to Quantization and Distortion Ratio
(SWDR) when combining quantization and TI-sampling mismatches.

1

Note that the SQNR is derived as if the UWB pulse were sampled by a single ADC.
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__

A σ √π
= _______
2T

Average Power

PAV

Gain Error Power

EP = PAV σG2

(4.43)

Offset Error Power

EP = σos2

(4.44)

G

O

2

Timing Error Power
Combined Error Power

__

A σσt 2 √ π
= ________
2T

EP

T

2
G

EP = PAV σ

2

(4.45)

__

A σσt 2 √ π
+ ________
+ σos2
2T

σ
SQNR ≈ 6.02B + 8.59 + 10log10 ( _
(dB)
T)

SQNR

(4.42)

(4.46)
(4.47)

Where
PAV is the average power of the UWB pulse [Watts].
A is the amplitude scaling factor of the UWB pulse [Volts].

(

τ

)

w
σ is related to the pulse width σ = __
[seconds].
2π
T is the time between successive UWB pulses [seconds].

EP is the total error power due to the combined effects of ADC gain, offset, and
timing mismatches.
EP is the error power due to ADC gain mismatches [Watts].
G

EP is the error power due to ADC offset mismatches [Watts].
O

EP is the error power due to ADC timing mismatches [Watts].
T

SQNR is the Signal to Quantizaiton Noise Ratio of the ADC.
σG is the standard deviation of the distribution of the individual ADC gains in the
TI-Sampling array, assuming a zero mean distribution of ADC gains.
σos is the standard deviation of the distribution of the individual ADC offsets in the
TI-Sampling array, assuming a zero mean distribution of ADC offsets.
σt is the standard deviation of the distribution of the individual ADC timing offsets
(the difference between the ideal and actual sampling time) in the TI-Sampling array, assuming a zero mean distribution of ADC timing offsets.
B is the number of bits of quantization for an individual ADC.
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Table 4.1
SQNR For Various UWB Pulse Conﬁgurations
Pulse Repetition Time (Pulse Repetition Frequency)
Pulse Width
10 ns
20 ns
(ns)
(100 MHz) (50 MHz)
100 ps
250 ps
500 ps
1.0 ns
1.5 ns
2.0 ns
2.5 ns

40 ns
(25 MHz)

100 ns
(10 MHz)

1 μs
(1 MHz)

10 μs
(100 kHz)

6.02B - 19.03 6.02B - 22.04 6.02B - 25.05 6.02B - 29.03 6.02B - 39.03

—

6.02B - 15.05 6.02B - 18.06 6.02B - 21.07 6.02B - 25.05 6.02B - 35.02

—

6.02B - 12.04 6.02B - 15.05 6.02B - 18.06 6.02B - 22.04 6.02B - 32.04

—

6.02B - 9.03

6.02B - 12.04 6.02B - 15.05 6.02B - 19.03 6.02B - 29.03 6.02B - 39.03

6.02B - 7.27

6.02B - 10.28 6.02B - 13.29 6.02B - 17.27 6.02B - 27.27 6.02B - 37.27

6.02B - 6.02

6.02B - 9.03

6.02B - 12.04 6.02B - 16.02 6.02B - 26.02 6.02B - 36.02

6.02B - 5.05

6.02B - 8.06

6.02B - 11.07 6.02B - 15.05 6.02B - 25.05 6.02B - 35.05

* SQNR is given in dB.
* B is the number of bits of quantization for the ADC.

The SNR due to gain, offset, and timing mismatches is given by the following equations:
P

AV
1
= ___
SNRGain = ____
EP
σG2

(4.48)

G

P

P

AV
AV
= ___
SNROffset = ____
EP
σ2os

(4.49)

O

P

2

AV
σ
= ___
SNRTiming = ___
EP
σt 2

(4.50)

T

PAV
1
= ____________________
SQDRTotal = _______
EP + NQ
σos2
2 2
2
3σ
___
______

(4.51)

σG + σ σt + P +
2B
AV
2Te( 2 )

Where
SNRGain is the Signal to Noise Ratio due to ADC Gain mismatches [Linear Units].
SNROffset is the Signal to Noise Ratio due to ADC Offset mismatches [Linear Units].
SNRTiming is the Signal to Noise Ratio due to ADC Timing mismatches [Linear Units].
SQDRTotal is the total Signal to Quantization plus Distortion Ratio [Linear Units].
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Simulation of SNR Degradation due to TI-Sampling of
UWB Pulses

As seen from the theoretical analysis, the performance of the DPBMF receiver is highly dependant on exact matching of the received UWB pulse with the template pulse. Fortunately, Offset
and Timing matching can be programmatically controlled by the FPGA. Gain mismatches may
also be handled by careful construction of the RF front end of the receiver, or a multiplication
operation inside the FPGA. Despite these controls, there will always be some mismatch between
ADC components—and it is important to know how much mismatch can be tolerated by the system. Mismatches may result in a signiﬁcant distortion of the received signal, which can be thought
of as noise added to the ideal received signal by the TI Sampling process. Thus, it is possible to
deﬁne a Signal to Quantization plus Distortion Ratio (SQDR) which quantiﬁes how much noise
is added to a received UWB pulse by TI Sampling as compared to sampling with a single ADC
operating at the effective sampling frequency:

SQDR = 10log10

(

N-1

∑x
__________
∑( x - y )
2

i

i=0

N-1

2

i

i

i=0

)

(4.52)

Where
SQDR is the Signal to Quantization and Distortion Ratio of the TI-Sampling system,
including both quantization noise and TI-Sampling mismatch noise [dB].

(

τ

w
σ is related to the pulse width σ = __
2π

)

[seconds].

T is the time between successive UWB pulses [seconds].
xi is the amplitude of the ith ideal (excluding quantization) sample value for the
signal sampled by a single ADC.
yi is the amplitude of the ith sample value for the signal sampled by the time-interleaved ADCs, and includes the effects of quantization and TI Sampling
mismatch.
N is the number of samples per UWB pulse.
From Equation 4.52, it can be seen that, with perfect ADC matching, the SQDR will equal the
SQNR of a single ADC. As the amount of mismatch increases, the SQDR will decrease. The decrease in SQDR can be thought of as a TI Sampling ADC array that performs as if it were a single
ADC operating at the effective sampling frequency, but with fewer bits of quantization. For the
DPBMF receiver, a 6 dB reduction in SQDR was chosen as the maximum tolerable degradation, as
it corresponds to an effective loss of 1 bit of quantization in the ADC’s overall SNR Performance.
Thus, the TI-Sampled system using the MAX104 ADCs would perform as if it were using a single
8 GS/s ADC, but one with only 7 bits of quantization.
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To quantify how tightly the ADC parameters must be controlled, a series of simulations were
performed using three different pulse widths: 1.0 nanosecond monocycle, a 1.5 nanosecond monocycle, and a 2.0 nanosecond monocycle.

4.3.2.1

Simulation Design

For each pulse width, four separate simulations were performed:
• Gain Mismatch
• Offset Mismatch
• Timing Mismatch
• Total Combined Mismatch
For each simulation, the received signal was modeled as a simple Gaussian Monocycle. Quantization effects of the ADCs were included in the simulation, and pulses had an amplitude equal
to the full-scale ADC input voltage. The pulse rate was set at 100 Mpulses/sec, the effective
sampling rate set at 8 GHz and 8 bits of quantization, which lead to 80 ADC samples per received
symbol. The simulation approach was a semi-analytic simulation for 8 ADCs operating at an
individual sampling frequency of 1 GHz using Equation 4.53, which has been adapted from [48]
for use with UWB signals.
For each simulation, the Gain, Offset, and Timing mismatches were allowed to vary randomly
up to a pre-deﬁned maximum allowable deviation. Twenty maximum allowable deviations were
chosen as ﬁxed percentages (0-100%) of the maximum possible Gain, Offset, and Timing mismatches, as detailed in Table 4.2. The distribution of mismatches across the ADC array was
assumed to be Gaussian, with three times the standard deviation (3σ) equal to the maximum allowable deviation. Mismatches were randomly varied (up to the maximum allowable deviation)
for each individual pulse, however, mismatches remained ﬁxed for the duration of the pulse. For
every maximum allowable deviation, 25,000 UWB pulses were simulated, and the resulting SQDR
was calculated for every pulse, and then averaged over all 25,000 pulses. Initially, the exact position of the pulse in the 80 sample window was allowed to vary randomly for each simulation run;
however, when the results of all 25,000 trials were averaged together, the average SQDR was
essentially indistinguishable from results obtained for a ﬁxed pulse position. The results presented
in the remainder of this section are based on simulations where the position of the UWB pulse in
the 80 sample window remained constant for the entire simulation run. Simulation results, analog
with the theoretical curves, were then plotted for each case.

{
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Where
A is an amplitude scaling factor for the received pulse.
Gi is the Gain of the ith ADC.
Ts is the sampling time interval, equal to the inverse of the effective sampling
frequency of the system (fs
) . In this simulation Ts = 125ps. [seconds]
effective

δti is the deviation from the ideal sampling instance for the ith ADC. This
number may be composed of both a ﬁxed component and a random jitter component [seconds].
osi is the offset from the ideal Input/Output characteristic for the ith ADC.
m is an integer index (m = 0, 1, 2, ...), where the maximum is determined
by the number of samples per UWB pulse. A UWB pulse with 80
samples would therefore have (m = 0, 1, 2, ..., 18)
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Table 4.2
Maximum Allowable Deviations for Gain, Offset, and Timing Mismatches for TISampling Simulations of UWB Pulses
Simulation

Gain Mismatch

Offset Mismatch

Timing
Mismatch

4.3.2.2

Maximum
Allowable
Deviation

±50%

±5.5 LSBs

±125 ps

Reasoning
The MAX104 ADCs are gain matched to within ±5%. However, the input
signal is being split into 8 different signal paths; each of these signal paths
may have a slightly different gain due to component variations. ±50%
mismatch represents an absolute worst-case scenario for the receiver.
Each of the MAX104 ADCs has a special circuit that allows its offset
to be adjusted by up to ±5.5 Least Signiﬁcant Bits (LSBs). ±5.5 LSBs
represents the worst-case expected offset mismatch between ADCs.

At an effective sampling frequency of 8 GHz, an ADC is sampling once
every 125 picoseconds. A timing mismatch of ±125 picoseconds means
that two ADCs are sampling exactly the same point on the input waveform.
The programmable delay chips have a ±10 ps delay resolution, thus, timing
mismatches of less than ±125 ps is an easily achievable goal.

Gain Mismatch Simulation

The maximum gain variation between the individual MAX 104s is speciﬁed at ± 5% [98].
However, due to non-ideal RF components, the worst-case potential mismatch was estimated at ±
50%. For simulation purposes, the nominal gain was set at 1.0. Gain offsets were simulated from
0% variation (perfect gain matching) to ±100% allowable variation. Thus, for a 100% variation,
the gain of an individual ADC could vary from a minimum of 0.5 to a maximum of 1.5. Simulation results are given in Figure 4.14. Note that the SQDR performance is independent of the
pulse width. The reason is because the SQDR due to gain mismatches is dependent only on the
variance of the gain mismatches (see Equation 4.48). From the ﬁgure, a 6 dB degradation in the
pulse SQDR occurs at ±5% variation; at ±100% variation, SQDR reduces to a minimum of about
18 dB.

4.3.2.3

Offset Mismatch Simulation

The maximum offset variation between the individual MAX 104s is speciﬁed at ±5.5 Least
Signiﬁcant Bits (LSBs). Offset mismatches were simulated from 0% (perfect offset matching)
to ±100% variation, or ±5.5 LSBs. Simulation results are given in Figure 4.15. Note that offset
mismatches produce different results for different pulse widths, due to the fact that offset noise is a
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(a)

(b)

(c)

(d)

Figure 4.14: Performance evaluation of an 8-ADC TI-Sampling system for gain
mismatches. 100% allowable variation is a gain mismatch of ±50%.
(a) 1.0 ns monocycle. (b) 1.5 ns monocycle. (c) 2.0 ns monocycle, and (d) Combined
performance for all three monocycles.

result of the ADC interleaving process and independent of the signal. Thus, longer duration UWB
pulses (which have a larger average signal power) will have a higher SQDR for offset noise. Also
for offset noise, mismatch variations of less than ±15% (±1 LSB) are dominated by the quantization noise. Thus, the SQDR degradation is more gradual than both gain and timing mismatches,
at least until the offset noise becomes significantly larger than the quantization noise. For a single
UWB pulse, it takes a 20% offset variation (±1.1 LSBs) to degrade the pulse SNR by 6 dB (an
SQDR of 33 - 39 dB depending on the pulse width). At the maximum possible offset mismatch,
SQDR is reduced only to 22.5 - 25.5 dB.
Another important observation from the ﬁgures is that at mismatches of less than ±20%, the
simulated curves deviate signiﬁcantly from the theoretical predicted curves. The deviation is
caused by two factors. The ﬁrst is that the simulations were set up to mimic the MAX104 ADCs,
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(a)

(b)

(c)

(d)

Figure 4.15: Performance evaluation of an 8-ADC TI-Sampling system for offset
mismatches. 100% allowable variation is an offset mismatch of ±5.5 LSBs.
(a) 1.0 ns monocycle. (b) 1.5 ns monocycle. (c) 2.0 ns monocycle, and (d) Combined
performance for all three monocycles.

where the offset curve is adjusted on the analog side of the ADC, before quantization. As a result,
at ±5% mismatch, the maximum possible offset is only ±0.275 LSBs, at ±10%, the maximum
possible offset is ±0.55 LSBs. Because the offsets are introduced before quantization, such small
deviations are not generally likely to knock the digitized output up or down one quantization level.
The theoretical SQNR (from Equation 4.44 and Equation 4.49) makes no distinction between
offsets on the analog side of the ADC or the digital side. Thus, an offset of ±0.275 LSBs would be
included in the error power calculation. The second cause is that the theoretical model implicitly
assumes that noise due to gain and offset mismatches dominates noise introduced by quantization2.
At small offset mismatches, the quantization noise actually dominates the offset noise, and this
results in a simulated result which is smaller than the theoretical predicted result.
2

__

In Equation 3.19, the last term, < δ
offset error.

2

> (the time average of the quantization noise) is assumed to be zero, or at least small with respect to the
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Timing Mismatch Simulation

The timing of the ADC clocks is controlled by a series of programmable delay chips, with a
delay resolution of ± 10 picoseconds. Additionally, as mentioned previously, the aperture delay
between ADCs may vary as much as ± 30 picoseconds. Clock jitter is introduced by every element
in the clock distribution network, as listed below:
Fox Electronics RFV300 Master Oscillator: 5ps RMS Jitter
On Semiconductor 10E416 Clock Repeater Chips: 1ps RMS Jitter
On Semiconductor 10LVEP14 Clock Distribution Chip: 1ps RMS Jitter
On Semiconductor 10E195 Programmable Delay Chip: 3ps RMS Jitter
Clock jitter in a cascaded clock distribution networks combines in the following manner [94]:
______

σtotal =

√ ∑σ
N

2

i

(4.54)

i=1

Where
σtotal is the total RMS jitter of the cascaded clock distribution network [seconds].
σi is the RMS jitter of an individual element in the clock distribution network
[seconds].
N is the number of cascaded elements in the clock distribution network.
The total jitter expected in the UWB SDR receiver is about 6ps RMS. Noise and other interference on the board will also contribute to the jitter, but 6ps would be the minimum expected
from the clock distribution network, and serves as a starting point for simulations. As the system
sampling rate was set at 8 GHz (1 sample every 125 picoseconds), it was decided that the system
failure point would occur when successive samples overlapped in time. In other words, the maximum allowable timing mismatch would be ±125 picoseconds, corresponding to 2 ADCs sampling
exactly the same point in the received waveform.
Because the TI-Sampling analysis in §4.3.1 assumed only static timing mismatches (i.e., no jitter), a more realistic simulation result would be where a small amount (up to 10 ps) of timing jitter
was added to the fixed timing skew. Simulation results are shown in Figure 4.16. As seen from the
ﬁgure, SQDR degrades very rapidly: a ±5% (±6.25 ps) mismatch reduces the SNR by about 4 dB;
a ±10% (±12.5 ps) mismatch reduces the SNR by nearly 10 dB. At ±100% mismatch, SQDR is
reduced to only 12 - 17 dB. Note that the SNR due to timing mismatches is dependent on the pulse
width which is an expected result from Equation 4.51. Also, the simulated SQDR performance
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(a)

(b)

(c)

(d)

Figure 4.16: Performance evaluation of an 8-ADC TI-Sampling system for timing
mismatches. 100% allowable variation is a timing mismatch of ±125 ps.
(a) 1.0 ns monocycle. (b) 1.5 ns monocycle. (c) 2.0 ns monocycle, and (d) Combined
performance for all three monocycles.

for timing mismatch noise does not match the theoretical curves as closely as the simulated SQDR
performance for gain and offset mismatch noise. The reason is because a number of approximations were required when deriving the theoretical results for timing mismatch noise.

4.3.2.5

Total Combined Mismatch Simulation

The total mismatch simulation was an effort to investigate the SQDR when the effects of Gain,
Offset, and Timing mismatches were combined. The simulations were run exactly as before,
with the difference that instead of varying just one component, all three were allowed to change.
Mismatches were simulated from ±0% mismatch (perfect Gain, Offset, and Timing Matching) to
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(a)

(b)

(c)

(d)

Figure 4.17: Performance evaluation of an 8-ADC TI-Sampling system when the
effects of all three types of mismatches (gain, offset, and timing) are combined.
100% allowable variation is a gain mismatch of ±50%, an offset mismatch of ±5.5
LSBs, and a timing mismatch of ±125 ps.
(a) 1.0 ns monocycle. (b) 1.5 ns monocycle. (c) 2.0 ns monocycle, and (d) Combined
performance for all three monocycles.

±100% mismatch (Gain Mismatch of ±50%, Offset Mismatch of ±5.5 LSBs, and Timing Mismatch
of ±125 ps). The theoretical curve used for comparison purposes was generated via Equation 4.46
(the total combined error power).
Simulation results are given in Figure 4.17. Note that the SQDR degradation is heavily
dominated by the effects of the timing mismatches. A 6 dB reduction in SQDR is seen for a ±5%
total system variation (Gain Mismatch of ±5%, Offset Mismatch of ±0.275 LSBs, and Timing
Mismatch of ±6.25 ps). At 100% mismatch, the SQDR is reduced to as little as 10 - 13 dB.
The DPBMF receiver is able to mitigate some of the mismatch effects. Because the matched
ﬁlter template waveform is based on an average of several pilot pulses, ﬁxed deviations will appear in both the template and the received signal. Even though the pulse shape would be distorted,
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similar distortions would appear in both waveforms. As a result, the distorted template would
have a stronger correlation with the received data pulse than an ideal template, mitigating the performance degradation of the receiver. The underlying assumption is, however, that the number of
samples per UWB symbol is an integer multiple of the number of ADCs in the array. that is not the
case, then the ability of the DPBMF to compensate for ADC mismatches may be compromized.
Therefore, the performance of such a system will be investigated in §4.4.
Dynamic ADC mismatch variations, on the other hand, can signiﬁcantly degrade the receiver’s
performance. These time-varying mismatches may be caused by environmental conditions (temperature changes across the array, for example), clock noise and/or jitter, as well as EMI (electromagnetic interference). Therefore, the gain stages of the RF front end must be carefully matched,
and the timing and ADC offsets must be under precision control in the FPGA. Timing jitter and
skew must also be carefully controlled so as to fall within the allowable limits.

4.4

Impact of ADC Timing Mismatches on the Pilot
Based Matched Filter Receiver

One technique for mitigating the effects of ADC mismatches is to make use of a pilot-based or
transmitted reference UWB receiver, similar to those described in [78, 79, 76]. Essentially, some
number of pilot pulses are added either at the beginning or the end of a data frame; these pulses
are recorded by the receiver and then averaged together to form a template of the ideal signal.
This template can then be used for a matched ﬁlter operation. In such a pilot-based receiver,
the gain, offset, and static timing mismatches are replicated in both the pilot symbols and data
symbols, potentially mitigating the overall receiver’s performance degradation due to TI Sampling mismatches. The underlying presumption behind the operation of the pilot-based receiver
is, however, that the number of samples per UWB symbol (M) is an integer multiple of the number
of ADCs (N) in the array. That is, the same point on every pilot/data pulse is sampled by the same
ADC in the array, and the exact same error appears in both pilot and data pulses. In practice, the
above assumption may not be valid. As the efﬁcacy of the pilot-based scheme is contingent on the
creation of an accurate template of the received signal, it is important to investigate the correlation
between this template and the ideal error-free signal, in the presence of timing mismatches and
noise. The following section summarizes the major results from the detailed analysis and simulations performed in [97]. Note that the analysis neglects the impact of multipath, gain, and offset
mismatches on the received signal, however, the analysis could easily be extended to the case with
multipath signals.
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Impact of the Timing Offset on the Correlation Between
Pilots

Let p ( t ) denote the continuous time representation of the received Gaussian monocycle, as
deﬁned by:
2
2π
p( t ) = 2ξte -ξt , ξ = ___
2
2

(4.55)

Tw

Where
Tw is the width of the monocycle [seconds]
t is time in seconds
It should be noted that this deﬁnition of the monocycle differs slightly from that presented in
Equation 4.12, for the sake of notational simplicity, although the two expressions are equivalent.
The ideal vector of samples (the samples that would be generated by either a single ADC operating at the effective sampling frequency, or when each ADC in the TI-Sampling array is sampling
at the precisely correct instant in time) is given by the following expression [97]:
__

p = [ p( t1 ) p( t2 ) ... p( tM ) ]

T

(4.56)

Where M is the number of sampling instants of the received pulse during one symbol period,
ti , i = 1, 2,…, M, are the ideal sampling instants of the N ADCs, and the ADC array samples
the received signal in a cyclic, consecutive manner. The separation between sampling instants of
consecutive ADCs is assumed to be ﬁxed: ti+1 - ti = Ts , i = 1, 2, ..., M. Unfortunately, the
the sampling instant of the kth ADC has a random timing offset ~τk :
~

τi = ti + ~τk

(4.57)

Where
ti is the ideal sampling instance for the kth ADC and ith sample [seconds].
~

τi is the actual sampling instance for the kth ADC and ith sample [seconds].

~

τk is the ﬁxed, but unknown, timing offset for the kth ADC.

The timing offsets, ~τk , are assumed to be independant, have a constant but random value, and
are modeled using a Gaussian random variable:
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Figure 4.18: Illustration of the impact of the ADC timing offset and the sequence of
ADCs that sample the UWB pulse. In this example, M = 20 sample points,
N = 8 ADCs, στ2 = Ts. Note that altering the sequence of ADCs sampling the pulse at
different time instants results in different values of the samples, since each ADC has
a different time offset.
ADC Sequence #1: [1 2 3 4 5 6 7 8 1 2 ...]
ADC Sequence #2: [4 5 6 7 8 1 2 3 4 5 ...]

Where

(

2
x
1
___
_____
fτ ( x ) = ______
exp
2
2

τk =  ( 0, στ 2 ) ,

~

√ 2πστ

2στ

)

(4.58)

~

τk is the timing offset for the kth ADC (k = 1, 2, ..., N) [seconds].

στ 2 is the variance for the ADC timing offsets.
As a result, the sequence in which the ADCs samples the received signal plays an important
role in determining the actual sample values, as illustrated in Figure 4.18.
At the start of the UWB symbol, let m, 1 ≤ m ≤ N be the index of the ADC sampling the
pulse at t = t1 . Then the vector of actual pulse samples is given by the random vector [97]:
p~m =

[

p( t1 + ~τm
p( t2 +

)

~
τ

m+1 mod N

)

⋮
p( tm + ~τm+M-1

mod N

)

]

(4.59)

Similarly, the vector of samples when the nth ADC is sampling the pulse at t = t1 is given by
the following expression [97]:
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]

(4.60)

~
~
and p
is small, then the advantage gained by averaging the
If the correlation between p
m
n
pilots in order to reduce noise and/or compensate for ADC mismatches may be severely reduced.

4.4.2

Correlation Between two TI-Sampled Pulses

~
~
The correlation between p
and p
is deﬁned as:
m
n

χmn

E {p~mT p~n }
_______________
_______________
=
√ E {p~mT p~m } E {p~nT p~n }

(4.61)

If the timing mismatch variance is much smaller than the pulse width (a reasonable assumption
if the ADC array is going to operate properly), then it can be shown that [97]:
M

χmn ≈

tj 2 e -2ξt

∑

j

2

j=1
________________

∑( σ
M

τ

j=1
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2
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∑
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∑t e

(4.62)

-2ξtj 2

1 + στ

2

j=1
M

2

-2ξtj 2

j

j=1

From the above expression, it can be seen that the correlation between two sampled pulses
is inversely proportional to the timing mismatch variance, which makes intuitive sense. A larger
timing mismatch will result in a greater error in the sampled output value, and this error will be
excabarated when different ADCs sample the same instance in the received waveform.
To further investigate the effects of timing mismatch on the correlation between pulses, a series
of simulations were performed for the 8 ADC / 8 GS/s TI Sampling array developed in this dissertation. As with the timing mismatch simulation in §4.3.2.4, for every simulation run, the timing
variance was allowed to vary randomly up to some ﬁxed percentage of the maximum allowable
deviation, which was selected at at ±125 ps (corresponding to two ADCs sampling exactly the
same instance of the received UWB pulse). Simulation results are shown in Figure 4.19. From
the ﬁgure, it can be seen that the correlation improves signiﬁcantly for longer duration pulses.
This improvement dovetails with the results presented in §4.3, where it was shown that for a given
timing mismatch, a smaller error was introduced in longer duration pulses. Also note that for the
1.5ns and 2.0ns duration pulses, even in the worst case 100% allowable variation, pulses are are
better than 80% correlated.
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Correlation between Observed Samples with different ADC sequences
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Figure 4.19: Correlation between two Gaussian monocycles sampled with an 8ADC TI Sampling array (from [97]). Monocycles were sampled with different ADC
sequences and include the effects of timing mismatches. 100% allowable variation is
a timing mismatch of ±125 ps.

4.4.3

Correlation Between a TI-Sampled Pulse and the Ideal
UWB Pulse

The correlation between the sampled values of the UWB pulse sampled by the TI Sampling
array, and the ideal UWB pulse sampled by a single ADC is deﬁned as:
E {p~ p~m }
_____________
= _____________
√ ( p Tp ) E {p~mTp~m }
T

χm

(4.63)

If the timing mismatch is much smaller than the received pulse width, then it can be shown
that [97]:
χm ≈

√

_______________
M

∑t e
______________
j=1

M

∑( σ
j=1

τ

2

j

2

-2ξtj 2

+ tj ) e
2

(4.64)

-2ξtj 2

Again, a series of simulations were performed for the 8 ADC / 8 GS/s TI Sampling array developed in this dissertation. The timing variance was allowed to vary randomly up to some ﬁxed
percentage of the maximum allowable deviation, which was selected at at ±125 ps (corresponding
to two ADCs sampling exactly the same instance of the received UWB pulse). Simulation results
are shown in Figure 4.20. From the ﬁgure, it can be seen that the approximation given in Equation
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Figure 4.20: Correlation between an ideal Gaussian monocycle and a Gaussian
monocycle sampled with an 8-ADC TI Sampling array (from [97]). Monocycles
were sampled with different ADC sequences and include the effects of timing
mismatches. 100% allowable variation is a timing mismatch of ±125 ps.

4.63 underestimates the simulated correlation values, although the amount of correlation is directly
proportional to the duration of the UWB pulse. In every case, however, the TI Sampled UWB
pulse is at least 80% correlated with the UWB pulse sampled by a single ADC.

4.4.4

Correlation Between a Pilot Template and the Ideal UWB
Pulse in the Presence of AWGN

In reality, the received UWB signal will include some amount of noise added by the RF devices, the wireless channel, etc. In the presence of noise, the received signal can be deﬁned as:
q( t ) = p( t ) + z( t )
Where
q( t ) is the ideal received signal in the presence of noise.
p( t ) is the ideal received signal (i.e., the received signal as sampled by a single
ADC).
z( t ) is Additive White Gaussian Noise (AWGN); z ( t ) ~ ( 0, σz2 ) .
__

The ideal vector of samples, p, is given by Equation 4.56. At any time-instant t:

(4.65)
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E { q( t ) } = p( t )

(4.66)

2
2
E { q ( t ) } = p ( t ) + σz2

(4.67)

As above, the sampling instant of the kth ADC has a random timing offset ~τk . The vector of
received pulse samples is therefore given by the random vector [97]:
q~m =

[

q( t1 ) + τm
q( t2 ) + τ(m+1

mod N)

⋮
q( tN ) + τ(m+M-1

mod N)

]

= p~m + zm

(4.68)

Note that zm ~ ( 0M×1 , σz2 IM×M ) represents the vector of uncorrelated Gaussian noise
samples.
The goal of a pilot-based matched ﬁlter receiver is to accurately estimate a template of the
received signal, by averaging P consecutive pilot pulses:
P

∑

P

P

∑

∑

1
1
1
~
~
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q = __
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Where
mk is the index of the ﬁrst ADC to sample the kth pilot pulse.
For each pilot in the above summation, and for a given sampling instant ti , the timing mismatch errors are different since the ADC sequences vary from pilot to pilot, when M is not an
integer multiple of N. As a consequence, averaging the pilots does not produce the same template
waveform as averaging the pilots in the absence of timing mismatch errors. The impact of timing
mismatch errors and AWGN can be characterized by the correlation between ~r and the ideal pulse
~
p in the presence of timing offsets and noise:
~T r
~}
E {p
_____________
χrp = ____________
T
T

√ ( p~

~ ) E {r
~ r
~}
p

(4.70)

Under the assumption that the timing mismatch variance is much smaller than the pulse width,
it can be shown that [97]:
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Figure 4.21: Correlation between the sampled signal and the ideal signal in the
presence of noise (from [97]). The SNR in this simulation was 20 dB.
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Figure 4.21 compares simulation resuts for the 8 ADC / 8 GS/s TI Sampling array with the
T
analytical expression derived above. For the simulation runs, the SNR (deﬁned as p p /Mσz2 )
was set to 20 dB. From the ﬁgure, it can be seen that:
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Increasing P increases the correlation between the pilot template and the ideal signal.
Increasing the timing mismatch error decreases the correlation χ.
Increasing P results in diminishing performance gains in the correlation χ.

4.4.5

Correlation between the Pilot-Based Template and a Data
Symbol

The above analysis focused on the corerlation between the pilot-based template and an ideal,
undistorted received signal. In the UWB SDR receiver, however, we are concerned with the correlation between the pilot-based template and a received data symbol that has been distorted by the
TI Sampling process, as this correlation affects the probability of decoding a symbol correctly. If
the correlation between the pilot-based template and the data symbol is small, the the pilot-based
matched ﬁlter architecture provides little or no beneﬁt in terms of mitigating the impact of ADC
timing mismatches. For simplicity, the following analysis will ignore the effects of data modulation.
~
The correlation between the pilot-based template ~r and a data symbol q
can be deﬁned as:
n
E { qn r }
________________
χn ´ = _______________
T
T
~

√ E { q~ n

T

~

(4.74)

~
q
E { r~ r~ }
n }

The above expression can be evaluated to [97]:
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Once again, a series of simulations were performed to investigate the effects of timing mismatch on the correlation χn′, with the results are shown in Figure 4.22. Note that trends similar to
those discussed in the previous sections are observed in the ﬁgure.
Figure 4.23 shows the effects of the number of pilots, P, on the correlation χn′. It can be seen
that beyond a certain point (approximately 20 pilots), increasing P leads to negligible performance
ginas in terms of the correlation. The result is signiﬁcant, since increasing the number of pilots
per data frame reduces the effective throughput of the communication link. Further, it can be seen
that increasing the number of ADCs decreases χn′, since the number of different (random) timing
mismatch errors increases. Additionally, the probability that two TI Sampled pulses contain ex1
actly the same timing mismatches is equal to _
N . On the average, increasing N reslults in a smaller
correlation between these pulses. As expected, Figure 4.23 shows that increasing SNR improves
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Figure 4.22: The variation of the correlation between the pilot-based template and
a data symbol in the presence of noise, versus the relative magnitude of timing offset
errors. For this simulation, SNR = 20 dB, Tw = 1 ns, TS = 125 ps, N = 4, M = 16 .
(from [97]).
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performance and larger pulse-widths result in lower sensitivity to timing mismatch errors.

4.5

Receiver Calibration

To ensure optimal operation of the receiver, the system must be allowed to reach operating
temperature and then calibrated. It is assumed that the RF calibration was performed when the
receiver was fabricated, therefore this section will focus only on timing and offset calibration. The
most important part of calibration is powering on the receiver and allowing it to reach its nominal
operating temperature. The reason for this step is that all components in the receiver, as well as the
PCB will exhibit variation over temperature. Thus, the temperature must be allowed to stabilize,
or calibration will have to be redone. Also, calibration must be performed every time the receiver
is power on, as some parameters (such as the ADC aperture delay) can change every time the part
is powered on.

4.5.1

Offset Calibration Procedure

As discussed in §4.3, noise introduced in TI-Sampling arrays by offset mismatches is independent of the input signal. As a result, of the three major noise sources in TI-Sampling arrays
(gain, offset, and timing mismatch), offset mismatch noise is the easiest to control For the receiver
developed in this dissertation, minimizing offset noise is as simple as adjusting and matching the
offsets for the individual MAX104 ADCs using the calibration procedure below.
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1. Power on the receiver and allow its operating temperature to stabilize. This should require
approximately 30 minutes.
2. Connect a 50Ω dummy load to the RF input of the receiver. This is to prevent extraneous
RF Signals from interfering with the offset calibration.
3. On the receiver PCB, apply a 50 mV DC signal to the input port, and use the Data Capture
mode of the FPGA to record the ADC output.
4. Repeat Step 2 until data has been recorded from all 8 ADCs.
5. Set ADC #1 as the reference. Compare the output codes from each ADC to the one generated by ADC #1. Adjust the ADC offset by the required amount to bring it in line with
ADC #1. For example, the output from ADC #1 may be 00110010 and the output from
ADC #2 may be 00110011. Thus, the offset for ADC #2 must be reduced to bring it in
alignment with ADC #1.
6. Repeat steps 3-5 using a 100 mV DC signal. This should conﬁrm that all ADCs offsets are
aligned to within their acceptable tolerance of ±10%.

4.5.2

Timing Calibration Procedure

As shown in the analysis and simulations in §4.3 above, timing mismatch noise is the most
devastating of the three major noise sources (gain, offset, and timing mismatch), particularly when
the input signal is a UWB pulse. Properly setting the delay for each ADC is, therefore, absolutely
crucial to ensure the proper operation of the TI-Sampling array. For the receiver developed in
this dissertation, the time delays for the ADC array may be set using the following calibration
procedure.
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1. Set the ADC timing delays to the 8 GHz nominal values listed in Table 4.3, along with
values for several other sampling rates in the event that an external clock is used to operate
the system at a slower sampling rate.
2. Remove the 50Ω dummy load from the RF input to the receiver and connect a CW signal
generator to the input. The signal generator should be referenced to a high quality 10 MHz
signal, such as a GPS Disciplined Oscillator. Set the output power of the signal generator
to -10 dBm, and set the frequency to be 1/8 of the sampling rate. For example, with a 6.4
GHz sampling rate, the input signal should be 800 MHz. Thus, each ADC will sample the
input signal exactly once per period.
3. Using the Data Capture mode of the FPGA, capture 8 successive samples from the ADCs,
download them to a computer and then plot the resulting waveform against an ideal waveform. The phase of the ideal waveform should be adjusted such that it aligns precisely with
the output of ADC #1 (Figure 4.24). Because the Gain and Offset mismatches have been
calibrated out, the difference between the received signal and the ideal signal must be due
to timing mismatches.
4. Because the input to the ADC bank is a CW tone, the amplitude of each ADC sample is
given by Equation 4.76.
5. Using Equation 4.77 and applying the correction factors discussed below, calculate the
actual timing offset for each ADC. This value may then be entered into the MC10E195
delay chips.
Calculating the ADC Timing Offset
Because the input to the ADC bank is a Sine wave, the output of an individual ADC may be
described mathematically as:

⌊

(

y = A·sin 2πfc ( ti + ∆t )

)」

(4.76)

Where
A is a constant that represents the maximum output code of the ADC. For the
MAX 104 ADC, A = 128.
fc is the frequency of the CW input signal [Hz]
ti is the ideal timing offset for the ith ADC. This value comes directly from Table
3.3 [Picoseconds].
∆t is the offset due to timing mismatches [Picoseconds].
Thus, the timing offset, ∆t, may be found by rearranging the equation in the following manner:

(y)

-1

sin __
A
______
- ti
∆t = 2πf
c

(4.77)
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-1

Note that the sin function is only deﬁned from – _π2 to +__2π . Thus, to make use of Equation
-1
4.76, a set of correction factors must be applied to the sin , as shown in Table 4.4.

Table 4.3
Nominal Timing Offsets for the TI-Sampling Receiver at a Variety of Sampling
Frequencies
Sampling Frequency
ADC
1
2
3

0.1 GHz
0
10000
20000

0.25 GHz
0
4000
8000

0.5 GHz
0
2000
4000

1.0 GHz
0
1000
2000

2.0 GHz
0
500
1000

4.0 GHz
0
250
500

6.4 GHz
0
156
312

8.0 GHz
0
125
250

4
5
6
7

30000
40000
50000
60000

12000
16000
20000
24000

6000
8000
10000
12000

3000
4000
5000
6000

1500
2000
2500
3000

750
1000
1250
1500

469
625
781
937

375
500
625
750

8

70000

28000

14000

7000

3500

1750

1094

875

*

Timing Offsets are in Picoseconds

Figure 4.24: Timing mismatch calibration for the 8-ADC TI-Sampling receiver.
Input waveform is a 1 GHz CW tone and the system sampling rate is 8 GHz.
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Table 4.4
Correction Factors for Inverse Sine Function in Equation 3.65
ADC

ADC
Output

sin -1(ADC
Output)

Calculated
θ

Actual
θ

Correction
Factor

1

0

0

0

0

0

2

88

0.7810

�
__
4

�
__
4

0

3

125

1.5707

�
__
2

�
__
2

0

4

88

0.7810

�
__
4

3�
__
4

+ __2

5

0

0

0

�

+�

6

-88

-0.7810

-�
__
4

5�
__
4

+ __
2

7

-125

-1.5707

-�
__
2

3�
__
2

+ 2�

8

-88

-0.7810

-�
__
4

7�
__
4

+ 2�

�

3�

Table 4.5
Example Timing Offset Calculation for an 8 GHz Sampling Rate and a 1 GHz CW Input
(Waveform is Shown in Figure 3.24)
ADC

Expected
ADC
Output

Actual
ADC
Output

1

0

2

sin (ADC Output)

Corrected
sin (ADC Output)

Calc. Δt
(ps)

Actual Δt
(ps)

0

0

0

0

0

88

54

0.44671

0.44671

-54

-54

3

125

124

1.44422

1.44422

-20

22

4

88

90

0.80380

2.37460

3

-3

5

0

-59

-0.49156

2.65003

-78

78

6

-88

-112

-1.11068

3.60171

-52

53

7

-125

-125

-1.57080

4.71239

0

-1

8

-88

-123

-1.39167

4.89151

-96

-96

*

-1

Signs are reversed due to the nature of the sin

-1

-1

function.

Once the correction factors have been applied, the actual timing offsets may be calculated. For
example, consider the output waveform shown in Figure 4.24. Table 4.5 lists the Expected ADC
Output, Actual ADC Output, Inverse Sine, Corrected Inverse Sine, Calculated ∆t, and Actual ∆t
results. Due to the nature of the inverse sine function, the calculated timing offsets for ADCs 3-6
have their sign ﬂipped. Also, as a result of quantization by the ADC, as well as round off errors in
the calculations, the calculated timing offset may be off by ± 5 picoseconds—which is, fortunately,
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well within the allowable limits for the receiver and within the resolution of the programmable
delay chips. Note that the calibration procedure is independent of the input frequency (although a
new set of inverse sine correction factors must be calculated), however, it must be repeated if the
sampling clock frequency changes.

4.6

Conclusions

This chapter presented results from simulations at both the system level and the TI-Sampling
array. The series of system simulations, including Acquisition, Synchronization, and BER curves,
were performed by Orndorff [92], and an overview of the results were presented here. These simulations indicate that the receiver as designed will work reasonably well, but that future revisions
could be implemented to improve performance.
Additionally, this chapter presented the theoretical and simulated performance of an 8 ADC TI
Sampling array for a Gaussian monocycle UWB signal in the presence of gain, offset, and timing
mismatch errors. Timing and gain mismatches were shown to heavily dominate the performance
degradation of the ADC array. Additionally, this chapter has demonstrated the efﬁcacy of a pilotbased matched ﬁlter in mitigating the impact of timing mismatch errors on a TI ADC array, even
when the number of samples per UWB symbol is not an integer multiple of the number of ADCs
in the array.
The use of COTS components is the fundamental limiting factor in the development of the
TI Sampling UWB SDR receiver, primarily as a consequence of ADC mismatches. Additionally,
with ADC clock frequencies of 1 GHz, as well as data bus clock rates in the hundreds of MHz, the
UWB SDR receiver has entered the realm of high-speed digital design, which imposes a whole
other set of design constraints and uncertainty. Prototyping is therefore a key development stage
for the UWB SDR receiver, and Chapter 5 discusses the design and fabrication of a 2-ADC TISampling prototype receiver along with its performance evaluation.
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Chapter 5
Prototype Receiver Design and Fabrication
5.1

Overview

In any high-speed digital system, prototyping is the key to ensuring the ﬁnal system is fully
functional and operational. Prototyping provides a means to discover and correct potential problems, measure any unknown quantities, as well as an opportunity to ﬁne-tune the software algorithms. As a result of a series of design reviews by both academia and industry, it was decided
to create a scaled down prototype receiver to demonstrate that the TI-Sampling receiver concept
could indeed work both at the system level and at the PCB level. Speciﬁcally, the prototype receiver had to satisfactorily answer the following system level and PCB level questions:
System Level
•

Can the FPGA reliably read in data at a clock frequency of 500 MHz?

•

Can the FPGA Firmware acquire, track, and demodulate the received signal at the designed
data rate (100 Mpulses/sec)?

•

Will the off-board USB 2.0 interface be able to support the designed data rate?

•

Can the ADC Offset and Timing mismatch be controlled to within the allowable limits?

A portion of the material presented in this chapter, including Figures 5.46, 5.47, 5.48, 5.49, 5.50, 5.51, 5.52, 5.53, 5.54, and 5.55 appears in [97]
and is reprinted here with permission.
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PCB Level
•

Will the Power Distribution System be capable of maintaining a stable voltage given the
massive current surges generated by numerous Simultaneous Switching Outputs?

•

How close can PCB traces be spaced and prevent mutual coupling or crosstalk from corrupting data bits?

•

How much will signals be corrupted by package and PCB parasitics, and will it constrain
the maximum clock frequency?
Note: Much of the material contained in this chapter is for the purpose of documenting
the design procedures and design decisions of the prototype receiver. As such, many
readers may consider the information to be extraneous or outside the scope of the core
of this dissertation (developing a software deﬁned radio for impulse ultra wideband
communications). The material has been included, however, for the sake of completeness in documentation and disclosure, as well as to provide a vital background for the
discussion on the development of the full receiver.

The ﬁrst step in the prototyping process was to select a PCB fabricator, a substrate material,
and a PCB stackup. Colonial Circuits, in nearby Fredricksburg, VA, was selected as the PCB
fabricator as MPRG had prior experience working with them and because they were capable of
meeting the manufacturing constraints placed on the prototype board.
For PCB Substrates, many options are available, ranging from standard FR-4 material to exotic
Teﬂon or ceramic materials. FR-4 is, however, the easiest and least expensive to process, and since
cost was a major constraint in the receiver design, FR-4 was selected as the substrate material.
Colonial Circuits standard FR-4 Material is ParkNelco 4000-6, which has a dielectric constant
(which determines the characteristic impedance of PCB traces) εr = 4.1 at a test frequency of 1
GHz, and a dielectric loss tangent (which determines signal attenuation) tanδ = 0.022 [99]. The
loss tangent was a bit higher than desired for high-speed digital boards (a more ideal value would
be closer to 0.015 or 0.010 [94]), but using a different substrate material was deemed to result in
an unacceptable increase in cost.
Selecting a PCB stackup was a tricky process. Because the price of fabricating the PCB approximately doubles every time 2 layers are added to the stackup, the goal was to use the minimum
number of layer necessary to get the job done. For starters, the high-speed signals must travel
on Controlled Impedance traces [93], which must have solid ground planes either below them
(microstrip) or above and below them (stripline). For signal integrity reasons (Discussed in §5.3),
signal layers should be mirrored about ground planes and DC voltages should be contained on
solid Power/Ground plane pairs [93, 94].
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Figure 5.1: PCB stackup for the Prototype Receiver Board.

Starting with the DC Voltages, the FPGA requires two voltage levels (+1.5 V and +2.5 V). The
ADC requires three voltage levels (+5 V, -5 V, +3.3 V). The remaining chips on the board will
run off of one of those voltages. To conserve layers, it was decided to split the power planes with
two different voltage levels. The result of splitting power planes was to constrain the placement
of parts on the board (since components had to be placed above their appropriate voltage supply),
but for the prototype board, this was deemed an acceptable tradeoff. Finally, it was decided that
the +3.3V power plane would share the bottom layer with signals, as the only components using
+3.3V were the ADCs and a few of its support chips.
Selecting the trace widths for the Controlled Impedance signal lines was a simple process.
Because the VirtexII Pro is mounted on a very dense Ball Grid Array (BGA) package, Xilinx recommends trace widths of no more than 5 mils (thousandths of an inch) in order to reach the inner
pins on the FPGA. Because PCB fabrication cost increases as the trace width decreases, it was
decided to use the 5 mil trace width speciﬁed by Xilinx for the stripline traces on the inner layers,
and to use a 10 mil trace width on the outer microstrip layers [91]. Additionally, it was determined
that 4 signal layers would be sufﬁcient for the prototype board.
Given all of the above constraints, it was decided that a 10 layer PCB would be utilized for
the prototype board. Using a 2.5D Electromagnetic Field Solver, Colonial Circuits proposed the
layer stackup shown in Figure 5.1, which was veriﬁed using Mentor Graphics Hyperlynx 2.5D
ﬁeld solver.
One thing not accounted for in the ﬁeld solver simulations is the impact of skin effect on the
PCB traces. Because the majority of signals that require Controlled Impedance traces are operating at 400 MHz (ADC data outputs) or 1 GHz (ADC clock inputs), the PCB traces are operating

Chapter 5: Prototype Receiver Design and Fabrication

145

in what is known as the Skin-Effect Region [94]. As a result, the resistance of the PCB trace (both
the DC resistance and skin-effect resistance) will have an effect on the characteristic impedance.
The characteristic impedance in the skin-effect region is given by [94]:
_________

Z0 =

jωL + R(ω)
√________
jωC

(5.1)

Where
Z0 is the characteristic impedance of the PCB trace. [Ohms]
L is the inductance of the PCB trace. [Henries]
R(ω) is the frequency dependant resistance of the PCB trace (including both DC resistance and AC resistance due to the skin effect). [Ohms]
C is the capacitance of the PCB trace.

[Ohms]

Methodology for determining the DC and skin-effect resistances are found in [100], as well
as a tabulation of skin-effect losses for a variety of trace geometries. From Table 6.2 in [100], the
skin-effect trace resistance for the conﬁguration used in the prototype board will be approximately
2.25Ω/inch. Veriﬁcation of the characteristic impedance will be performed through Time Domain
Reﬂectometry (TDR) measurements on the ﬁnished PCB.
To facilitate answering all of the questions posed at the beginning of this chapter, the prototype
PCB board was partitioned into several different regions: Power Distribution System, Signal
Integrity and Trace Characterization, ADC Clock Control, ADC/FPGA Interface, and Off-Board
Interface. Schematics and board layout artwork for the prototype board are contained in Appendices A and B.

5.2

Power Distribution System

The Power Distribution System (PDS) is one of the most critical elements in a well-designed
high-speed digital system. The PDS in a digital system has only one purpose in life – to supply the
active devices with the current they need, when they need it [101]. A typical PDS consists of the
following components [94, 101, 102]:
• Voltage Regulator Module (VRM),
• Large-value bulk capacitors,
• Ceramic bypass capacitors next to the IC,
• Interplane capacitance (capacitance stored in the PCB power/ground planes)
• On-chip/On-die capacitance
When the IC performs some action that requires it to sink current (such as switching from a
high to a low output), it requires the current to be available when it needs it and not some time later.
If the requisite current isn’t available in sufﬁcient quantity, then the circuit may fail to perform
properly [101].
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In a nutshell, if sufﬁcient current is unavailable, the result will be a localized droop in the
power supply voltage for the IC. This voltage droop will manifest itself as a corresponding droop
in the logic high output voltage level of the IC. A large enough droop will result in output signals
which fall below the minimum high-level input voltage necessary to guarantee that the receiver
IC sees a logic high signal and not something in a metastable region (which could be interpreted
as either a high or a low) [93].
The components of the PDS listed above are all sources of charge with differing time constants
and hence are all able to source current to the load, but with differing response rates. A load that
requires current with a low frequency response (a signal with a slow rise time or one that is changing at a very low frequency) can get current from the VRM or bulk capacitors. Typical VRM and
bulk capacitors should be usable up to a few Megahertz or so [101, 102].
At higher frequencies the ceramic bypass capacitors take over and can effectively supply the
current demands up to a few hundred Megahertz (or whatever frequency the parasitic inductance
of the package and PCB mounting begin to dominate the capacitance) [101, 102, 93, 103]. Above
the package resonance frequency the charge stored in the interplane capacitance of the PCB can
supply current up until the inductance from PCB vias and IC lead wires becomes signiﬁcant—typically several hundred Megahertz or so [101, 102, 93]. At that point the on-package capacitors and
the on-die capacitance take over to supply current requirements at the highest frequencies.
PDS Design Overview
PDS design consists of the following 5 steps:
•
•
•
•
•

Calculate the transient current demand, target impedance, and knee frequency.
Determine the number, value, and physical size of the ceramic bypass capacitors.
Design the Voltage Regulator Module and bulk capacitance.
Design/calculate the interplanar capacitance.
Perform a frequency domain and transient simulation of the PDS.

5.2.1

Transient Current Demand, Target Impedance, and Knee
Frequency

The ﬁrst step in designing the PDS is to calculate the transient current demand and target
impedance for the PCB. The target impedance must be maintained from a few kHz up to either the
clock frequency or highest meaningful frequency component in the digital signal (known as the
switching knee frequency), calculated as [93, 103]:
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(5.2)

Where
Fknee is the knee frequency [Hz]
TR is the signal rise time [seconds]
Given the voltage difference between high and low logic levels, the number of output signals
which are switching simultaneously, and the load impedance, the current draw from the PDS can
be calculated:
∆V
I = Nout ( 1 + DF ) ____
RLoad

(5.3)

Where
I is the instantaneous current required from the PDS [Amps]
Nout is the total number of simultaneously switching outputs
∆V is the voltage difference between the high and low logic levels [Volts]
RLoad is the load impedance being driven by the logic gates [Ohms]
DF is the derating factor for the PDS current draw (typically ≤ 1.0)
Because CMOS circuits exhibit negative feedback behavior as the number of SSOs increase,
the above equation is actually an overestimate of the transient current demand [104]. However, in
order to ensure a robust design, it will be used throughout the remainder of this dissertation.
Knowing the power supply voltage and assuming that the allowed droop/ripple is a small
percentage (typically 5% or less), the target impedance for the PDS can be calculated:

( )

∆V
ZTarget = ___
I

(5.4)

Where
ZTarget is the target impedance of the PDS [Ohms]
∆V is the allowed ripple in the PDS voltage [Volts]
I is the instantaneous current required from the PDS [Amps]
On the prototype receiver PCB, the ADCs run at a clock frequency of 1000 MHz, and have
outputs which run at a 400 MHz clock frequency. The fastest signal rise time on the PCB is 200
picoseconds (the output of the 10EL16D clock receiver), and thus the switching knee frequency
is 2.5 GHz.
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The receiver PCB has ﬁve power supplies: +5V, -5V, +3.3V, +2.5V, and +1.5V. The +5V power
supply is primarily for the analog section of the ADCs, and therefore does not have a target impedance requirement. The -5V and +3.3V powers the ADC output signals and the clock distribution
chips, the +2.5V powers the FPGA inputs and outputs, and the +1.5V supplies the FPGA core circuits. Calculations for the 1.5V FPGA core are slightly different and will be discussed separately.
For each power supply, the target impedance at various allowed ripples is given in Table 5.1:
3.3V Power Supply
The ﬁrst step in calculating the current demands is to ﬁnd the total number of simultaneously
switching output (SSO) signals. Each ADC has 18 output signals (the 16 data signals, plus a
clock and over range signal). Note that some of these signals will not be switching at exactly the
same time—due to the TI-Sampling architecture: however, in the interest of creating a very robust
design, they will be treated as SSO. Additionally, these outputs are differential pairs, meaning that
every signal uses two complimentary outputs on the IC. The use of differential signaling relaxes
the current draw requirements from the power supply considerably (as the IC is simultaneously
sinking and sourcing current from the power supply), but again, in the interest of creating a very
robust design all differential signals will be treated as if they were single-ended. Finally, the USB
2.0 Interface has 2 SSOs. Thus, the total number of SSOs is 38 (18 from each ADC and 2 from
the USB interface).
Next, the current draw is calculated. The ADC’s all operate on 3.3V PECL logic, which produces a 0.8 – 1.0 V voltage difference across a 50Ω load impedance. The USB interface produces
a 0.5V voltage difference across a 45Ω load impedance. Therefore, using a 20% derating factor,
the total current draw for the 3.3V power supply is:

(

)

(

)

(

∆V
1.0V
0.5V
I = Nout ( 1 + DF ) ____
= (36)(1.2) ___
+ (2)(1.2) ___
RLoad
50Ω
45Ω

)

= 1.1 Amps

2.5V Power Supply
The 2.5V Power Supply has 85 SSOs (47 test signals, 34 for the USB 2.0 Interface, and 4 for
the RS-232 interface). Each of these signals drives 2.0V across a 150Ω load impedance. Using a
20% derating factor, the total current draw for the 2.5V power supply is:

(

)

(

)

∆V
2.0V
I = Nout ( 1 + DF ) ____
= (85)(1.2) ____
= 1.4 Amps
RLoad
150Ω
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Table 5.1: PDS Target Impedance for Various Allowed Ripple Voltages
2.5V PDS

3.3V PDS

-5V PDS

Ripple
(%)

Ripple
(mV)

ZTarget
(mΩ)

Ripple
(mV)

ZTarget
(mΩ)

Ripple
(mV)

ZTarget
(mΩ)

1
2
3
4
5

25
50
75
100
125

15.6
31.3
46.9
62.5
78.2

33
66
99
132
165

30.0
60.0
90.0
120
150

50
100
150
200
250

190
380
577
770
962

-5V Power Supply
The -5V Power Supply has a combined total of 11 SSOs in the clock distribution network.
Each of these signals drives 0.8-1.0V across a 50 Ω load impedance. Using a 20% derating factor,
the total current draw for the -5V power supply is:

(

)

(

)

∆V
1.0V
I = Nout ( 1 + DF ) ____
= (11)(1.2) ___
= 0.26 Amps
RLoad
50Ω

1.5V FPGA Core Power Supply
The +1.5V power supply is responsible for powering the FPGA core (i.e., all the internal registers, gates, and logic cells in the FPGA). Selecting the bypass capacitors for the +1.5V core supply
is a fairly straightforward procedure described in Xilinx Appnote 158 [103], and outlined below.
The total bypass capacitance required for the FPGA core is given by the following equation
[103]:
P
( VAR ) ( ___
V F)

1
CBT = ____

2

(5.5)

Where
CBT is the total bypass capacitance required by the FPGA [μF]
VAR is the allowable percentage change in the core voltage, typically 1-5%
P is the power dissipation of the FPGA, from the Xilinx Power Estimator
(http://www.xilinx.com/cgi-bin/power_tool/power_Virtex2p) [Watts]
V is the FPGA Core Voltage [Volts]
F is the FPGA Core Clock Frequency [MHz]
And the amount of capacitance which must be contained in each of the individual bypass
capacitors is given by [103]:
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(5.6)

Where
CBI is the capacitance value for each of the individual bypass capacitors [μF]
CBT is the total bypass capacitance required by the FPGA (from Equation 5.5) [μF]
NP is the number of core power pins on the FPGA
For the receiver prototype board, the FPGA power consumption was estimated (using Xilinx’s
online power estimator) at 6 Watts. The core voltage for the VertexII Pro FPGA is 1.5V, the core
clock frequency is 250 MHz, the allowable variation in core voltage was set at 1%, and the VertexII Pro has 32 core power pins. Therefore, the total required bypass capacitance is 1.1 μF and
individual bypass capacitance is 0.1 μF.

5.2.2

Choosing Ceramic Bypass Capacitors

Conventional wisdom in the digital world holds that an array of various valued bypass capacitors should be used. The idea behind the array is that all capacitors will have some small amount
of parasitic inductance due to package leads, bondwires, and PCB connection, thus creating an LC
resonant circuit. An individual capacitor will have an impedance that decreases with frequency
until it hits resonance, at which point the inductance will dominate and the impedance will increase, as shown in Figure 5.2a.
By varying the capacitance and inductance (using different packages), one can change the
resonant point of the capacitor. By placing a number of these in parallel, one can theoretically create a bypass array which has a total impedance below some target level, as shown in Figure 5.2b.
The downside to using an array is that anti-resonance points appear in the impedance proﬁle.
Murphy’s Law dictates that no matter how carefully the PDS is designed, one of these resonance
points will be a harmonic of the clock signal and cause the board to fail. Additionally, the idea
behind a bypass array is rooted in the digital design of the 1960’s and 1970’s, when large value
capacitors came in large packages (with lots of parasitic inductance) and small value capacitors
came in small packages (with very little parasitic inductance) [94, 100]. In today’s world of
surface-mount technology (SMT), a wide variety of capacitance values may be found for a single
0603 or 0402 SMT package. Thus, it makes more sense to build an array using the largest valued
capacitance in the smallest package that can reliably be handled by the PCB fabricator/assembler
[94].
For the prototype receiver board, an 0402 package was deemed to be the smallest size that
could be handled both in the lab and by the PCB assembler. Surface mount capacitors use a variety of dielectric materials in their construction, however, only the NPO and X7R are suitable for
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(b)

Figure 5.2: Frequency response of bypass capacitors. (a) Frequency domain
response of a 0.1 μF capacitor (b) Frequency domain response of an array of
capacitors (0.1 μF, 0.01 μF, 1000 pF, and 100 pF).

high-speed digital boards [102]. NPO capacitors exhibit almost no variation across temperature,
but are only available up to a few nanofarads and can be quite expensive. X7R capacitors exhibit
±15% variation over temperature, but are less expensive and are available up to about 0.01 μF in
the 0402 package. The AVX Multi-Layer Ceramic Capacitors were chosen for their extremely low
parasitic inductance and resistance (called Equivalent Series Inductance or ESL and Equivalent
Series Resistance or ESR), given below for the AVX 0402YC103KAT2A capacitor [105]:
ESL = 800 pH
ESR = 50 mΩ
The total array can then be modeled as a parallel combination of the individual elements. In
addition to the package parasitics, there will be some parasitic inductance and resistance contributed by the PCB. A well-designed pad layout is discussed in [102, 100, 106, 107], and consists
of using 2 vias to connect the capacitor to the power plane and 2 vias to connect the capacitor
to the ground plane, with all vias placed as close to the capacitor as is practical. This structure
contributes only 500 pH of additional parasitic inductance and only a few milliohms of additional
parasitic resistance.
Since the max frequency and target impedance are known, it is possible to calculate the number
of bypass capacitors that must be placed in parallel, as shown in Table 5.2. The ripple voltage
listed in the table must be factored into the allowed noise margin for the signal. A good rule of
thumb is to allow the ripple to be 50% or less of the total noise margin [93].
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Table 5.2: Number of 0.01 μF AVX 0402 Capacitors Required to Meet ZTarget
2.5V PDS

3.3V PDS

-5V PDS

Ripple
(%)

Ripple
(mV)

ZTarget
(mΩ)

Number
Caps.

Ripple
(mV)

ZTarget
(mΩ)

Number
Caps.

Ripple
(mV)

ZTarget
(mΩ)

Number
Caps.

1
2
3
4
5

25
50
75
100
125

15.6
31.3
46.9
62.5
78.2

1052
525
350
263
210

33
66
99
132
165

30.0
60.0
90.0
120
150

547
274
183
137
110

50
100
150
200
250

190
380
577
770
962

87
44
29
22
18

For the 3.3V and -5V power supply, the ECL, PECL and LVDS logic signals can tolerate a
noise voltage of 200 mV. Realizing that the values in the table are a bit of an over design for differential signaling, a 3% ripple with 183 capacitors for the 3.3V supply and 29 capacitors for the
-5V supply was selected. For the 2.5V power supply, the LVTTL signals can tolerate a noise voltage of 300 mV, and therefore a 5% ripple with 210 capacitors was selected. While these selections
seem a bit arbitrary, they will serve as a starting point for both a frequency domain and transient
simulation of the PDS, and the actual number will be determined from the simulation.

5.2.3

Voltage Regulator Module and Bulk Capacitance

The basic function of the VRM is to convert a higher input voltage from a (possibly noisy)
power supply into the voltage required to operate the components on the PCB. For the prototype
receiver, the input voltage was selected at 12V so that the system could run on a laboratory power
supply as well as standard 12V batteries. The VRM is a closed-loop control system which senses
the voltage at the load and adjusts the output current in order to regulate the voltage. Two choices
exist for the VRM: a linear regulator and a switching regulator.
Linear regulators are nice because they are compact and provide a very rock-solid output
voltage. Unfortunately, they are generally inefﬁcient, burning up a signiﬁcant amount of power in
the form of heat. The power dissipated by a linear regulator may be calculated by the following
equation:
P = (Vin - Vout )I
Where
P is the power dissipation of the linear regulator [Watts]
Vin is the input voltage to the linear regulator [Volts]
Vout is the output voltage of the linear regulator [Volts]
I is the current supplied by the linear regulator [Amps]

(5.7)
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Table 5.3: DC Current Draw for Each of the 5 Power Supplies
1.5V PDS

2.5V PDS

3.3V PDS

5.0V PDS

-5.0V PDS

Current Draw (A)

3.00

0.81

1.41

2.00

1.33

40% Derated
Current Draw (A)

5.00

1.35

2.35

3.33

2.22

For example, consider a linear regulator which must convert from 12V to 5V and supply 1.0
Amps of current to the board. The power dissipated by the linear regulator is then 7.0 Watts, which
will require a large heat sink and possibly a fan for active cooling. Obviously, linear regulators are
most useful when the input and output voltage is small and when an extremely stable power supply
is critical to the operation of the system (such as an RF circuit).
The switching regulator, as its name implies, operates a set of switches that draw current from
the power supply and into a LC resonant circuit. By controlling the frequency at which the switches
open and close, as well of the length of time they remain open, the LC resonant circuit becomes a
relatively stable voltage reference. The size of the inductor and capacitor are determined by both
the continuous current draw, the amount of ripple allowed in the output voltage, and any transient
or surge requirements. Switching regulators typically have efﬁciencies of 85-95%, making them
ideal for converting from a large input voltage to a smaller output voltage with a large current
draw.
The ﬁrst step in designing a VRM is to calculate the DC current requirements of the components that the VRM powers. The current requirements for the 5 Power Supplies on the prototype
receiver board are listed in Table 5.3. To ensure long-term reliability, VRMs should be derated
by 40% of the expected current draw (i.e., under normal operating conditions they should only be
supplying 60% of their maximum current output) [108], and these are listed in Table 5.3 as well.
The Xilinx recommended part for the FPGA’s VRM is a Linear Tech LTC1778 switching
controller. Fortunately, the LTC1778 is capable of supplying a wide range of output voltages, and
to minimize the number of different parts used on the board, it was chosen as the VRM for all 5
power supplies.
Each of the 5 VRMs were then designed based on the design guidelines in [109] and in consultation with several power electronics engineers at Virginia Tech. All VRM designs for the
positive voltage supplies were essentially the same, with the only difference being a few resistor
and capacitor values. The basic working design is shown in Figure 5.3, and component values are
listed in Table 5.4. The VRM for the -5V power supply, as shown in Figure 5.4, is essentially the
same as for the positive supplies, with the major difference being where ground and -5V outputs
are connected.
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Figure 5.3: Basic schematic diagram for the LTC1778 based Voltage Regulator
Module for the 1.5V, 2.5V 3.3V, and 5V power supplies.

Figure 5.4: Basic schematic diagram for the LTC1778 based Voltage Regulator
Module for the -5V power supply.
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Table 5.4: Component Values for Each VRM
Component

1.5V PDS

2.5V PDS

3.3V PDS

5.0V PDS

-5.0V PDS

R1

10.7 kΩ
9.53 kΩ
10.7 kΩ
48.7 kΩ
576 kΩ
2.7 μH

10.7 kΩ
23.2 kΩ
10.7 kΩ
48.7 kΩ
1.00 MΩ
2.7 μH

10.7 kΩ
34.0 kΩ
10.7 kΩ
48.7 kΩ
1.50 MΩ
4.8 μH

10.7 kΩ
69.8 kΩ
10.7 kΩ
48.7 kΩ
2.00 MΩ
4.8 μH

10.7 kΩ
57.3 kΩ
—
—
698 kΩ
2.7 μH

R2
R3
R4
RON
L

Choosing Bulk Capacitors
Selecting the bulk capacitors is a fairly straightforward process which is based on the allowable ripple in the power supply voltage. For high-speed digital boards, power supply ripple should
be less than 2% of the DC voltage level (e.g., for the 2.5V PDS, the output ripple should be less
than ±25 mV) [93]. The most stringent requirement is the 1.5V power supply, which can have a
maximum ripple of 30 mV (±15 mV). Satisfying the ripple requirement for the 1.5V power supply
ensures that all power supplies meet the ripple requirement.
For the LT1778 switching controller, the output ripple voltage is determined by the following
equation [109]:

(

1
∆VOUT = ∆IL ESR + _____
8fCOUT

)

(5.8)

Where
∆VOUT is the output ripple voltage [Volts]
∆IL is the maximum change in current through the VRM inductor [Amps]
ESR is the parallel combination of the ESRs of the individual bulk capacitors
[Ohms]
COUT is the total output bulk capacitance [Farads]
f is the switching frequency of the VRM
Each power supply was designed to provide a maximum of 6 Amps continuous current. ∆I
was chosen at 20% of the maximum current output, or 1.2 Amps. Assuming that the total bulk
L
capacitance is in the hundreds of microfarads, Equation 5.8 is dominated by the ESR of the bulk
capacitor array. A 30mV ripple therefore means that the ESR must be less than 25 mΩ. Because
Low ESR bulk capacitors can be prohibitively expensive, three capacitors were placed in parallel
to meet the ESR requirements:
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2 Low ESR Tantalum Capacitors (C = 68 μF / ESR = 100 mΩ / ESL = 1950 pH)
1 Ultra-Low ESR Tantalum Capacitor (C = 680 μF / ESR = 30 mΩ / ESL = 1950 pH)

The total ESR of the array is 18.75 mΩ, and the total capacitance is 816 μF, yielding an output
ripple voltage of 22.8 mV. One ﬁnal word about bulk capacitors is that ESL is not an important
consideration in the selection of bulk capacitors, as their primary purpose is to maintain a stable
voltage in response to very low frequency transients (on the order of a few hundred kHz). ESL
puts an upper limit on how quickly current can be drawn out of the capacitor, and is a more signiﬁcant problem for very fast current transients.
Before committing the design to the prototype board, it was decided to verify the proper operation of the VRM. Therefore, a simple test board was created for the 5V, 3.3V, 2.5V, and 1.5V
power supplies. Schematics and board layout artwork for the testboards may be found in Appendices A and B. Four speciﬁc tests were performed on the VRM prototype boards to verify their
operation:
•
•
•
•

Transient response
Power on speed
Output voltage regulation
Electromagnetic Interference
Transient Response

In a digital system, the VRM must respond quickly to a step change in current, else the output
voltage will drop, as the local decoupling capacitors can only maintain the output voltage for a
very limited time. To evaluate the transient response, the VRM boards were set up with a 2 Amp
constant current draw, with an additional 2 Amp current draw switched in using a MOSFET switch.
Thus, the current draw from the VRM varied from 2 Amps to 4 Amps. The switching frequency
of the MOSFET was 1 kHz. The AC transient response (the DC output value has been subtracted
out) of the VRM is given in Figure 5.5a. The response was essentially the same for all 4 VRMs.
In response to a 2 Amp transient current demand (which is the maximum predicted to occur on the
prototype receiver board), the VRM is able to maintain the output voltage within ±8 mV.
Power On Speed
The Virtex-II Pro requires that all DC power supplies gradually ramp up to their rated output
voltage no faster than 200 μsec and no slower than 50 msec [91]. Additionally, the output voltage
must increase monotonically during that time. Figure 5.5b shows that all VRMs meet the power
on speed requirement, with the 1.5V VRM requiring the most time (about 5 msec), and the 5V
VRM ramping up in only 400 μsec.

Chapter 5: Prototype Receiver Design and Fabrication

157

(a)

(b)

(c)

(d)

(e)
Figure 5.5: Evaluation of the VRMs for the Prototype Receiver Board. (a) Transient
response of a VRM to a 2 Amp step change in current draw, (b) Power on speed of
all 4 VRMs, (c) Output voltage regulation of the VRM, (d) EMI generated by a single
VRM in the initial conﬁguration, and (e) EMI Generated by a single VRM after the
addition of a surge robust input capacitor and RF bypass capacitors.
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Output Voltage Regulation
The VRMs were all designed to have a maximum of ±15 mV output ripple. Figure 5.5c shows
that the VRM output regulation is about ±10 mV, slightly better than the speciﬁcation. The improvement over the design speciﬁcation is likely due to the use of interplanar capacitance on the
VRM PCB, which provides a small reduction in the ESL and ESR of the output capacitor array.
The sawtooth appearance of the signal is due to the quick charging of the inductor followed by the
slow decay of the capacitors.
Electromagnetic Interference
Electromagnetic interference (EMI) is an important concern for any high-speed digital system,
as signiﬁcant EMI can render a circuit or device inoperative. Also, the UWB receiver may be
looking for very weak signals buried in noise; any EMI generated by sources on the prototype
board will—at best—add to the noise ﬂoor and reduce the effectiveness of the receiver. To evaluate EMI, a broadband biconical antenna was placed a distance of 0.5 meters away from a single
VRM, and a sample of the background noise was captured using a Tektronix TDS 594C digitizing
oscilloscope. The VRM was then powered on, and second signal (which contained the background
noise plus the EMI generated by the VRM) was recorded on the oscilloscope. The spectrum of
the time-domain waveforms was then generated using an FFT in Matlab. To estimate the EMI
generated by the VRM, the spectrum containing only the background noise was subtracted from
the spectrum containing both background noise and EMI. The result is plotted in Figure 5.5d.
The EMI from the VRM is relatively strong, containing several distinct peaks, with a maximum of
about -48 dBm at 65 MHz, and extending up to about 300 MHz.
Further investigation into the source of the noise determined that the EMI was being generated by the input capacitors, which were not rated to withstand the surge in current when the top
MOSFET (M1) turned on. To solve the problem, a 22 µF surge robust ceramic capacitor was
adeed to the input capacitor array, along with a pair of 0.1 µF ceramic capacitors which provided
an AC short to ground for any excess RF energy. The resulting EMI is plotted in Figure 5.5e, and
shows a signiﬁcant reduction in the total amount of radiated energy. Unfortunately, a peak in the
EMI spectrum still exists at around 100 MHz, which happens to be a sub-harmonic of the 300 MHz
PowerPC procesor clock, the 1000 MHz ADC sampling clock, and the 100 MHz clock running
the FPGA data processing. Thorough testing of the Prototype Receiver (discussed below in §5.7)
indicated that the EMI did not impact the Prototype Receiver’s performance.
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Interplanar Capacitance

Capacitance stored in power/ground layers in the PCB has no ESR, only minimal ESL, and is
responsible for maintaining the target impedance at high frequencies. The capacitance stored in a
power/ground plane pair can be approximated by:
0.225εr A
CPlanar = ______
d

(5.9)

Where
Cplanar is the interplanar capacitance [pF]
εr is the relative dielectric permeability of the PCB substrate
A is the area of shared power-ground plane [in2]
d is the separation distance between planes [in]
The interplanar capacitance for the 1.5V, 2.5V, 5V, and -5V PDSs is approximately 9000 pF,
and the interplanar capacitance for the 3.3V PDS is approximately 4500 pF (note that the overall
PCB dimensions are 8.25 inches by 9.5 inches).
Calculating the ESL of the interplanar capacitance is a more difﬁcult matter, as at high frequencies the power/ground plane pair ceases behaving as a simple lumped element and begins to exhibit
transmission line behavior [102, 110]. Thus, the ESL of the interplanar capacitance is speciﬁc to
the component, how it is attached to the PCB, as well as the amount and rate of change of current
draw [102, 110]. A reasonable ﬁrst order approximation, however, is to use the average parasitic
inductance of the IC power leads. For the prototype receiver board, the ESL of the interplanar
capacitance can therefore be approximated as 200 pH.

5.2.5

PDS Simulation

Because the PDS is one of the most critical parts of a high-speed digital design, it is important
to verify its integrity. Simulation of the PDS was performed in Agilent’s Advanced Design System
(ADS) using a simple 9-element model, shown in Figure 5.6. Test ports on the receiver PCB will
allow for the validation of the simulation results and veriﬁcation of the health and integrity of the
PDS. Each of the elements in the PDS model is described below:
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Figure 5.6: Basic 9-Element model for simulating the PDS.

Lvrm is the inductance of the VRM
Lplanar is the ESL of the interplanar capacitance
Cplanar is the interplanar capacitance
Rbulk is the parallel combination of the ESR in all individual bulk capacitors
Lbulk is the parallel combination of the ESR in all individual bulk capacitors
Cbulk is the parallel combination of the ESR in all individual bulk capacitors
Rbyp is the parallel combination of the ESR in all individual bypass capacitors
Lbyp is the parallel combination of the ESL in all individual bypass capacitors
Cbyp is the parallel combination of the capacitance in all individual bypass capacitors

5.2.5.1

Frequency Domain Simulation

The ﬁrst step in simulating the PDS was to verify that the target impedance was met across the
entire frequency band. In ADS, a simple AC frequency sweep was set up using the simpliﬁed PDS
model. Based on the initial simulation results, the number of bypass capacitors had to be increased
in order for the 2.5V and 3.3V PDSs to meet their target impedances. After a little experimentation, it was found that 250 bypass capacitors for each PDS would meet the target impedance
requirements (which resulted in an identical impedance plot for both PDSs). Simulation results
for the 2.5V, 3.3V, and -5V PDSs are given in Figures 5.7a and 5.7b. Note that the spike in the
impedance proﬁle at about 100 MHz is due to the resonance of the interplanar capacitance and its
200 pH estimated ESL.
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(a)

(b)
Figure 5.7: PDS frequency domain simulation.
(a) 2.5V & 3.3V PDS (Target Impedance is 78.2 mΩ & 90 mΩ).
(b) -5V PDS (Target Impedance is 577 mΩ).
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Transient Simulation

After verifying that all PDSs met their target impedance, the next step was to perform a transient simulation to verify that the ripple voltage requirement was met. In ADS, a transient domain
simulation was set up using the simpliﬁed PDS model.
In the transient simulation, a voltage controlled current source (SRC12) and load resistor (R7)
was used to simulate the effect of all IC outputs switching simultaneously. The current source had
a rise time of 200 ps, which is the fastest signal rise time on the PCB. The maximum value of the
current source was set for the maximum current draw for each power supply (1.4A for the 2.5V
PDS, 1.1A for the 3.3V PDS, and 0.26A for the -5V PDS). The resistor R7 was used to provide an
approximation of all load resistances placed in parallel.
The transient simulation results for the 2.5V, 3.3V, and -5V PDS are given in Figures 5.8. In
every case, the PDS meets its ripple voltage speciﬁcation.
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(a)

(b)

(c)
Figure 5.8: PDS transient simulation.
(a) 2.5V PDS (Maximum allowable ripple voltage 125 mV peak-peak)
(b) 3.3V PDS (Maximum allowable ripple voltage 99 mV peak-peak)
(c) -5V PDS (Maximum allowable ripple voltage 150 mV peak-peak)
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Figure 5.9: The Tacoma Narrows Bridge in Washington State Collapsed
Unexpectedly Under the Inﬂuence of Heavy Winds. This event underscores the
need to fully evaluate, simulate, and understand highly complex systems prior to
implementaiton, in order to prevent catastrophic system failure.
Image Courtsey University of Washington Libraries Special Collections, UW21442.
Used with Permission.

5.3

Signal Integrity and PCB Trace Characterization

For any high-speed digital design, it is exceedingly important to accurately characterize all
high-speed and critical signals, and then verify simulation results via measured data. Veriﬁcation
of the simulation results is especially important, as a lot of things can go wrong in any design
which the simulator may not be aware of. A classic example of what can go wrong when engineers
fail to verify simulation results was the Tacoma Narrows Bridge in Washington State (Figure 5.9),
which collapsed unexpectedly under the inﬂuence of heavy winds in the Tacoma Narrows Gorge.
To avoid a similar pitfall, a special section of the prototype receiver board was dedicated to characterizing potential signal integrity problems — such as trace impedance, crosstalk, vias, and the
bypass capacitors. PCB trace impedance was discussed above in §5.1, therefore, the remainder of
this section will focus on simulation results for crosstalk, vias, and the bypass capacitors.
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Crosstalk

5.3.1.1

Overview and Deﬁnition of Crosstalk

Crosstalk on PCB traces is a byproduct of mutual inductive coupling between the traces,
caused by magnetic ﬁelds generated by currents ﬂowing on the traces. Crosstalk is directly proportional to the derivative of the signal being carried on the trace (and thus, will get worse as rise
times become shorter), the distance separating the traces, the length of the coupling region and
inversely proportional to the height of the traces above a ground plane. Figure 5.10a illustrates
the cross-sectional geometry of two traces experiencing crosstalk; Figure 5.10b-c (generated via
Hyperlynx) qualitatively illustrates how the electric and magnetic ﬁelds of microstrip and stripline
traces interact to cause crosstalk. Note that crosstalk in stripline traces will be signiﬁcantly lower
than for microstrip traces, as the electric and magnetic ﬁelds are more tightly concentrated around
the stripline traces. Also, crosstalk will reﬂect off of any imperfections or discontinuities in the
transmission line.
Before discussing crosstalk problems on the receiver prototype board, it is necessary to deﬁne
some important terms that will be used throughout the remainder of this dissertation (refer to
Figure 5.10a for an illustration):
Aggressor — The signal trace or traces that are the source of crosstalk noise.
Victim — The signal trace which is the recipient of crosstalk noise.
Near End Crosstalk (NEXT) — Crosstalk which propagates in the reverse direction of
the aggressor signal, and is observed on the victim trace at the end closest to the aggressor source.
Far End Crosstalk (FEXT) — Crosstalk which propagates in the same direction as the
aggressor signal and is observed on the victim trace at the end farthest from the aggressor source.

The amount of NEXT and FEXT induced on a victim trace is generally impossible to calculate analytically, and must be determined via simulation or experimentation [94]. A thorough
discussion of the underlying mechanisms behind crosstalk is beyond the scope of this dissertation;
however, the interested reader may refer to several excellent reference sources, such as [93, 94,
111, 112].
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(a)

(b)

(c)

Figure 5.10: Qualitative illustration of crosstalk. (a) Geometry of how crosstalk
is coupled from an aggressor trace into a victim trace, (b) Illustration of how the
Electric and Magnetic ﬁeld interactions in two microstrip traces interact to cause
crosstalk, (c) Illustration of how the Electric and Magnetic ﬁeld interactions in two
stripline traces interact to cause crosstalk.

5.3.1.2

Crosstalk Characterization

The crosstalk characterization area of the prototype receiver is set up with four simple scenarios, in order to provide a method for verifying simulation results, with each scenario listed below:
•
•
•
•

Top layer 10 mil trace-trace separation
Top layer 30 mil trace-trace separation
Inner layer 10 mil trace-trace separation
Inner layer 30 mil trace-trace separation

For every scenario, the length of the coupling region was 3 inches, the amplitude of the aggressor waveform was 1 volt, and the rise time of the aggressor waveform was 200 picoseconds.
Hyperlynx simulation results are given in Figure 5.11. In all the ﬁgures, the aggressor waveform is
shown on the upper part of the ﬁgure and its amplitude is plotted on the left-hand y-axis; the victim
waveform is shown on the lower part of the ﬁgure and its amplitude is plotted on the right-hand
y-axis. As expected, the worst-case scenario is the top layer 10 mil trace/trace separation with
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(a)

(b)

(c)

(d)

Figure 5.11: Simulated crosstalk results for a 3-inch coupling region and various
trace-trace separations. In all plots, the aggressor signal is the upper waveform
and plotted on the left hand Y-Axis, and the victim signal is the lower waveform
and plotted on the right hand Y-Axis. (a) Top Layer 10 mil trace-trace separation,
(b) Top Layer 30 mil trace-trace separation, (c) Inner Layer 10 mil trace-trace
separation, and (d) Inner Layer 30 mil trace-trace separation.

about 30 mV NEXT and FEXT that saturates at about 30 mV. For 30 mil trace/trace separation,
both NEXT and FEXT are signiﬁcantly reduced to almost negligible amounts (13 mV and 7 mV,
respectively). On the inner layer, the 10 mil trace/trace scenario shows almost no NEXT and
FEXT which saturates at an amplitude of 13 mV. At 30 mil trace/trace separation, both NEXT and
FEXT are less than 1 mV, and are essentially negligible.
To verify the accuracy of the simulations, a set of test traces were added to the signal integrity
test region of the prototype reciever, with a trace geometry and aggressor waveform identical to the
simulated setup. Measured results from the actual board are shown in Figure 5.12. The measured
results show excellent agreement with the simulated response, as detailed in Table 5.5.
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(a)

(b)

(c)

(d)

Figure 5.12: Measured crosstalk results for a 3-inch coupling region and various
trace-trace separations. In all plots, the aggressor signal is the upper waveform
and plotted on the left hand Y-Axis, and the victim signal is the lower waveform
and plotted on the right hand Y-Axis. (a) Top Layer 10 mil trace-trace separation,
(b) Top Layer 30 mil trace-trace separation, (c) Inner Layer 10 mil trace-trace
separation, and (d) Inner Layer 30 mil trace-trace separation.

Table 5.5: Comparison of Simulated and Measured NEXT and
FEXT for a 3-inch Coupling Region
Top Layer / 10 mil spacing

Simulated
NEXT
31 mV

Measured
NEXT
47 mV

Simulated
FEXT
36 mV

Measured
FEXT
25 mV

Top Layer / 30 mil spacing

7 mV

10 mV

13 mV

10 mV

Inner Layer / 10 mil spacing

13 mV

17 mV

1 mV

0 mV

Inner Layer / 30 mil spacing

1 mV

5 mV

0 mV

0 mV

Trace Geometry

The crosstalk measurement and simulation results indicate that great care must be taken for
traces routed on the top and bottom layers to minimize the amount of crosstalk coupled into victim
traces. In particular, the ADC/FPGA interface contains a large number of very densely packed
traces, requiring characterization of crosstalk across the bus, which is discussed in §5.5.3. For
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(b)

Figure 5.13: Basic diagram of a printed circuit board via. (a) Top view, and
(b) Side view.

the FPGA/USB interface and the Test Pin Interface, traces were routed on all four available signal
layers (layers 1, 3, 8, and 10, see Appendix B), making sure to use at least 30 mil trace-trace
separation on all layers. Finally, the extremely critical clock signals were routed on inner layers
with a 50 mil trace/trace separation, all but guaranteeing that no crosstalk would be injected into
these signals.

5.3.2

Effects of Vias

The term via commonly refers to a hole in a PCB that can be used either for mounting a component or routing traces between layers. Vias are deﬁned by the size of the drill hole, the size of
the copper pad surrounding the drill hole, and the size of the clearance area around the drill hole
on inner layers, as shown in Figure 5.13.
Vias come in many forms, such as through (depicted in Figure 5.13), blind (where the drill hole
only goes partway through the board), buried (where vias are used to connect inner layers and are
not visible from the top or bottom surface of the board), or dangling (where a through via connects
signals on the inner layers of the board and either the top, bottom, or both are left unconnected,
resulting in a via stub).
For high-speed signals, vias can typically be modeled with a simple Pi-network (Figure 5.14),
where the capacitance and inductance are given by [93]:
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Figure 5.14: Pi network model of a printed circuit board via.

1.41εr TD1
CV ≈ ________
D -D
2

(5.10)

1

( ( )

4h
LV ≈ 5.08h ln __
+1
d

)

(5.11)

Where
C is the capacitance of the via [pF].
L is the inductance of the via [nH].
D2 is the diameter of the clearance hole in solid planes [inch].
D1 is the diameter of the copper pad surrounding the via [inch].
εr is the relative electric permeability of the PCB substrate [unitless].
h is the length of the via [inch].
d is the diameter of the via (generally equal to the diameter of the drill hole)
[inch].
These equations are very rough approximations, and are only accurate to within an order of
magnitude. If more accurate results are required, they may be generated by the use of a full 3D
electromagnetic ﬁeld solver. The Pi-network model also allows one to determine a characteristic
impedance of the via using the following equation [94]:
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ZV =

√

LV
__
CV

(5.12)

Where
ZV is the characteristic impedance of the via [Ohms].
LV is the inductance of the via [Henries].
CV is the capacitance of the via [Farads].
To a ﬁrst-order approximation, the primary effect of via capacitance is to degrade the rise time
of a digital signal. The primary effect of via inductance is a series impedance which will generate
reﬂections on the PCB trace and degrade the effectiveness of bypass capacitors (see §5.2). The rise
time degradation and series impedance of a via may be calculated using the following equations
[94]

( )

Z0
TR = 2.2CV __
2
V

(5.13)

Where
TR is the rise time degradation of the via [picoseconds].
V

CV is the capacitance of the via [pF].
Z0 is the characteristic impedance of the transmission line connected to the via
[Ohms].
πL
XL = ___
TR

(5.14)

Where
XL is the series impedance of the via [Ohms].
L is the inductance of the via [nH].
TR is the 10% to 90% rise time of the signal transmitted through the via [nanoseconds].
To maintain signal integrity, the characteristic impedance of a via should be roughly equal to
the characteristic impedance of the transmission lines connected to the vias. For the prototype
receiver board, three types of vias were used:
•
•
•

6 mil drill / 15 mil pad / 20 mill clearance blind via connecting layers 1 and 3
10 mil drill / 20 mil pad / 25 mil clearance through via connecting layers 1 and 10
10 mil drill / 20 mil pad / 25 mil clearance dangling via connecting layers 1 and 8
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Table 5.6: Calculated Effects of the Vias on the Prototype Receiver PCB
Via

CV

LV *

TR

XL **

ZV

6/15 Blind

0.2 pF

0.2 nH

10 ps

2.4 Ω

30 Ω

10/20 Through

1.4 pF

1.3 nH

80 ps

20 Ω

30 Ω

V

* Uses a height of 10 mils for the 6/15 Blind Via and 62 mils for the 10/20 Through Via
** Assumes a 200 picosecond rise time.
The calculated inductance, capacitance, and characteristic impedance of these vias is given
in Table 5.6. For analysis purposes, the 10 mil through and dangling vias were lumped together,
however, the effects of the stub were included in simulations.
All three vias were the simulated in Agilent’s EESof Advanced Design System, using the Multilayer Interconnect models for traces, vias, and PCB stackup. The geometry of the simulation was
set up to match that of the Signal Integrity Characterization area of the receiver PCB (see Appendices A and B), where the signals would pass through 2 vias separated by 3 inches of PCB trace,
allowing these simulation results to be compared with the measurements in Chapter 5. The ﬁst set
of simulations investigated the effects of the via on a 200 picosecond rising edge, and simulation
results are shown in Figure 5.15. The results are somewhat better than those predicted in Table 5.6,
as two 6/15 vias only degrade the signal rise time by about 7 picoseconds, two 10/20 through vias
only degrade the rise time by about 5 picoseconds, and the two 10/20 dangling vias only degrade
the rise time by about 7 picoseconds. It bears repeating from above that the accuracy of these
simulation results are constrained by the accuracy of the underlying models and the assumptions
that went into the simulation setup. The fact that the 10/20 vias perform signiﬁcantly better than
predicted is somewhat troubling, and these results, therefore, must be correlated against measured
results from the actual PCB.
To investigate the effects of the vias on the high-speed digital signals, a second set of simulations was performed using square wave signals with a 200 picosecond rise time. Even though the
simulation results presented above indicate that the through vias and blind vias should perform in a
similar manner, it was decided to restrict all critical signals (all clock signals and USB data signals)
to only using the 6/15 blind vias. The through vias would be used for all other lower-speed signals,
where there is a greater margin for performance degradation.
Figure 5.16 presents results from the high-speed digital signal simulation. Figures 5.16a-b
show the effects of the 6/15 blind via on the 1 GHz clock signals and the 500 MHz ADC output
clock signals/USB data signals. Figures 5.16c-d show the effects of the 10/20 through and dangling vias on the 250 MHz ADC data output signals. In every case, the signals are relatively clean
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(a)

(b)

(c)
Figure 5.15: Transient response of various vias on the Prototype Receiver Board to a 200
picosecond rising edge.
(a) 6 mil drill / 15 mil pad / 20 mil clearance blind via connecting Layers 1 and 3,
(b) 10 mil drill / 20 mil pad / 25 mil clearance through via connecting Layers 1 and 10,
(c) 10 mil drill / 20 mil pad / 25 mil clearance dangling via connecting Layers 1 and 8.

with minimal distortion. The effects of the vias are most noticeable for the 1 GHz clock signals,
where the amplitude is reduced by about 20 mV (or about 2% of the overall signal amplitude),
which is well within allowable margins [93].
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(a)

(b)

(c)

(c)

Figure 5.16: The degradation of high speed wavevorms due to vias on the Prototype
Receiver Board..
(a) A 1 GHz signal transmitted through the 6 mil drill / 15 mil pad blind via,
(b) A 500 MHz signal transmitted through the 6 mil drill / 15 mil pad blind via,
(c) A 250 MHz signal transmitted through the 10 mil drill / 20 mil pad through via,
(d) A 250 MHz signal transmitted through the 10 mil drill / 20 mil pad dangling via.

5.3.3

Bypass Capacitor Characterization

As discussed in §5.2.2, the parasitic resistance and inductance of bypass capacitors can have a
signiﬁcant impact on the way the capacitor performs in circuits. Characterizing the ESR and ESL
of a bypass capacitor can easily be performed via a network analyzer, however, such an instrument
can be expensive. Also, oftentimes it is more important to know how the capacitor responds to a
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Figure 5.17: Test setup for characterizing the ESR and ESL of PDS bypass
capacitors.

Figure 5.18: Initial rise of the voltage across the capacitor in the capacitor ESR/ESL
measurement setup illustrated in Figure 5.17. Adapted from [113].
Source: D. C. Smith, “Measuring capacitor self inductance and ESR,”
D. C. Smith Consultants High Frequency Measurements Web Page.
Available Online: http://emcesd.com/tt020100.htm
© Douglas C. Smith. Used with Permission.

step change in voltage and/or current. In [113], Smith shows a simple test setup that can be used to
characterize the ESR/ESL of a bypass capacitor, as well as the transient response of that capacitor.
A schematic diagram of Smith’s test setup is shown in Figure 5.17.
For a pulse width that is signiﬁcantly longer than the RC time constant formed by the capacitor
and 100 Ω (the combination of the 50 Ω resistor and the 50 Ω pulse generator), the output of the
test setup will be a waveform that rises exponentially to the output voltage of the pulse generator
[113]. Examining the beginning of the exponential rise across the capacitor (Figure 5.18) allows
the ESR and ESL to be determined. At the start of the pulse, the capacitor acts like a short circuit,
and the current through the capacitor may be assumed constant and equal to:
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V

oc
Ic = ____
100

(5.15)

Where
Ic is the current through the capacitor [Amps].
Voc is the peak voltage output of the pulse generator [Volts].
Under the above assumptions, the risetime of the current (Ic ) will be the same as the risetime
of the generator voltage, shown as the dotted line in Figure 5.18. In reality, the ESR and ESL of
the capacitor will perturb the shape of the current away from the baseline. The capacitors parasitic
inductance will cause the spike in the waveform with an amplitude equal to [113]:

( ∆t )

∆i
VESL ≈ ESL __

(5.16)

Where
VESL is the peak of the voltage spike across the capacitor (see Figure 5.17 ) [Volts].
ESL is the Equivalent Series inductance of the capacitor [Henries]
∆i is the rate of change of current through the capacitor, equal to the slope of the
__
∆t

dotted line in Figure 5.17 [Amps/second].

The parasitic resistance of the capacitor will cause an offset between the baseline and the start
of the exponential rise, equal to [113]:
VESR ≈ ( ESR ) ( IC

)

(5.17)

Where
VESR is the voltage offset between the baseline and the start of the exponential voltage
rise across the capacitor (see Figure 5.17) [Volts].
IC is the current through the capacitor [Amps].
ESR is the Equivalent Series Resistance of the capacitor [Ohms].
ESR/ESL characterization was performed for the two types of capacitors used in the PDS: the
AVX 0402YC103KAT2A (0.01 μF, 0402 size), which was used for general-purpose bypass, as
well as the Kemet C0402C104K9PACTU (0.1 μF, 0402 size), which was used on the FPGA core
PDS. Measurements were performed on a test board that simulated the actual mounting geometery
that would be seen on the prototype receiver PCB. Thus, the measured ESR/ESL values include
the effects of the parasitic via inductance and PCB trace resistance. A square wave signal generator with an open circuit voltage of 5.0 V and a rise time of 1.0 ns provided the stimulus signal.
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Figure 5.19: Side view of a multilayer ceramic capacitor, illustrating the
interlocking metal plates separated by a dielectric material.

Table 5.7: Measured ESR/ESL for the PDS Bypass Capacitors and
Mounting Vias.
VESR

VESL

ESR

ESL

AVX
0402YC103KAT2A

34 mV

65 mV

680 mΩ

1.3 nH

Kemet
C0402C104K9PACTU

5.2 mV

40 mV

100 mΩ

0.8 nH

From the equations above, it can be seen that:
VOC
5.0 V
IC = _____
= _____
= 50 mA
100 Ω
100 Ω
IC
50 mA
∆i
__
= __
= _____
= 50.0 × 10 6 A/s
tr
1 ns
∆t

Oscilloscope traces for these two capacitors are shown in Figure 5.20, and the calculated ESR/
ESL values are given in Table 5.7.
Looking at Table 5.7, it can be seen that the ESL assumption for the PDS design and analysis
given in §5.2.2 (800 pH for the capacitor plus 500 pH for the mounting vias, for a total of 1.3 nH)
was extremely accurate, as the measured value for the AVX capacitor (1.3 nH) matched perfectly,
and the measured value for the Kemet capcitor (800 pH) was actually better than anticipated. The
assumed ESR value of 50 mΩ, however, turned out to be way too low, as the measured values were
680 mΩ and 100 mΩ for the AVX and Kemet capacitors, respectively.
It is also worth noting that the Kemet capacitor has a significantly lower ESR/ESL than the
AVX capacitor. The reason is that these capacitors are composed of a large number of parallel
metal plates separated by a dielectic material, as illustrated in Figure 5.19. Each of these plates
will have an associated parasitic inductance and resistance; the parallel combination of which
results in the ESR/ESL of the capacitor. The Kemet and AVX capacitors both have the same physical package size; in order for the Kemet to achieve a higher total capacitance, it requires a larger
number of parallel plates. Therefore, with more plates in the parallel combination, the Kemet
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(a)

(b)
Figure 5.20: Oscilloscope traces from the ESR/ESL characterization of the PDS bypass
capacitors, using the test setup in Figure 5.17. (a) AVX 0402 sized 0.01 μF Capacitor, and (b)
Kemet 0402 sized 0.1 μF Capacitor.

capacitor has a lower overall ESR/ESL than the AVX. The downside is that, due to the decresed
spacing of the parallel plates, the Kemet capacitor has a much lower dielectric breakdown voltage
(6.3 V) than the AVX capacitor (16 V).
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ADC Clock Distribution and Control

5.4.1

Requirements for Clock Signals

In any digital design, clock signals are the most critical signals on the board or chip [94].
Clock signals are distributed throughout the receiver board and determine when the ADC will
sample the input signal, when the FPGA will latch in the ADC samples, and control the operation
of all internal FPGA logic. A sufﬁcient amount of jitter, noise, or distortion of the clock signal
could potentially render the receiver inoperable. Thus, extreme care was taken when designing the
clock distribution network and routing clock signals on the PCB.
Because clock signals are so critical to the operation of digital systems, they have very
stringent signal integrity requirements when compared to other signals on the board [94, 100],
listed below and illustrated in Figure 5.21:
• Monotonic (also known as ﬁrst incident wave switching) — The clock signal must be
monotonic in the transition region (from low to high or high to low) as well as perfectly
damped (no ringing on either the positive or negative edges). Non-monotonic transitions
can cause double-clocking where the clock signal crosses the clock threshold twice in one
clock period.
• Low Noise / Low Jitter — clock jitter refers to the instantaneous deviations of the rising
or falling edge of the clock signal from its ideal position in time. Every element in the
clock distribution tree adds a small amount of noise and jitter to the clock signal, thus it is
important to minimize the number of repeaters between the clock source and any logic element in the system. Noise and jitter may also be introduced via crosstalk from other signals
on the PCB. For data signals, clock jitter reduces the timing margin available to latch in
the data. Also, as shown in §3.6 for the TI-Sampling architecture, clock jitter results in a
reduction of the receiver’s dynamic range.
• Low Skew / Controlled Skew — Ideally, clock signals should arrive at all logic elements
in the system at exactly the same time; or, in the case of the TI-Sampling architecture,
should arrive at precisely determined delays. Like jitter, clock skew reduces the timing
margin available to latch in data signals and reduces the dynamic range of a TI-Sampling
architecture. Clock skew can be managed by using low-skew clock distribution chips,
matching the trace lengths of clock signals, and using programmable delay or active skew
correction chips.

5.4.2

Clock Sources and Distribution

The receiver prototype board contains provisions for two different clock sources: an on-board
oscillator and an external oscillator. The on-board oscillator is a Fox Electronics RFV300. The
RFV300 has a nominal output frequency of 1 GHz, a 5 ps RMS jitter, and the output frequency can
be tuned ± 50 kHz using a control voltage [114]. The tuneability of the RFV300 gives the receiver
the ability to precisely synchronize its clock signal to that of the transmitter.
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(a)

(b)

(c)
Figure 5.21: Illustration of the signal integrity requirements for clock signals.
(a) Monotonic rising and falling edges, (b) Minimal skew among clock signals on
the board, and (c) Minimal jitter in the clock signal.

The provision for an external oscillator provides an important debugging tool, as well as
the ability to synchronize multiple transmitters/receiver to the same signal source. In the event
that the receiver fails to operate at the designed 1 GHz clock frequency, an external clock source
can be connected to the receiver to determine the highest frequency at which it will operate, as
well as investigate the cause of the failure. Additionally, for MIMO type applications (where it is
important for transmitters and receivers to be synchronized), a single receiver board could be used
as the master clock signal, which will then daisy chain through the remaining receivers. Jitter, as
well as noise, will however, be added by every board in the chain, so the number of receivers that
can be included in the chain is limited.
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Figure 5.22: Clock signal attenuation through 12 inches of ParkNelco 4000-6 FR-4.
Solid lines are the clock signals measured at the driver IC (at the beginning of the
transmission line), and dotted lines are the clock signals measured at the receiver
IC (at the end of the transmission line). Note that both the positive and negative
components of the differential signal are shown.

The clock distribution network is made up of On Semiconductor MC10EL16DT clock buffer/repeater chips, MC100EL14DT 1:5 clock distribution chip, and MC10EP195 programmable
delay chips. The ADCs are optimized for -5V Emitter Coupled Logic signals, therefore, all clock
distribution is performed in ECL logic.
Because the RFV300 oscillator outputs 3.3V PECL logic levels, and the off-board oscillator
may be an RF signal generator, two 10EL16DT chips are used to buffer and translate the clock
signals to ECL levels (see §5.5.2.3). An additional 10EL16DT chip is used to buffer the clock
signal output, to prevent external loads (such as a second receiver board) from disturbing the clock
signals on the PCB. Also, to minimize noise and crosstalk coupled into the clock signals, the clock
signal sources are located in an isolated section on the PCB, thus the clock signals must travel 8-12
inches before reaching the ADC clock distribution network. Simulation results, shown in Figure
5.22, indicated that the losses due to traveling such a distance through FR-4 material would result
in clock signal amplitude very close to the ECL logic thresholds. Any noise added to such a signal
could easily generate false clock pulses and disrupt the operation of the receiver. An additional
10EL16DT chip (which is designed to handle very low signal level inputs) was therefore added at
the end of the signal traces to amplify and regenerate the clock signals.
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Two 100EL14DT chips are responsible for distributing the clock signal from the source (whether on-board or external) to the clock output connector and the two ADCs. One of the 100EL14DT
chips is located near the clock source, and the other is located next to the ADCs. The 100EL14DT
next to the clock source simply splits the input clock signal into two output signals—one transmitted to the ADCs and the other to the clock output.
The 100EL14DT next to the ADCs is responsible for taking the input clock signal and generating a clock signal for each individual ADC. The 100EL14DT (which is a 1:5 clock distribution
chip) was selected instead of a simpler 1:2 clock distribution chip since in the ﬁnal design, two
100EL14DT chips will be utilized, with each one serving as the clock source for 4 ADCs. The
100EL14DT chip is precisely located between the two ADCs, so that the lengths for the clock
signal traces can be synchronized. With the use of the programmable delay chips, synchronizing
the traces is not strictly necessary, however, it helps reduce uncertainty in the design should the
system fail to operate properly.
Finally, the 10EP195 delay chips provide the ability to correct for clock skew, as well as adjust
the clock delay for TI-Sampling, to within a resolution of 10 picoseconds. For the prototype board,
the delay values are set using a DIP switch; for the ﬁnal design, the delay will be under control of
the FPGA—to provide the ability to perform real-time calibration. Selectable delays range from a
minimum of 0 picoseconds to a maximum of 2550 picoseconds.
Table 5.8 lists the amount of delay added by switching on a particular DIP position. Note
that the delay value is simply the decimal value of the 8-bit binary number expressed on the DIP
switch multiplied by 10 picoseconds. For example, to select a 250 picosecond delay, the DIP
switch should be set to 00011001 (where a “1” corresponds to a position switched ON, and a “0”
corresponds to a position switched OFF).
As discussed in §4.3, ensuring low clock jitter and skew in the distribution network is critically important to the efﬁcacy of the receiver. The 10EL195 chips should maintain clock skew to
within ±10 ps. Also discussed in §4.3, the minimum amount of clock jitter expected at the input
to the ADC clock pins is approximately 6 picoseconds. Thus, from Figure 4.16, the system is
expected to perform with a SNREffective of approximately 35 dB. Ensuring this amount of jitter is
not exceeded requires careful attention to detail when routing the clock signals.
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Table 5.8: MC10EP195 Delay Values for Various DIP Switch Settings
Delay
(ps)
10
20
40
80
160
320
640
1280
1920
2240
2400
2550

Position Position Position Position Position Position Position Position
8*
7
6
5
4
3
2
1**
0
0
0
0
0
0
0
1
1
1
1
1

0
0
0
0
0
0
1
0
1
1
1
1

0
0
0
0
0
1
0
0
0
1
1
1

0
0
0
0
1
0
0
0
0
0
1
1

0
0
0
1
0
0
0
0
0
0
0
1

0
0
1
0
0
0
0
0
0
0
0
1

0
1
0
0
0
0
0
0
0
0
0
1

1
0
0
0
0
0
0
0
0
0
0
1

Note: A table entry of “1” corresponds to a position switched ON, and a “0” corresponds to a
position switched OFF
*
Most Signiﬁcant Bit
**
Least Signiﬁcant Bit (Labled “LSB” on the Receiver PCB)

5.4.3

Clock Signal Layout

To minimize the effects of crosstalk, noise, and interference from any other circuits on the
receiver, the master oscillator is located in an isolated section of the receiver PCB. Isolation of the
RFV300 is required as all devices the PCB generate EMI; moving it as far from the EMI sources
as possible minimizes coupling of the noise onto the clock signal. Additionally, the RFV300 itself
generates EMI that could adversely impact the operation of the receiver. To further enhance the
EMI isolation, the RFV300 will be encased in a metal shield.
In addition to EMI, power supply noise generated via large current transients from simultaneous switching outputs can couple through the oscillator power pin and increase the clock jitter
[94, 100]. A simple ﬁlter on the RFV300 power pin (shown in Figure 5.23a) provides signiﬁcant
immunity from power supply noise. The ﬁlter performance is shown in Figure 5.23b, and includes
the effects of ESR and ESL in the capacitors as well as the parasitic series resistance and self
resonant frequency of the inductor. The ﬁlter provides a 20 dB noise reduction starting at about
1.6 MHz and over 40 dB of noise reduction from about 36 MHz to over 4 GHz.
Because clock signals are so critical to a high-speed design, it is important to minimize both
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(a)

(b)
Figure 5.23: Power supply ﬁltering for the receiver Master Oscillator to prevent
noise from affecting the oscillator output. (a) Filter schematic (includes the size of
the components used), and (b) Simulated ﬁlter performance (includes the effects of
SRF for the inductor as well as ESL and ESR for the capacitors).
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(b)

Figure 5.24: Illustration of Electric and Magnetic ﬁelds for PCB traces.
(a) Microstrip trace above a continuous ground plane, and (b) Stripline trace
between two continuous ground planes.

the amount of crosstalk coupled into the clock signals as well as any EMI generated by the clock
signals [94, 111, 112]. Routing clock signals as microstrip traces on Layers 1 and/or 10 leaves the
electromagnetic ﬁelds associated with the clock signals free to interact with other signals on the
PCB, as well as other signals in the environment, as shown in Figure 5.24a. A better approach
is to route clock signals using stripline traces on Layers 3 and/or 8, so that all the electromagnetic
ﬁelds are contained within the PCB, as shown in Figure 5.24b.
Even with clock signals routed over stripline traces, aggressor signals can still generate crosstalk on the clock traces. The next step, therefore, was to evaluate how far away other signals on the
PCB had to be in order to keep the amount of noise coupled into the clock signals to a minimum.
A simple simulation was therefore set up in Hyperlynx, involving a single clock signal as the
victim and a single interfering signal as the aggressor. Excluding the clock signal, the next fastest
signal on the PCB is the ADC output clock (the DREADY signal), which runs at 500 MHz. As a
worst-case scenario, the aggressor was set up as the DREADY output signal. From the crosstalk
simulations in §5.3.1, a trace-trace separation of 30 mils for a coupling region of 3 inches on the
inner layer produces no noticeable crosstalk on the victim signal. To verify these results, a simple
scenario was set up where the aggressor was placed 30 mils away from the clock signal, and the
length of the coupling region was allowed to vary from 1 to 10 inches. Simulation results indicated
that less than 5 mV of crosstalk would be induced on the clock signal lines if all adjacent signals
maintained a minimum separation of at least 50 mils. In reality, clock signals had to be routed
through a variety of obstacles (such as capacitor arrays), and it was impossible to maintain the
50 mil spacing throughout the entire length of the clock signal trace. Fortunately, -5V ECL logic
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signals allow for up to 150 mV of total noise margin on the signal. Because noise can come from
a variety of sources (e.g. power supply noise, etc), a general rule of thumb is to allow no more
than 10% of the noise budget as a result of crosstalk [93], or in this case, no more than 15 mV.
Maintaining a 50 mil separation over as much of the clock signal trace length as possible provides
some margin for error when the clock signal is forced to route through obstructions.

5.5

ADC/FPGA Interface

The ADC/FPGA interface is one of the most crucial pieces in the receiver: failure of this
interface will result in a completely inoperative receiver. As a result, a tremendous amount of time
and effort were expended in designing the ADC/FPGA interface, and several important issues had
to be resolved, including:
•
•
•
•

Converting between the different logic standards of the ADC and FPGA
Selecting a transmission line termination scheme
Analyzing crosstalk on the bus and its impact on the signals
Evaluating the timing budget

5.5.1

Converting between the different logic standards of the
ADC and FPGA

The MAX104 outputs ADC samples using 3.3V differential LVPECL (Low Voltage Positive
Emitter Coupled Logic) signals [98]. The VirtexII-Pro FPGA, by its very nature, is capable of handling a multitude of different logic standards, however, it only supports 2.5V LVPECL signals and
not 3.3V LVPECL [91]. The obvious solution would be to run the MAX104 using the 2.5V power
supply, but unfortunately, the output drivers will not operate properly at that voltage. Additionally,
a number of experienced FPGA designers strongly recommended the use of the 2.5V LVDS (Low
Voltage Differential Signals) standard on the FPGA, as it was implemented speciﬁcally for highspeed signals. Fortunately, a simple resistive divider can be implemented to convert between the
3.3V LVPECL signals from the ADC to the 2.5V LVDS signals input to the FPGA.
Table 5.9 lists the voltage levels associated with the 3.3V LVPECL, 2.5V LVPECL, and 2.5V
LVDS logic standards; Figure 5.25 shows a comparison of 3.3V LVPECL and 2.5V LVDS signals.
Note the following:
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Figure 5.25: Comparison of LVPECL and LVDS logic signals.

Table 5.9: Logic Levels for LVPECL and LVDS Signals
Symbol

2.5V LVPECL

3.3V LVPECL

LVDS

Unit

VIL

0.76

1.76

1.15

V

VIH

1.16

2.16

1.35

V

VOL

0.88

1.68

0.95

V

VOH

1.43

2.43

1.65

V

VCM

0.96

1.96

1.25

V

VDMin

400

400

100

mV

VDMax

1000

1000

600

mV

VIL — Maximum allowed input voltage when switching from a logic high to a logic low.
VIH — Minimum allowed input voltage when switching from a logic low to a logic high.
VOL — Maximum guaranteed output voltage in the logic low state.
VOH — Minimum guaranteed output voltage in the logic high state.
VCM — Common mode voltage for differential logic signals.
VDMin — Minimum differential voltage swing required to transition between logic states.
VDMax — Maximum allowed differential voltage swing to transition between logic states.
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(b)

Figure 5.26: Performance of the SY55855 LVPECL to LVDS logic level translator
chip. (a) Driving a purely resistive load, and (b) Driving the FPGA’s input pins
(note rise time degradation due to capacitive loading by the FPGA inputs).

Figure 5.27: Resistive divider scheme to convert from LVPECL to LVDS logic
levels. Adapted from [115].
Source: P. Lee, “Interfacing between LVDS and ECL.”
© Semiconductor Components Industries, LLC. Used with Permission.

•

The LVPECL output differential voltage must be reduced to fall within the allowable limits
of the LVDS inputs.

•

The LVPECL output common mode voltage must also be reduced to a level compatible
with the LVDS inputs.

•

The logic thresholds for LVDS signals are very close together, making LVDS much more
tolerant to induced noise and crosstalk.
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Additionally, the open emitter output stages of the LVPECL signals must be terminated to VCC
– 2V; therefore the termination scheme must be incorporated into the translation network. One
option is the use of a special level translator chip, such as the Micrel SY55855, to convert between
the logic standards. These chips have two major drawbacks: (1) cost and (2) problems driving the
large capacitive load of the FPGA. In terms of cost, the Micrel parts were the least expensive at
$5.00 per IC, and each IC provided two level translator circuits. For the ﬁnal board using 8 ADCs,
the total cost added per receiver would be $320.00; the total cost added to fabricate 6 receivers
would be almost $2,000.00, which was deemed unacceptable. The performance of these chips
also failed to pass muster when driving the FPGA inputs. As a result of design constraints internal
to the FPGA [116], the inputs have a large body capacitance. The capacitive loading causes degradation in the signal rise time (which reduces the margin for error in the timing budget) as well
as some distortion in the signal (Figure 5.26). While the distortion fell within allowable limits,
the signal rise time of about 900 picoseconds was too great for the extremely tight timing budget
(see §5.5.4). Compounding the problem was the fact that the propagation delay through the chips
would not be equal, and would add to any skew already present on the data bus.
Fortunately, ON Semiconductor has provided an alternative to the level translator chip via a
simple resistive divider network capable of meeting all of the above requirements and is shown in
Figure 5.27 [115].
The equations governing the resistor values are:
R1 + R2 = RT

(5.18)

VCM (LVDS)
R2
_______
= ___________
R1 + R2
VCM (LVPECL)

(5.19)

Where
RT is the Thevenin Equivalent terminating resistance of the conversion scheme
[Ohms].
R1 is the series resistance in the terminating scheme [Ohms].
R2 is the parallel resistance in the terminating scheme [Ohms].
VCM (LVDS) is the common mode voltage for LVDS logic signals [Volts].
VCM (LVPECL) is the common mode voltage for LVPECL logic signals [Volts].
The appnote speciﬁes a value for RT of 150Ω, leading to the following values for R1 and R2:
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Figure 5.28: Hyperlynx simulation results for the resistive LVPECL to LVDS
conversion scheme.

R1 = 51Ω
R2 = 100Ω
To verify the operation of the translator circuit, a simple simulation was set up in Hyperlynx,
with the result shown in Figure 5.28. Note that ringing in the signals has been caused by the
introduction of a discontinuity into the transmission line (the resistive divider network), but the
ringing does not cause the LVDS signal to drop below VIL. Also, the signal rise time (which was
a problem for the SY55855 level translator chip) is only 400 picoseconds, which is fast enough to
meet the system timing budget.

5.5.2

Selecting a transmission line termination scheme

On the prototype receiver PCB, two types of signals traveled over controlled impedance transmission lines and had to be properly terminated: the -5V ECL clock signals and the LVDS data
signals. Selecting a termination scheme for the clock signals was fairly straightforward, however,
several options had to be explored to ﬁnd the optimal termination scheme for the LVDS signals.
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-5V ECL clock signal termination

The biggest problem when terminating transmission lines carrying and version of ECL signals
is the need to terminate the line to VCC – 2V to provide proper biasing of the ECL emitter coupled
output drivers. In the case of -5V ECL, the transmission lines need to be terminated to -2V. Three
ways of achieving this termination are shown in Figure 5.29 and are known as the Unterminated
Method, the Parallel Method, and the Thevenin Equivalent Method.
The Unterminated Method uses a single resistor located physically close to the driver output
and connected to ground in order to set the bias current. The exact value of RE is determined by
the characteristic impedance of the transmission line and the length of the line between the driver
and receiver IC, but is generally in the neighborhood of 330Ω [117]. The primary limitation of
the Unterminated Method is that it is restricted to driving transmission lines shorter than 250 mils
(0.25 inches). Using the Unterminated Method with longer transmission lines will result in signiﬁcant amounts of ringing and distortion (Figure 5.30a). Since all of the clock signal traces were
longer than 250 mils, the Unterminated Method was quickly rejected.
The Parallel Method uses a single resistor located at the end of the transmission line and connected to -2V. The value of the resistor is equal to the characteristic impedance of the transmission
line, and connecting it to -2V sets the bias current for the emitter coupled output stage. The Parallel
Method is essentially identical to standard transmission line termination schemes and is well suited
for handling high speed signals over long distances (Figure 5.30b). The biggest disadvantage is
the addition of another voltage supply (the -2V supply), which must be capable of both sourcing
and sinking current. Unfortunately, space constraints prevented the use of the Parallel Method on
the prototype receiver PCB.
The Thevinen Equivalent Method is functionally similar to the Parallel Method, but it uses a
resistive divider network to set the termination voltage and bias current, bypassing the need for an
additional power supply. The parallel combination of the two resistors is equal to the characteristic
impedance of the transmission line, and the resistor values are chosen to set the termination voltage at -2V. The value of the resistors is based on the characteristic impedance of the transmission
line as well as the VCC and VEE voltages of the system. Equations for determining the resistor
values are given below [117]:
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(a)

(b)

(c)
Figure 5.29: ECL termination techniques. (a) Unterminated method where a
source resistor is connected to VEE to provide proper ECL biasing, (b) Parallel
method where an end resistor is connected to VCC - 2V for proper transmission line
termination and ECL biasing, and (c) Thevenin equivalent method where a resistive
divider provides proper ECL biasing and transmission line termination.
Adapted from [117].
Source: High Performance ECL Data: ECLinPS and ECLinPS Lite.
© Semiconductor Components Industries, LLC. Used with Permission.
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(a)

(b)

(c)
Figure 5.30: Performance of the ECL termination techniques for a 1 inch long
microstrip transmission line. (a) Unterminated method, (b) Parallel method , and
(c) Thevenin equivalent method.
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)

R2 ( VCC - 2 )
R1 = ___________
VEE - ( VCC - 2 )

(5.20)
(5.21)

Where
VCC is the positive power supply of the ECL circuit [Volts]
VEE is the negative power supply of the ECL circuit [Volts]
Z0 is the characteristic impedance of the transmission lines used in the system
[Ohms]
R1 is the terminating resistor connected to VCC [Ohms].
R2 is the terminating resistor connected to VEE [Ohms].
The Thevenin Equivalent Method provides performance identical to the Parallel Method (Figure 5.30c). Additionally, the this method generates only a small increase in system complexity,
therefore, it was selected as the termination scheme for all -5V ECL signals.

5.5.2.2

LVDS Data Signal Termination

Proper termination of LVDS signals is to use a single resistor connected between the positive
and negative LVDS outputs. The value of the resistor is equal to twice the characteristic impedance of the transmission lines carrying the signals (2Z0). Because these signals were input to
the Virtex-II Pro FPGA, three termination options were available: Discrete Resistors, Digitally
Controlled Impedance (DCI), and on-chip Differential Termination.
The use of Discrete 100Ω resistors (where Z0 = 50Ω) is the simplest termination scheme for
the LVDS signals, however, it suffers from a couple of drawbacks. First, every differential pair
would require a terminating resistor, meaning that 32 resistors would have to be placed on the
prototype PCB, or a total of 128 on the full receiver PCB. The smallest practical sized resistor
is an 0402 package, which is just slightly larger than the ball-ball spacing of the FPGA package
(Figure 5.31). The size mismatch would severely restrict the pins available to handle signals
(a major problem since signals need to be densely packed to minimize skew), could potentially
cause routing and timing problems inside the FPGA [96], as well as increase crosstalk due to coupling between the resistors. Another problem is that signals must travel approximately 500 – 650
mils once entering the FPGA package before reaching the actual silicon IC, creating a signiﬁcant
transmission line stub when using a discrete resistor placed under the FPGA. As a result of these
problems, the Discrete Resistor method was rejected as a termination scheme.
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Figure 5.31: Relative size of an 0402 surface mount resistor and the Ball-Ball
spacing of the VirtexII-Pro FPGA.

Another termination option is to make use of the Virtex-II Pro’s Digitally Controlled Impedance (DCI) capabilities. The DCI scheme uses a couple of external reference resistors to adjust
the actual FPGA’s input impedance to match the two reference resistors [91]. DCI eliminates the
need for external resistors and provides termination at the exact end of the transmission line, two
major advantages over the Discrete Resistor scheme. Unfortunately, DCI as implemented on the
Virtex-II Pro suffers from several major problems [116]:
•

For LVDS signals, power consumption approaches 85 mW per LVDS signal pair, or a total
power consumption of 2.7 Watts for the prototype board or 10.8 Watts for the ﬁnal receiver
board.

•

The LVDS DCI input registers present a very large capacitive load to the transmission line,
creating large reﬂections and signiﬁcantly degrading signal quality at high speeds.

•

Under the right conditions, the value of the DCI controlled impedance can ﬂuctuate ±20%

These problems render the DCI termination scheme essentially unusable for the SDR receiver.
The ﬁnal termination option is to make use of a Virtex-II Pro equipped with an embedded Differential Termination resistor. This scheme makes use of a resistor located on the actual silicon die
which can be physically connected to the FPGA’s input registers by a simple software command.
Because these are physical resistors, they do not suffer from the same problems as the DCI termination scheme. The drawback is that the resistor values are ﬁxed when the FPGAs are fabricated,
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and the PCB is restricted to only using 50Ω transmission lines, which is not a problem for either
the prototype receiver or the ﬁnal receiver. As with the DCI scheme, the termination resistors are
located at the exact end of the transmission line. Because of its simplicity of implementation and
lack of apparent problems, the Differential Termination scheme was selected as the termination
scheme for the LVDS data signals input to the FPGA.

5.5.2.3

Special Cases

The receiver had two special cases of transmission lines that needed to be terminated which
did not fall into any of the above categories: the Fox Electronics RFV300 oscillator, and the ADC
clock input signals.
The RFV300 outputs 3.3V LVPECL clock signals which then had to be converted into -5V
ECL signals for distribution throughout the PCB. Because signal integrity of the clock signal
is so critical, it was decided not to use any kind of resistive divider (such as the one to convert
LVPECL to LVDS signal levels discussed in §5.5.1), as no matter how carefully these networks
are designed, they will add ringing, distortion, and degrade the signal rise time. On Semiconductor has published a circuit in [117] which allows any AC coupled signal to be converted into any
form of ECL logic using a simple MC10EL16 reciever/buffer, shown in Figure 5.32a. A simple
modiﬁcation of their circuit can be used to properly terminate the LVPECL clock signals (using the
Thevenin Equivalent scheme) AC couple the signal, and then convert it into -5V ECL logic (Figure
5.32b). Note that both the Thevenin Equivalent termination resistance, as well as the resistor at
the input to the MC10EL16 receiver is set at 100Ω. The reason is that as long as these resistors are
located physically close to each other on the PCB, the will appear to be in parallel, providing the
proper 50Ω termination for the transmission line.
To determine the degradation in signal integrity due to the conversion technique, a simple
Hyperlynx simulation was performed. Figure 5.33a shows the clock signal at the input to the
MC10EL16 receiver using the ideal Thevenin Equivalent termination (with the implicit assumption that clock distribution is performed in LVPECL logic) and Figure 5.33b shows the clock
signal using the modiﬁed termination scheme described above.
Terminating the ADC input clock signal presented another challenge. The MAX104 ADC
contains two built-in 50Ω resistors connected from the positive and negative clock inputs to a
clock common pin [98]. The on-board resistor in the MAX104 serves two purposes. First, it provides a terminating resistor at the precise end of the transmission line, an important issue discussed
above. Second, it allows the ADC to accept several different kinds of clock signals — such as a
simple sine wave, PECL, LVPECL, ECL, and so forth. The drawback is that for logic standards
that require a non-zero terminating voltage (basically any of the XECL ﬂavors); the terminating
voltage must be supplied externally. As discussed above, it was decided to use the Thevenin
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(a)

(b)
Figure 5.32: ECL conversion schemes. (a) Circuit which allows any AC coupled
signal to be converted into ECL levels (adated from [117]), (b) Modiﬁcation of the
circuit in (a) for use with the FOX oscillator.
Source: High Performance ECL Data: ECLinPS and ECLinPS Lite.
© Semiconductor Components Industries, LLC. Used with Permission.

(a)
(b)
Figure 5.33: Evaluation of the FOX oscillator clock signal termination scheme.
(a) Clock signal when using the ideal Thevenin Equivalent termination scheme, and
(b) Clock signal using the circuit in Figure 4.32b.
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Figure 5.34: Termination scheme for the ADC clock signals.

Equivalent termination scheme on all clock signals, to avoid adding another power supply. Since
the terminating resistor was on-board the ADC, the Thevenin Equivalent method could not be applied to the clock signals input to the ADC.
As an alternative to adding another power supply, a properly designed and bypassed resistive
divider network could potentially serve as a stable terminating voltage reference. A schematic of
such a network is shown in Figure 5.34.
The circuit in Figure 5.34 operates under the assumption that the positive and negative clock
signals (Q+ and Q-) are precisely 180º out of phase – which leads to the requirement that the two
transmission lines (TL1 and TL2) must have lengths that are precisely matched. Under that condition, then the CLKCOM pin will become a virtual AC ground, and no current will ﬂow through the
pin. Therefore, a simple resistive divider (R1 and R2) can be used to set the proper ECL terminating
voltage of -2V at the CLKCOM pin without disturbing the termination of the clock transmission
lines.
In reality, it is impossible to have the positive and negative clock signals exactly 180º out of
phase, as phase shifts may be introduced by non-ideal elements in the driver IC, slight differences
in the length of the two transmission lines, as well as propagation delay variation of the transmission lines caused by environmental factors (non-uniformity of the PCB substrate, temperature,
moisture, etc. [100, 111]). The mismatch may be partially compensated for by setting the divider
current to be at least equal to or greater than the current ﬂowing through the 50Ω terminating resistors, and by the addition of a bypass capacitor at the CLKCOM pin.
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Because ECL logic has a 1V difference between high and low states, the maximum amount of
current that ﬂows through the 50Ω OHM terminating resistors is 20 mA. A value of 25 mA was
selected for the divider current, which leads to the following resistor values:
R1 = 80.6Ω
R2 = 120Ω
The power dissipated by the resistors is equal to I2R, which amounts to approximately 1/16
Watts for the 80Ω resistor and 1/8 Watts for the 120Ω resistor, meaning that an 0805 size package
would have to be used. A 0.1 μF capacitor (identical to the ones used in the PDS discussed in
§5.2.2) provided an AC path to ground.
To verify operation of the circuit, simulations were run in Hyperlynx for several different phase
shift/skew between the positive and negative components (CLK+ and CLK-) of the clock signal.
Results are shown in Figure 5.35 for a 1 GHz clock signal, which shows that even a considerable
amount of phase shift has a relatively minor impact on the clock signal. While the resistive divider
termination scheme is less than ideal, it does do the job of providing the appropriate ECL termination voltage, maintaining adequate signal integrity while eliminating the need to add another
voltage source to the board.

5.5.3

Analyzing crosstalk on the bus and its impact on the
signals

The ADC-FPGA data bus has a large number of very densely packed signals, making it opportune for crosstalk problems. As seen in §5.3.1, signals routed on either the top or bottom layer
are most susceptible to crosstalk problems. Unfortunately, in order to minimize skew across the
data bus (see §5.5.4), a number of signals in the data bus had to be routed on the top layer in close
proximity, as seen in Figure 5.36.
Looking closer at Figure 5.36, the signal that will experience the most crosstalk is the one in
the middle of all the traces on the top layer, which happens to be the A0 data signal for ADC1 and
the P7 data signal for ADC2 (both are highlighted in the ﬁgure). A Hyperlynx Boardsim simulation was set up to evaluate the amount of crosstalk coupled into the A0 and P7 data signals by
all other ADC-FPGA data bus signals routed on the top layer. For the simulation, the A0 and P7
signals were ﬁxed at a logic 0 level, and the other data signals were allowed to run at a frequency
of 250 MHz (corresponding to the maximum output data rate)1. Simulation results are shown in
Figure 5.37.
Figure 5.37 demonstrates that the crosstalk induced on the A0 and P7 data traces is less than
5 mV peak-peak for both the individual traces that make up the differential pair as well as the dif1

Data only transitions once per DREADY clock cycle or at one fourth of the ADC input clock frequency.
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(a)

(b)

(c)
Figure 5.35: Clock signal at the input to the ADC using the termination scheme
shown in Figure 4.34. (a) Waveform with no skew between the positive and negative
clock signals (i.e., both positive and negative signals arrive at the ADC at exactly the
same time), (b) Waveform with 25 ps skew between the positive and negative clock
signals, and (c) Waveform with 50 ps skew between the positive and negative clock
signals.
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(a)

(a)
Figure 5.36: Top Layer PCB layout for the ADC-to-FPGA data bus. (a) ADC1 (the
A0 differential data signal receives the most crosstalk noise from other signals on the
bus), and (b) ADC2 (the P7 differential data signal receives the most crosstalk noise
from other signals on the bus).
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(a)

(b)
Figure 5.37: Simulated crosstalk on the ADC-to-FPGA data bus. (a) Crosstalk
measured on the A0 signal on the ADC1-FPGA data bus, and (b) Crosstalk
measured on the P7 signal on the ADC2-FPGA data bus.

ferential signal. Worth noting is that the amount of crosstalk induced in each single ended signal
(A0+, A0-, P7+, and P7-) is not equal. The inequality is due to the fact that the single ended traces
are at slightly different separation distances from the aggressor signals and will experience slightly
different amounts of induced crosstalk.
The FPGA’s LVDS25_DT input block requires LVDS logic signals to have a minimum of 100
mV of differential voltage in order to be properly latched into the FPGA [91]. The LVPECL-toLVDS translation network (§5.5.1) generates signals with a differential voltage of approximately
500 mV. Allocating 10% of the difference between the minimum required differential voltage and
the output of the translation network to crosstalk [93] means the maximum permissible crosstalk is
40 mV peak-peak in the differential signal. At 5 mV peak-peak induced crosstalk, the ADC-FPGA
busses are well within the allowable margin.
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Figure 5.38: A generic timing diagram to illustrate the terminology used in a timing
analysis.

5.5.4

Timing Analysis

The MAX104 ADCs have an integrated demultiplexer that produces samples on a primary and
auxiliary bus, each operating at half the sampling frequency (i.e. 500 MHz). The ADC also asserts
a data ready (DREADY) signal, which is synchronous with the data signals. To input data at such
high speeds, the FPGA uses Double Data Rate (DDR) Registers operating at half the DREADY
frequency (i.e., 250 MHz). Even though the use of DDR registers relaxes the clock requirement,
the data only remains stable for 2 nanoseconds and must be latched into the FPGA within this time
frame.
In §3.4.3, a preliminary timing analysis was performed to ensure that sufﬁcient time would
be available for the FPGA to latch in data bits. This section will expand that analysis in greater
detail and use simulated – rather than estimated – performance numbers. First, a few terms must
be deﬁned (refer to Figure 5.38):

5.5.4.1

Setup and Hold Time

The FPGA datasheet reports that the VirtexII-Pro FPGA, -6 Speed grade has a setup time of
0.86 nanoseconds and a hold time of -0.63 nanoseconds [91]. The negative value for Thld means
that the hold time can be folded into the setup time, and the timing diagram for the FPGA looks
like Figure 5.39.
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Figure 5.39: The timing diagram speciﬁc to the Xilinx VirtexII-Pro FPGA.

Figure 5.40: Close-up view of a Hyperlynx simulated ADC data bus signal
illustrating the rise time of the signal (signal was measured at the input to the
FPGA).

5.5.4.2

Signal Rise Time

In §3.4.3, rise times for the data signals were estimated at 100 ps. Hyperlynx simulation
results, however, indicated that the actual rise times would be on the order of 400 picoseconds
(Figure 5.40). The data signals do, however, remain above the logic decision threshold (VIH/VIL)
once they cross the threshold. Therefore, only the amount of time required for the signal to actually cross the threshold need be included in the timing analysis—an amount equal to about 200
picoseconds.
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Figure 5.41: Close-up view of the Hyperlynx Boardsim simulated skew on the ADCto-FPGA Data Bus (ﬁgure shows only the positive signals in the differential pair).

5.5.4.3

Skew and Jitter

Skew across the ADC-FPGA data bus is a combination of the skew between the individual
outputs on the ADC chip (due to differences in the propagation delay that each data signal experiences internal to the ADC) as well as the propagation delay differences these signals experience
when traveling on different PCB traces. Minimizing skew on the data bus takes advantage of the
Setup Time (tsu) — The amount of time before the rising edge of the clock signal that a
data signal must remain stable in order to be correctly read.
Hold Time (thld) — The amount of time after the rising edge of the clock signal that a data
signal must remain stable in order to be correctly read.
Rise Time (tr) — The time required for a signal to transition from 10% of its ﬁnal, stable
value to 90% of its ﬁnal, stable value.
Skew (tsk) — The difference in propagation delays of data signals that must traverse different traces on the PCB.
Jitter (tj) — The instantaneous variations in the precise timing of the rising edge of the
clock signal.
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fact that microstrip traces have a faster propagation velocity than stripline traces [93, 111]. To
minimize skew on the data bus, signals which had to travel longer physical differences were routed
on the top layer, and signals which had to travel shorter physical distances were routed on the inner
layers. The resulting layout was then simulated in Hyperlynx Boardsim. As shown in Figure 5.41,
the data bus exhibits a maximum skew of only 200 picoseconds, which is slightly greater than the
100 picoseconds estimated in §3.4.3.
Clock jitter is another important factor which cuts into the overall system timing budget. In
§3.6.2.4, the total clock jitter was estimated at 6ps RMS. While the clock jitter is very small relative to the other parameters in the timing budget, it should be included in the timing budget for the
sake of completeness and accuracy.

5.5.4.4

Other Considerations

DREADY to DATA Propagation Delay
As mentioned above, because the DREADY signal is synchronous with the ADC data outputs,
the FPGA uses the DREADY signal as a reference input for its internal Digital Clock Manager
(DCM). The DCM clocks are then routed over the FPGAs global low-skew clock network, so that
all ADC data signals are latched in at exactly the same time.
The problem with the DREADY signal is that the precise timing of its rising edge can vary
from 50 picoseconds before the rising edge of a data transition to as much as 350 picoseconds
after the rising edge of a data bit transition (called the DREADY to DATA propagation delay in the
datasheet) [98]. According to Maxim engineers, the DREADY to DATA propagation delay will
be ﬁxed for a given ADC, but it will vary among ADCs in the TI-Sampling array and may change
somewhat every time the ADC is powered on [96, 91]. Therefore, the delay must be treated as a
ﬁxed but unknown quantity that is different for every ADC. To compensate for the unknown timing inside the FPGA, each ADC will utilize a separate DCM, referenced to that particular ADCs
DREADY signal. Since the timing offset is ﬁxed for a given ADC, the phase shift feature of the
DCM can be used to ﬁne tune the timing of the clock signal for the FPGAs input registers. Since
precise control over the clock phase is required, each ADC clock uses a different DCM, and the
exact phase shift will be determined experimentally.
DCM Granularity and Jitter
The VirtexII-Pro DCMs are capable of ﬁne-tuning the phase of a clock signal to within 1/256
of a clock period [91]. To operate the DDR registers, each DCM generates two 250 MHz clock
signals which are 180° out of phase (Clk0 and Clk180). The granularity limitations of the DCM
phase shift means that the DCM can only adjust the clock signals in increments of 15.625 picoseconds.
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Jitter is another limitation of the DCMs. The VirtexII-Pro datasheet speciﬁes a worst case
jitter on the Clk0 signal of ±100 picoseconds and ±200 picoseconds on the Clk180 signal. Because
both of these dwarf the expected DREADY jitter of 6 picoseconds, only the ±200 picosecond
worst-case jitter need be included in the timing budget.
DCM Skew
Inside the FPGA, the DCM clock signal must be routed to every single input register over the
VirtexII-Pro’s global clock network. Even though the global clock network is highly optimized for
clock distribution, it will exhibit some skew, due to minor variations in trace lengths/propagation
delay from one input register to another. The exact value of the skew is impossible to predict, but
simulations indicate a reasonable estimate would be 200 picoseconds [96].

5.5.4.5

Overall Timing Budget

Taking into consideration all of the above factors, a detailed timing budget for the ADC-FPGA
interface is given in Table 5.10. Note the addition of a 10% timing margin to account for minor
part-part variations, variations in environmental conditions (temperature, humidity, etc), and nonuniformities across the board, etc. Note also that the negative hold time does not enter into the
timing budget calculations. The reason is that with a negative hold time of 0.63 nanoseconds, if
the signal meets the 0.86 nanosecond setup time it will, by deﬁnition, meet the hold time requirements as well (See Figure 5.39).
With each ADC running at a 1 GHz sampling frequency, the FPGA has a total of 2 nanoseconds to latch in the input data. The timing budget shows that data can be latched in approximately
1.84 nanoseconds, leaving a 0.16 nanosecond margin of error.

5.6

Off-Board Interface

Several off-board interfaces provide a means for the prototype receiver to communicate with
the outside world. A JTAG (Joint Test Action Group) interface is used to conﬁgure and program
the FPGA. A set of 44 test pins provide a way to examine the internal operations of the FPGA in
real time, providing an important debugging tool. Finally, an RS-232 and USB interface is used to
communicate with the FPGA and to transmit data to a host computer.
For all off-board interfaces, 2.5V LVCMOS was selected as the logic standard, as it was compatible with all peripheral interface devices. The FPGA, however, can utilize several different
ﬂavors of 2.5V LVCMOS, which differ in their drive strength (the amount of current the output
buffer can source and sink) and rise time (which can be set to fast or slow).

2

The internal registers of the FPGA are operating at a clock frequency of 100 MHz. To observe their operation in real time, the selected
LVCMOS ﬂavor interfacing with the test pins must also be able to operate at a clock frequency of 100 MHz. All other interfaces operate at a
slower clock frequency, and therefore if the selected LVCMOS ﬂavor operates properly for the test pin interface, it will be acceptable for all
other interfaces on the board.
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Table 5.10: ADC-to-FPGA Data Bus Timing Budget Analysis
Symbol

Description

Value

tr

Signal Rise Time

200 ps *

tsu

Setup Time

860 ps

thld

Hold Time

-630 ps **

tskw

ADC Bus Skew

200 ps

tDCM

DCM Granularity

15 ps

tDCMskw

DCM Skew

200 ps

tjDCM

DCM Jitter

200 ps †

Subtotal

1675 ps
10% Timing Margin

Grand Total
*

160 ps

1835 ps

This value is not the 10% - 90% rise time, rather, it is the time required for the signal to
transition between the logic low state and the VIH threshold.

**

Because the hold time is negative with respect to the rising edge of the clock signal, it does
not enter into the timing budget calculations. If the signal meets the setup time then, by
deﬁnition, it meets the hold time.

†

The jitter included in the timing budget is the worst case value reported for the DCM
Clk180 signal.

Several simulations were performed in Hyperlynx, to determine how well each LVCMOS
ﬂavor met two primary requirements: minimal ringing of the signal and the ability to run at a 100
MHz clock frequency (i.e., one logic level transition every 10 nanoseconds)2.
Simulations were run for several different drive strengths ranging from the minimum 2 mA up
to the maximum 24 mA, with each drive strength simulated twice: once for a slow rise time and
once for a fast rise time. Selected results are shown in Figure 5.42. As can be seen from the ﬁgure,
fast rise times resulted in an unacceptable amount of ringing and/or distortion on the waveform.
Drive strengths of 4 mA or less resulted in extremely long rise times, while drive strengths of 10
mA or greater generated a tremendous amount of ringing. To minimize power consumption in
the FPGA, Xilinx recommends selecting the minimum drive strength necessary to meet the signal
integrity requirements [91]. Therefore, the 6 mA drive strength, slow rise time LVCMOS logic
standard was selected.
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(a)

(a)

(a)

(a)

(a)
(a)
Figure 5.42: Performance evaluation of 2.5V LVCMOS at several different drive
strengths for both slow and fast rise times. All signals are transmitted through a
75Ω transmission Line and terminated with a 4.7 kΩ resistor to VCC.
(a) 4 mA Drive, (b) 6 mA Drive, (c) 8 mA Drive, (d) 12 mA Drive, (e) 16 mA Drive,
and (f) 24 mA Drive.
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JTAG and Test Pins Interface

Of the available FPGA programming/conﬁguration options, the JTAG interface is probably the
simplest and easiest to implement. The JTAG interface is a simple 4-wire interface which allows
the FPGA to be conﬁgured using the Boundary Scan (IEEE 1532) mode [91]. These four pins
are:
TDI — Test Data In
TDO — Test Data Out
TMS — Test Mode Select
TCK — Test Clock
All JTAG pins utilize 2.5V/3.3V LVTTL logic signals, and must have pull-up resistors to
properly bias the transistors [91]. On the prototype receiver PCB, all of these signals have been
brought out to a special 14-pin header (J14) which interfaces with a host computer. A thorough
discussion of FPGA conﬁguration using the JTAG interface is beyond the scope of this dissertation, however, the interested reader may refer to [91].
The test pins provide a means of examining the internal operation of the FPGA for debugging
purposes. A minimum of 32 pins were required to be able to examine the data stored in the FPGA’s
BRAMs, as the BRAMs store data in 32 bit words [96]. Also, it was desired to access at least two
of the Global Clock Pins, so that the internal operation of the DCM could be observed. Because
the FPGA was operating near its performance limits [96], it was desired to implement as many test
pins as practical, given space, routing, and signal integrity constraints. In particular, it was desired
to be able to access the BRAM memory plus at least one of the internal 8 bit registers (all of the
other FPGA registers operate on 8 bit numbers, since that is the resolution provided by the ADCs).
After a signiﬁcant amount of trial and error, a total of 44 test pins were implemented on J20-J23,
along with 2 Global Clock Output pins on J14.

5.6.2

RS-232 Interface

The RS-232 interface provides an extremely simple method for the FPGA to communicate
with a host PC or another receiver at a low data rates (less than 115 kbps). In particular, the RS232 interface will be used for two primary tasks: communicating with the embedded PowerPC
processor, and communicating between receivers. Additionally, the RS-232 interface provides a
backup for the USB interface for transmitting data to a host PC.
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Physical Interface

The basic RS-232 interface, as implemented on the prototype receiver, consists of two data
lines and two control lines, listed below:
TXD — Transmit Data
RXD — Receive Data
CTS — Clear to Send
RTS — Ready to Send
Because RS-232 signals are antipodal +/- 25V logic signals, a Maxim IC MAX3388 interface
chip had to be included on the receiver PCB to convert from the 2.5V LVCMOS to RS-232 signal
levels. The MAX3388 is only set up for asynchronous communication; therefore, a UART (Universal Asynchronous Receiver/Transmitter) had to be included in the FPGA conﬁguration. The
UART essentially provides a buffer for incoming/outgoing data, allowing for either software ﬂow
control (by transmitting Xon/Xoff signals) or hardware ﬂow control (via RTS/CTS control lines).

5.6.2.2

Operation

As mentioned above, the RS-232 interface has two primary functions. The ﬁrst is to provide
a simple means of communicating with one or both of the FPGA’s PowerPC processors. The RS232 interface is a simple means of issuing commands to the processor, monitoring the operation of
the processor, and monitoring the status of the receiver as a whole.
The RS-232 interface also provides a means for two receivers to communicate and exchange
basic information. Because the prototype receiver lacks an RF front end, acknowledge/no acknowledge signals (used during acquisition and synchronization) must be transmitted via the RS232 link. Additionally, for Distributed MIMO (D-MIMO) systems, the RS-232 interface provides
a means for two or more nodes to synchronize low-data rate transmissions.

5.6.3

USB Interface

A USB 2.0 interface provides a high speed (480 Mbps) link to a host computer, allowing the
UWB communication system to stream data at its target rate of 100 Mbps. For the hardware interface, a Cypress Semiconductor CY7C68001 chip provides a physical interface between the FPGA
and the USB bus. Inside the FPGA, a microprocessor emulator handles the operation of the link
layer, and a detailed discussion of its design and operation is contained in [96]. Communication
between the CY7C68001 and the FPGA is handled on the FPGA-USB data bus.
The FPGA-USB data bus consists of 31 signals — 16 data signals and 15 control signals and
operates asynchronous communication between the FPGA and CY7C68001. As a result of the
asynchronous mode of operation, the bus signals can operate at up to a 48 MHz clock frequency
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Figure 5.43: Bottom Layer PCB layout for the FPGA-to-Cypress USB interface
chip.

Figure 5.44: Simulated crosstalk on the FPGA-to-USB data bus. crosstalk was
measured on the D11 data signal.

[118]. As with the ADC-FPGA data bus, signals are routed in very close proximity and may be
subject to crosstalk—luckily though, the LVCMOS logic standard is much more tolerant of noise
and crosstalk than the LVPECL/LVDS logic standards.
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Crosstalk on the FPGA-USB Data Bus
The FPGA-USB data bus has a large number of very densely packed signals, routed on layers
3, 8, and 10. As discussed in §5.3.1, the signals routed on the bottom layer will experience the
most crosstalk. Figure 5.43 shows the FPGA-USB data signals routed on the bottom layer of the
PCB; looking closer at the ﬁgure, the signal that will experience the most crosstalk is the D11
signal (highlighted in the ﬁgure).
A Hyperlynx Boardsim simulation was set up to evaluate the amount of crosstalk coupled
into the D11 signals by all other FPGA-USB data bus signals routed on the bottom layer. For the
simulation, the D11 signal was ﬁxed at a logic 0 level, and the other data signals were allowed
to run at a frequency of 24 MHz (corresponding to the maximum output data rate)3. Simulation
results are shown in Figure 5.44, and indicate that the crosstalk induced on the D11 data trace is
approximately 30 mV peak-peak.
The LVCMOS logic signals input to the CY7C68001 USB chip are required to have a minimum voltage level of 2.1 V in order to be properly read as a logic high (i.e. VIL equals 2.1V). The
FPGA outputs an LVCMOS signal with an amplitude of approximately 2.5V, therefore, the logic
signal can tolerate a maximum of 400 mV of noise. Allocating 10% of the difference between
the minimum required differential voltage and the output of the translation network to crosstalk
[93] means the maximum permissible crosstalk is 40 mV peak-peak, thus at 30mV peak-peak, the
FPGA-USB data bus signals are within the allowable crosstalk noise margin.

5.7

Prototype Receiver Evaluation

The goal in creating this prototype receiver was to test and validate the underlying approach
being used to develop the advanced SDR receiver. In particular, it was extremely important to investigate the operation of components on the PCB at high clock frequencies (1 GHz for the ADCs,
and up to 250 MHz for the FPGA), along with veriﬁying that COTS components could be used to
precisely control the ADC clock distribution network, without signiﬁcantly degrading the SNR or
dynamic range of the receiver. Several minor design errors were noted and are listed below:

3

Data only transitions once per clock cycle or half the clock frequency.
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Figure 5.45: Insufﬁcient soldermask (indicated by the arrow) between component
pads and vias led to solder ﬂowing into via drill holes and solder joint bridging and
starvation.

•

Insufﬁcent solder mask between pads and vias resulted in solder ﬂowing into the via hole,
resulting in solder joint bridging and starvation (illustrated in Figure 5.45).

•

Incorrect resistors were used on the ADC Reset and FPGA trigger pushbutton switches.
The result was a trigger signal that did not cross the VIH logic level.

•

Incorrect terminating resistors were used for the 3.3V LVPECL signals. The installed
resistors did not provide a 1.3V terminating reference voltage. The problem was solved by
simply switching the pullup and pulldown resistors.

•

The ADC internal reference voltage output REFOUT was not connected to the appropriate
reference voltage input, REFIN, effectively minimizing the ADC’s analog dynamic range
(this problem is described in detail in §5.7.3.1).

•

Operating the MC10E195 programmable delay chips with a NECL clock signal requires
NECL control signals (as opposed to LVCMOS control signals).

•

The ADCs must reset synchronously, rather than in sequence.

With the exception of the ADC reference voltage, all of the above design errors were correctable for both the prototype receiver and the ﬁnal system, although the ADC reference voltage
problem did limit the performance of the prototype receiver. The results presented in the following
section outlines the methodology used to evaluate the prototype receiver board and conﬁrms that
Time-Interleaved sampling of UWB pulses via COTS components is feasible.
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Figure 5.46: Blinking lights veriﬁed that the FPGA was able to be programmed
properly and it was able to execute a bitstream (from [97]).

5.7.1

FPGA Conﬁguration and Operation

To verify that the JTAG interface was connected properly to the FPGA, a simple FPGA bitstream was created and downloaded via Xilinx’s iMPACT software and a Parallel IV cable. The
bistream used a single-ended LVCMOS clock signal from the extra Global Clock pins located on
J14 as an input to one of the FPGA’s Digital Clock Managers (DCMs). The clock was driven by
an external off-board oscillator ﬁrst at a frequency of 25 MHz, and then at 100 MHz. The downloaded bitstream divided down the clock signal and ﬂashed eight of the LEDs on the prototype
receiver PCB in a speciﬁc pattern. A reset signal from the Trigger pushbutton switch (S2) was used
to reset the DCM as well as the ﬂashing light pattern. Observation of the blinking LEDs (shown
in Figure 5.46) veriﬁed that the following components were operating properly:
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•

JTAG based FPGA conﬁguration was successful and the FPGA operated as designed.

•

The correct power supply voltages were connected to the correct FPGA pins.

•

The FPGA Digital Clock Manager (DCM) was able to lock onto the input Global Clock
signal.

•

Pressing the Trigger pushbutton was able to trigger the user global reset for the FPGA.

•

No solder joint bridging between the FPGA pins connected to power, ground, or signals
used by the bitstream.

As a secondary test of the DCMs, the blinking lights bitstream was regenerated to run off the
ADC DREADY output signal. The ADC input clock was slowly ramped up from 25 MHz to the
maximum of 1 GHz. Testing the DCMs at the maximum frequency was a critically important
stage, as a higher potential for signal integrity problems exists for higher clock frequencies. In
addition to the blinking lights, the DCM’s lock signals were driven to external LEDs. The DCMs
were able to lock onto the ADC’s DREADY signal at all frequencies, meaning that the DREADY
signal met all of the minimum timing and signal integrity requirements required by the DCMs.

5.7.2

Power Distribution System

As discussed in §5.2, the primary function of the PDS is to meet all the static and transient
current demands of all the IC’s on the PCB. On the prototype receiver, three PDSs contained a
signiﬁcant number of potential SSOs: the 1.5V FPGA core PDS, the 2.5V FPGA I/O PDS, and the
3.3V ADC output PDS. Each of these PDS’s had a special connector so that a spectrum analyzer
could observe the frequency response of the PDS. Large spikes in the spectrum indicate an unmet
current demand at that particular frequency. The PDS’s were tested with a 1 GHz square wave
input to the ADCs (which maximized the number of SSOs on the ADC outputs), and the ADC
clock inputs to the FPGA running at 500 MHz, along with an external Global Clock signal of 100
MHz.

5.7.2.1

1.5V PDS

The frequency spectrum for the 1.5V PDS is shown in Figure 5.47a The ﬁgure shows a number of prominent spikes in the frequency range of 20 MHz – 300 MHz, with a few isolated spikes
with lower amplitudes, the largest of which is at 600 MHz (which happens to be a harmonic of
both the 100 MHz Global Clock input and the 300 MHz PowerPC clock). The amplitude of the
spikes ranges from about -80 dBm to a maximum of -50 dBm at 100 MHz. The spike at -50 dBm
tranlates into a 2 mV peak-peak transient SSO noise signal, well within the PDS requirements
detailed in §5.2. Looking at the PDS in the time domain, the total SSO noise has a maximum range
of 10 mV peak-peak, which, again, is well within the PDS requirements.
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(a)

(b)

(c)
Figure 5.47: Measured frequency spectrum for three important PDSs on the
Prototype Receiver Board (from [97]).
(a) 1.5V PDS, (b) 2.5V PDS, and (c) 3.3V PDS
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2.5V PDS

The frequency spectrum for the 2.5V PDS is shown in Figure 5.47b. The ﬁgure shows several
discrete spikes between 100 MHz and 415 MHz, along with an isolated spike at 1 GHz. Amplitudes range from -80 dBm to a maximum of -58 dBm at 1 GHz. As with the 1.5V PDS, the SSO
noise at any individual frequency is signiﬁcantly less than 2 mV peak-peak, and the total SSO
noise is less than 8 mV peak-peak.

5.7.2.3

3.3V PDS

The frequency spectrum for the 3.3V PDS is shown in Figure 5.47c. The ﬁgure shows a
discrete spike at 100 MHz, a group of spikes from 250 MHz – 330 MHz, and a single spike at 1
GHz. Amplitudes range from -77 dBm to a maximum of -55 dBm at 1 GHz. As with the other
PDS’s, these levels represent transient voltage drops of less than 1 mV, and a total SSO noise of
15 mV peak-peak.
The 1 GHz spike that occurs in both the 3.3V and 2.5V PDS, while not strong enough to cause
signal integrity problems in the prototype receiver, does indicate a potential deﬁciency in the PDS
design at higher frequencies, which will be corrected in the ﬁnal design.

5.7.3

FPGA Data Capture

Evaluating the ability of the FPGA to successfully capture ADC samples was broken into
3 stages: Individual ADC with DC Inputs, Individual ADC with Sinusoidal Inputs, and Time
Interleaved ADCs with Sinusoidal and UWB Inputs. Breaking the evaluation into three stages
allowd for the veriﬁcation that the ADCs were operating properly, that all of the FPGA hardware
was performing as expected at the maximum clock frequency, and ﬁnally that the de-interleaving
routine operated properly.
Figure 5.48 is a block diagram of the FPGA that does not include the de-interleaving routine
(used in the Individual ADC evaluation stages), and Figure 5.49 is a block diagram of the FPGA
with sample de-interleaving performed by the PowerPC processor. In both cases. the ADC sample
values are read into the FPGA’s internal Block RAM (BRAM) memory. The BRAMs have two access ports, Port A is running off the ADC DREADY signal, and Port B runs off the Processor Local
Bus (PLB) clock. The dual-port architecture allows the FPGA to use independent clocks for data
read and write operations: ADC DREADY for the write operation and the PLB clock for the read
operation. Once the BRAMs are full, the embedded PowerPC processor extracts the data from the
BRAMS and streams it to an external desktop or laptop computer via the RS-232 interface. In the
case where de-interleaving is desired, a synchronizer is added to the sample values latched in from
ADC1, to avoid metastability isses, and is further discussed in §5.7.3.2 below.
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Figure 5.48: Block diagram of FPGA data capture without ADC sample deinterleaving (from [97]).

Figure 5.49: Block diagram of FPGA data capture with ADC sample de-interleaving
(from [97]).
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(a)

Figure 5.50: Results of ADC offset calibration, with the ADC inputs shorted to
ground. Note that the signal generated by ADC#1 is slightly noiser than the one
generated by ADC#2 (from [97]). (a) Output of ADC#1, and (b) Output of ADC#2.

5.7.3.1

Individual ADC with DC Inputs

The ﬁrst step in verifying the data capture infrastructure was to determine if the FPGA could
successfully latch in data from the ADC outputs. A bitstream was generated that read in ADC
sample values and stored them in the FPGA BRAMs. Data capture was initiated by pressing the
Trigger pushbutton switch. Once the BRAMs are full, the PowerPC outputs the data to the host
PC using the RS-232 interface. A precision DC power supply was connected to the UWB IN input
on the prototype reciever (connector J6), which was set equal to either the maximum or minimum
allowed analog input voltage (+250 mV for the maximum, -250 mV for the minimum). The resulting output should have been either an all “1’s” code or an all “0’s” code for their respective cases.
During testing, it was observed that the ADC overrange output was being asserted, meaning that
the analog input was being overdriven. The overrange bit remained high until the input voltage
was reduced to ±63 mV, which was not the expected behavior for the ADC. After consulting with
MAX104 datasheets and Maxim application engineers, it was discovered that in the prototype
receiver’s design, the ADC’s internal bandgap reference pin, REFIN, was inadvertently left ﬂoating. Not connecting the REFIN pin resulted in minimization of the ADC analog input range,
however, the functionality of the ADC remained essentially unchanged.
The next step was to perform an ADC offset calibration. As discussed in Chapter 4, the
MAX104 ADC’s provide a mechanism for matching the ADC offsets in a Time-Interleaved Sampling array. On the prototype receiver, a variable resistor (R27 for ADC#1 and R39 for ADC#2)
are used to adjust the DC offset on the analog side of the ADC. The MAX104 has an adjustment
range of ±5.5 Least Signiﬁcant Bits (LSBs). Calibration involved inputting a ﬁxed DC voltage and
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matching the ADC output codes by adjusting the variable resistors. Figure 5.50 shows the result of
ADC offset calibration. Note that the output from ADC#1 is slightly noisier than ADC#1, which is
probably the result of two factors: its closer proximity to the VRM modules (which are generating
EMI) compounded by REFOUT not being connected to REFIN.

5.7.3.2

Individual ADC with Sinusoidal Inputs

Each of the ADC’s output data that is synchronous with their respective clock signals. In the
TI Sampling architecture, the clock signals are intentionally out of phase, hence each ADC output
must be latched into the FPGA using its respective clock signal. Inside the FPGA, the single
BRAM controller can be driven by either of the ADC clock signals. To test the individual ADC
data capture, two different bitstreams were generated: one to read in data only from ADC#1 (as
illustrated in Figure 5.48), and a second to read in data only from ADC#2 (Represented by the
dotted line in Figure 5.48). Using separate bistreams for each ADC avoided metastability issues
that would have occurred if the controller, running off ADC#1’s clock, attempted to latch in data
from ADC#2, or vice-versa. The individual ADC sampling clocks were driven by an Agilent
ESG-D3000A signal generator operating at 500 MHz, and a 12 MHz signal was input to the
receiver’s UWB IN input. The captured data was transmitted to the host PC and saved to a ﬁle.
The waveforms and their spectrums were reconstructed using a MATLAB routine, and are shown
in Figures 5.51 and 5.52.

5.7.3.3

Time Interleaved ADCs with Sinusoidal and UWB Inputs

As discussed above, metastability issues arise when the controller tries to read in ADC#1’s
output data when running on ADC#2’s clock. To avoid metastability, a synchronizer is used to
move data safely across clock domains, as illustrated in Figure 5.49.
A C routine written for the embedded PowerPC processor de-interleaves the data while reading it from the BRAMs. To test the operation of the de-interleaving routine, several CW tones
were input to the UWB In input of the receiver. For the ﬁrst round of testing, the individual ADC
clocks were driven from an Agilent ESG-D3000A signal generator at a frequency of 500 MHz.
The programmable clock delay chips for the ADCs were adjusted to provide an effective sampling
frequency of 1 GHz. The waveforms and their spectrums were reconstructed with a MATLAB
routine, and one example is shown below in Figure 5.53. In the ﬁgures, note that several spurious signals are present, the strongest of which occur at 250 MHz and at fc – fin (where fc is the
ADC clock signal and fin is the frequency of the input signal). These spurs are caused by slightly
mismatched delays, as well as clock jitter present on the output of the Agilent signal generator.
Nevertheless, the dynamic range of the receiver is approximately 35 dB.
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(a)

Figure 5.51: Captured output from ADC #1 for a 12 MHz CW input at a sampling
frequency of 500 MHz (from [97]). (a) Time domain output, and (b) Frequency
spectrum of the captured output.

(a)

(b)

Figure 5.52: Captured output from ADC #2 for a 12 MHz CW input at a sampling
frequency of 500 MHz (from [97]). (a) Time domain output, and (b) Frequency
spectrum of the captured output.

Next, the individual ADC clocks were set to a frequency of 1 GHz, yielding an effective sampling frequency for the receiver of 2 GHz. As above, several CW signals were input to the receiver, and one example of the resulting reconstructed waveform and its spectrum is shown below
in Figure 5.54. Note that the dynamic range is approximately 38 dB, whereas the ideal dynamic
range (if a single 2 GHz 8-bit ADC was used on the receiver) is 48 dB. The reduction in dynamic
range is primarily due to timing jitter (since the Agilent oscillator is somewhat noisy), but is also
due to minor gain, offset, and timing mismatches between the two ADCs.
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(b)

Figure 5.53: Time-Interleaved output of the prototype receiver PCB for a 127
MHz CW input at an effective sampling frequency of 1 GHz (from [97]). (a) Deinterleaved time domain output, and (b) Frequency spectrum of the de-interleaved
output.

(a)

(b)

Figure 5.54: Time-Interleaved output of the prototype receiver PCB for a 151
MHz CW input at an effective sampling frequency of 2 GHz (from [97]). (a) Deinterleaved time domain output, and (b) Frequency spectrum of the de-interleaved
output.

The ﬁnal test of the prototype receiver board was to successfully capture and reconstruct a
UWB pulse generated by a simple MSSI pulser available in the MPRG lab. To prevent overdriving
the ADCs, the pulser output was attenuated before connecting it the UWB In input of the prototype
receiver. The individual ADC clocks were set to a frequency of 1 GHz, yielding 2 GHz effective
sampling frequency for the receiver. Captured data was output to the host PC and post-processed
in Matlab as with the CW signals. For comparison purposes, the same UWB pulse was also
digitized using a Tektronix TDS580D at a 2 GHz sampling frequency. The voltage recorded by
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Figure 5.55: Comparison of a UWB pulse sampled by a Tektronix oscilloscope and
the same UWB pulse sampled by the prototype receiver. The sampling frequency
for both the oscilloscope and receiver was set at 2 GHz. Note that the two pulses are
nearly identical in both shape and time duration (from [97]).

the oscilloscope was converted into an equivalent ADC output code level, based on the measured
analog input range of the ADCs of ±63 mV. Both signals are plotted together in Figure 5.55. Note
that the two pulses are nearly identical in both shape and time duration.

5.8

Conclusions

The prototype UWB receiver provides an important development platform for evaluating several aspects of the hardware design: the power distribution system, the ADC-FPGA interface,
clock distribution, and off-board interfaces. Additionally, the Signal Integrity and Trace Characterization area provided a means for validating signal integrity simulation results. The prototype
receiver board also served as a development platform for the FPGA software and ﬁrmware code,
as well as to test basic UWB receiver algorithms.
Additionally, the tests performed on the prototype receiver have successfully demonstrated
that all of the critical hardware components on the prototype UWB software radio receiver are
fully functional. Data capture of both CW and UWB pulses was used to demonstrate that TimeInterleaved sampling at such high frequencies and using off-the-shelf components is feasible. Additionally, it was demonstrated that data paths inside the FPGA could operate at clock frequencies
of 250 MHz, which is critically important when the individual ADC sampling clocks are set to 1
GHz.
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Chapter 6
The UWB SDR Transceiver
6.1

System Overview

The culmination of this research effort was the implementation of a UWB SDR transceiver
testbed, based upon the system-level architecture discussed in Chapter 3, as well as the knowledge
and experience gained from the system-level simulations and prototyping presented in Chapters
4 and 5. Additionally, it was desired to make the receiver as ﬂexible and as general-purpose as
possible, so that it could be reconﬁgured for other non-UWB modes of communication. Combining the aggressive system-level requirements outlined in Chapter 3 with the desire for maximum
receiver ﬂexibility led to a set of design objectives for the transceiver testbed:
System Performance
• Data Rate: Raw data rate of 100 Mbits/sec, assuming one UWB symbol per data bit.
• RF Bandwidth: DC to 2.2 GHz, which utilizes the full analog input bandwidth of the
ADCs.
• Sampling Frequency: Effective Sampling Frequency of 8 GS/s, using eight 1 GS/s ADCs
in a Time Interleaved Array.
• Receiver Dynamic Range: 40dB, corresponding to 7 ENOB (Effective Number Of Bits of
quantization) for the ADC.
System Flexibility
• Waveform Agnostic Receiver: Capable of handling other types of broadband signals
(DSSS, OFDM, etc.).
• Fully Digital Receiver: All receiver functions (downconversion, ﬁltering, demodulation,
etc.) implemented inside the FPGA.
• Customizeable Air Interface: Full control over frame/packet structure, channel/error control coding, as well as pulse shaping.
To meet these objectives, the transceiver was partitioned into four subsystems: DC Power
Board, Transmitter Board, RF Front End, and Digital Board. Schematics for all subsystems may
be found in Appendices C-E, and TIFF images of the PCB layout have been archived along with
this dissertation. Since the vast majority of Signal Integrity and PCB layout constraints remain
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unchanged from the Prototype Receiver, this chapter will focus only on issues speciﬁc to the
transceiver implementation. The interested reader may refer to Chapter 5 for a more thorough
discussion of PCB and Signal Integrity issues related to the UWB SDR receiver.

6.2

DC Power Board

The UWB SDR transceiver, with the addition of 6 power hungry ADCs, a larger FPGA, a RF
front end, and a transmitter, requires signiﬁcantly more DC power than did the Prototype Receiver.
Detailed DC current requirements for each of the VRMs are given in Tables 6.1, 6.2, 6.3, 6.4, 6.5,
and 6.6, and include the DC current draw of the Digital Board and the Transmitter Board. Meeting
these requirements with a steady, stable voltage source is the primary objective of the DC Power
Board.
As with the Prototype Receiver, VRMs were designed using the Linear Tech LTC1778 switching controller and International Rectiﬁer IRF7822 power MOSFETS. The key limiting factor to
how much current each VRM could supply was the power dissipation and junction temperature
limits for the bottom MOSFET. Power dissipation and junction temperature for the bottom MOSFET may be calculated using the following equation [109]:

(

)

VIN - VOUT
2
PBOT = _______
( IMAX
) ( ρT
V
IN

MAX

) ( RDS,ON

MAX

)

TJ = TA + PBOT θJA

(6.1)
(6.2)

Where
PBOT is the power dissipated by the bottom MOSFET [Watts].
VIN is the maximum input voltage to the VRM [Volts]
VOUT is the output voltage of the VRM [Volts].
IMAX is the maximum output current of the VRM [Amps].
ρT is the temperature coefﬁcient for the on resistance (RDS,ON ) of the bottom MOSFET [Unitless].
RDS,ON is the on resistance of the bottom MOSFET [Ohms].
TJ is the Junction Temperature of the bottom MOSFET [Celcius].
θJA is the Junction-to-Ambient Thermal Resistance of the bottom MOSFET
[ºC/Watt].
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Table 6.1: Detailed DC Current Requirements for the -5V PDS
Component

DC Current Draw
(mA)

Quantity

Total Current
Draw (mA)

MC100LVEP14

95

3

285

MC10EL16

22

5

110

MAX104

290

8

2320

MC10EP195

180

8

1440

NB100LVEP91

25

6

150

AD8009

100

2

200 mA

Standard ECL Termination

25

46

1150

High Current ECL
Termination

50

8

400

Total Current Draw for the -5V PDS

6.1 Amps

40% Derated Current Draw for the -5V PDS

8.6 Amps

Table 6.2: Detailed DC Current Requirements for the 1.5V PDS
Component

DC Current Draw
(mA)

Quantity

Total Current
Draw (mA)

XC2VP70

7000

1

7000

Total Current Draw for the 1.5V PDS
40% Derated Current Draw for the 1.5V PDS

7 Amps
9.8 Amps
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Table 6.3: Detailed DC Current Requirements for the 2.5V PDS
Component

DC Current Draw
(mA)

Quantity

Total Current
Draw (mA)

XC2VP70

1000

1

1000

MAX3388

60

3

180

74ALVC244A

100

1

100

Status LEDs

10

8

80

Total Current Draw for the 2.5V PDS

1.4 Amps

40% Derated Current Draw for the 2.5V PDS

2.0 Amps

Table 6.4: Detailed DC Current Requirements for the 3.3V PDS
Component

DC Current Draw
(mA)

Quantity

Total Current
Draw (mA)

MC14490

30

1

30

100EPT22

50

4

200

RFV300

40

1

40

CY7C68001

260

1

260

MAX104

115

8

920

CY7C1355

280

1

280

Standard PECL
Termination

16

18

280

Total Current Draw for the 3.3V PDS

2.0 Amps

40% Derated Current Draw for the 3.3V PDS

3.3 Amps
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Table 6.5: Detailed DC Current Requirements for the +5V Analog PDS
Component

DC Current Draw
(mA)

Quantity

Total Current
Draw (mA)

MAX104

930

8

7440

AD8009

100

2

200

Total Current Draw for the +5V Analog PDS

7.7 Amps

40% Derated Current Draw for the +5V Analog PDS

10.8 Amps

Table 6.6: Detailed DC Current Requirements for the +5V Digital PDS
Component

DC Current Draw
(mA)

Quantity

Total Current
Draw (mA)

MAX104

340

8

2720

MC10EP195

180

2

360

AD8009

100

2

200

MC10ELT21D

32

2

64

Standard PECL
Termination

25

6

150

Total Current Draw for the +5V Digital PDS

3.5 Amps

40% Derated Current Draw for the +5V Digital PDS

4.9 Amps

Note that IMAX is actually composed of two parts:
IMAX = ISS + _21∆IL

(6.3)

Where
IMAX is the maximum output current of the VRM [Amps].
ISS is the steady-state current draw of the VRM (i.e., the DC current draw from
Tables 6.1-6.6) [Amps].
IL is the ripple current through the inductor in the VRM [Amps].
For the IRF7822, RDS,ON
value for θJA

= 6.5 mΩ, TJ
= 150°C, and θJA = 40°C/W [119]. The
listed in the datasheet is actually for a worst-case scenario where the MOSFET is
MAX

MAX
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Table 6.7: Maximum Permissible VRM Output Current (IMAX)
VRM

Maximum VRM
Output Current
IMAX (A)

Maximum VRM Steady
State Current
ISS (A)

1.5V

15.3

13.8

2.5V

15.7

14.2

3.3V

16.2

14.7

5V/6V†

17.6

16.1

-5V

13.2

11.7

* Based on maximum permissible MOSFET power dissipation of 2.125 Watts.
** Calculations assume ∆IL is set to 3A, and 20V maximum input voltage.
† Includes 5V Analog and 5V Digital. 6V VRM output is converted to 5V via a linear regulator.
operating without a heat sink and without convection cooling. The UWB SDR receiver, however,
requires signiﬁcant convection cooling due to the power dissipation of the ADCs and FPGA. Additionally, PCB layout techniques, along with a heat sink, can be employed to further enhance the
device’s power dissipation. Thus, the datasheet value for θJA is actually an overestimate, but will
still be used in an effort to create a very robust and fault-tolerant design.
Given the above constraints, and assuming a local ambient temperature of 150 °F/65 °C
[85], an input voltage of 12V, by using Equation 6.4, the maximum permissible power dissipation
is calculated as:
1 (T - T
PBOT = ___
J
A
θJA

) = 2.125 Watts

(6.4)

Based on the maximum allowed power dissipation, the current limit for each VRM was calculated, and the results are given in Table 6.7.
Looking at Tables 6.5, and 6.6, it can be seen that the 5V Analog components and 5V digital
components have a combined current demand of nearly 16 Amps, a value extremely close to the
maximum permissible steady state current of a single 5V/6V VRM. To avoid risking overheating
of a MOSFET, it was decided that the 5V Analog and 5V Digital components would have to be
powered from separate VRMs (rather than the single VRM used on the Prototype Receiver). For
the 5V Analog supply, a combination of a 6V VRM and a 5V linear regulator is required to supply
an extremely quiet power supply for the sensitive analog components, but is unnecessary for the
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Figure 6.1: PCB stackup for the DC Power Board.

digital components. However, in an effort to minimize the number of different components on
the board—to help prevent assembly errors as well as take advantage of volume pricing—it was
decided to keep the dual VRM/linear regulator approach for the 5V digital components.
To minimize fabrication cost, the DC power board was fabricated using the 4-layer fabrication
process from a quick-turn prototype vendor, PCBExpress. The PCB stackup for the DC power
board is given below in Figure 6.1.

6.3
6.3.1

Transmitter Board
Summary of the Original Transmitter Design

A block diagram of the original transmitter design, along with schematics, is given in [92], and
is repeated here as Figure 6.2.
The transmitter generates UWB pulses via a step recovery diode pulse generator circuit (discussed in §3.2.1). In the original conﬁguration, the SRDs could be triggered by one of three
different sources: an on-board oscillator, an off-board oscillator, or directly by the data waveform.
In the ﬁrst two cases, the data bits control a simple RF switch which connects the output of the
SRD pulse generator to the RF portion of the transmitter. To transmit at pulse rates which are submultiples of the oscillator frequency, the switch may be left open so that only every Nth pulse is
transmitted. Other pulse rates may be achieved by utilizing a highly stable external clock source.
The outputs of the pulse generators are then ﬁltered, pre-ampliﬁed, and transmitted using an offboard power ampliﬁer and non-dispersive antenna.
The original intent for the three separate pulse triggering techniques was to provide a great deal
of ﬂexibility in the transmitter. Because the pulse generator circuit could operate at pulse repetition
frequencies as high as 500 MHz [92], bursts of UWB pulses could easily be transmitted by simply
opening or closing a switch. Using the switch technique instead of directly triggering the pulse
generator allows the FPGA logic to operate at a slower clock frequency, for easier implementation.
Implementing the switch technique was, however, extremely cumbersome and problematic, and as
a result, was abandoned for the redesigned transmitter board.
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Figure 6.2: A block diagram of the original UWB SDR Transmitter, from [2].
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Figure 6.3: Measured output of the SRD pulse generator on the orignial UWB
Transmitter (from [92]).
Source: A. Orndorff, “Transceiver design for ultra-wideband communications,”
M. S. Thesis. © A. Orndorff, 2004. Used with Permission.

Unfortunately, the pulse triggering setup was not the only problem experienced by the
original transmitter. When the transmitter was powered up for initial testing purposes (described
in detail in [92]), it was discovered that the output of the pulse generator circuit was severely
weaker than predicted, as illustrated in Figure 6.3. After a signiﬁcant amount of troubleshooting,
the source of the problem was traced to an inaccurate understanding and modeling of the operation of the SRD. The original assumption [92] was that the SRD would generate a pulse with an
amplitude roughly proportional to the amplitude of the trigger signal. The SRD, however, requires
a signiﬁcant amount of current to turn on (on the order of 100 mA or so, as illustrated in Figure
6.4), and the ERA-4SM ampliﬁers can only supply one-third to one-half of the required amount.
Subsequent simulations, shown in Figure 6.4, conﬁrmed that the drive current limitation was the
cause of the transmitter failure.
In addition, several other minor problems were experienced with the original transmitter.
The transmitter required signiﬁcantly more DC power than expected (approximately 10 Watts
[92]), which resulted in signiﬁcant heating of the board and caused some of the DC power supplies
to shutdown. Also, several component footprints were incorrect, resulting in parts of the transmitter that were rendered inoperable. Finally, problems were experienced with the ampliﬁer biasing
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(a)

(b)

(c)
Figure 6.4: Simulated transient current demand of a SRD UWB pulse generator
circuit. (a) SRD pulse generator output, (b) Transient SRD current required to
generate the pulses in (a), and (c) SRD UWB pulse generator output when the
transient current through the SRD is limited to ±30 mA.
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Figure 6.5: A block diagram of the redesigned UWB SDR Transmitter.
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networks which resulted in ampliﬁer gains signiﬁcantly lower than expected.
The redesigned transmitter is a streamlined version of the original, and a block diagram is
given in Figure 6.5. The transmitter is essentially composed of three distinct blocks: the pulse
delay/driver circuit, the pulse generator circuit, and the ﬁltering/combining circuit.

6.3.2

Pulse Delay/Driver Circuit

6.3.2.1

Pulse Delay Circuit

One signiﬁcant modiﬁcation to the transmitter was the addition of a programmable delay chip:
the ON Semiconductor MC10E195, the exact same chip used to control the ADC clock signals on
the Digital Board. The programmable delay chip enhances the transmitter’s functionality in three
important ways:
1. For PAM transmission, positive and negative pulses are generated by two separate data signals. These signals pass through two different pulse driver circuits, which, due to the use of
discrete COTS components, may impart different time delays on the data signals, resulting
in irregular spacing between UWB pulses in the transmission. The programmable delay
chip can compensate for these delay mismatches, so that UWB pulses are always spaced
exactly the same distance apart in time.
2. For PPM transmission, the programmable delay chip can be used to precisely control the
position of the pulse in time. In the original version of the transmitter, PPM transmission
required the FPGA to generate a trigger signal at precisely the right instance in time, a
dicey scheme given the skew, jitter, time delays, and discrete nature of the FPGA. Using
the programmable delay chip means that the FPGA can simply generate a control signal
that determines how much delay is to be imparted to a particular data pulse.
3. The programmable delay chip can be used to provide the precision control necessary for
Distributed MIMO (D-MIMO) communications. The basic idea behind D-MIMO is that
multiple receivers can coordinate their transmissions so that they arrive in-phase at a particular receiver, resulting in an increase in the received power. As with the PPM signals,
the use of the programmable delay chip means that the FPGA only needs to generate a
control signal to determine the pulse delay time.

6.3.2.2

Pulse Driver Circuit

Experimental results from the original transmitter (see §6.3.1) determined that successfully
generating a pulse from the SRD required a driver waveform of at least ±2V that was capable of
sourcing & sinking at least 100 mA of current. Additionally, simulations determined that the rise
time of the driver waveform also played a very important role in the proper operation of the SRD,
as illustrated in Figure 6.6.
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(a)

(b)

(c)

(d)

Figure 6.6: Simulated results investigating the effects of the rise time of the signal
that drives the SRD pulse generator. Note that a longer rise time results in a
reduced amplitude for the generated pulse. (a) 1.0 nanosecond rise time, (b) 2.0
nanosecond rise time, (c) 2.5 nanosecond rise time, and (d) 3.0 nanosecond rise time.

To meet the SRD drive requirements, a cascade of two Analog Devices AD8009 high-speed
op-amps was used. The AD8009 has a slew rate of 5.5 V/ns, a gain-bandwidth product of 1 GHz,
and an output drive of 175 mA. Each op-amp is conﬁgured as a voltage-follower with a gain of
2.0; thus, the 800 mV peak-peak output signal from the 10EP195 programmable delay chip is
ampliﬁed to a level of 3.2V peak-peak. The value of the feedback resistors, RFB1 and RFB2 were
experimentally determined to be 500Ω.
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(a)

(b)
Figure 6.7: Block diagrams of the Step Recovery Diode UWB pulse generator
circuits. (a) Positive UWB pulse generator, and (b) Negative UWB pulse generator.

6.3.3

Pulse Generator Circuit

A block diagram of the pulse generator circuits are shown in Figure 6.7. The basic operation
of an SRD pulse generator circuit is described in §3.2.1, as well as in [65]. The critical part of the
pulse generator circuit is the length of the transmission line connected to the SRD, as it determines
the time duration of the generated pulse.
In [111], the propagation delay of a microstrip transmission line is given by:
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Br √εr
tp ≈ ______
11.8

Br ≈ 0.8566 + (0.0294)ln(w) + (0.00239)h - 0.0101εr

(6.5)
(6.6)

Where
tp is the propagation delay of the micrstrip trace [ns/inch].
εr is the relative permittivity of the PCB substrate.
w is the width of the microstrip trace [mils].
h is the height of the microstrip trace above the ground plane [mils].
As discussed in §6.3.5, the PCB substrate material has a dielectric constant of εr = 3.9, and
he microstrip trace has a width w = 15 mils and height above the ground plane of h = 8.6 mils.
Using these values, the propagation delay of a microstrip trace on the transmitter PCB works out
to roughly 149 ps/inch. The width of the transmitted pulse is equal to the round trip delay through
the transmission line, or:
τw = 2ltp

(6.7)

Where
τw is the width of the generated UWB pulse [ns].
l is the length of the microstrip trace [inches].
tp is the propagation delay of the microstrip trace [ns/inch].
Thus, to generate a 500 picosecond duration UWB pulse, the transmission line must be roughly
1.70 inches long. For veriﬁcation, detailed simulations were performed using Agilent’s ADS software, and the results for both the positive and negative pulses are shown in Figure 6.8.

6.3.4

Filtering/Combining Circuit

The ﬁltering/combining circuit is composed of a 3dB resistive attenuator at the output of each
pulse generator circuit, a power combiner, and a low pass ﬁlter. The purpose of the ﬁltering/combining circuit is to combine the outputs of the positive and negative pulse generator circuits and
output them to a single antenna. Additionally, the combining circuit must isolate the two pulse
generator circuits, in order to ensure that the output from one pulse generator does not wreak havoc
with the operation of the other pulse generator.
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(b)

Figure 6.8: Simulated output from the SRD based UWB pulse generator.
Simualtions are based on the block diagrams given in Figure 6.7, utilizing a PCB
microstrip trace as the transmission line. The length of the trace was set to l = 1.480
inches, the substrate permittivity εr = 4.1, and height above the ground plane
h = 6 mils, resulting in a UWB pulse with a duration of approximately 500
picoseconds. (a) Positive UWB pulse, and (b) Negative UWB pulse.

Based on the requirements described above, use of a resistive power combiner (similar
to the resistive power splitter used on the Digital Board) was ruled out, as the resistive power
combiner would not provide sufﬁcient isolation between the two pulse generators. Instead, a
Mini-Circuits RPS-2-30 broadband power splitter/combiner was selected. The RPS-2-30 operates
over a frequency range of 10 MHz – 3 GHz, and offers approximately 20 dB of isolation between
the two inputs. Adding a 3 dB attenuator at the outputs of each pulse generator provided a simple,
inexpensive matching network between the pulse generator and the power combiner, and adds a
little additional isolation between the two pulse generator circuits.
Finally, at the output of the transmitter is a Mini-Circuits LFCN-2400 low pass ﬁlter. The
LFCN-2400 bandlimits the transmitted pulse to be within the 2.2 GHz analog input bandwidth of
the MAX104 ADCs [98] on the Digital Board. The output of the transmitter is then connected to
the RF switch on the RF front end.

1

These are the same chips used to control the ADC clock delays in the Digital Board’s TI Sampling ADC Array.
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Figure 6.9: PCB stackup for the Transmitter Board.

(a)

(b)

Figure 6.10: Simulated output from the SRD based UWB pulse generator for two
different pulse repetition frequencies. Note that as the pulse repetition frequency
increases, the pulse amplitude decreases and distortion increases slightly. (a) 100
MHz pulse repetition frequency, and (b) 400 MHz pulse repetition frequency.

6.3.5

PCB Design and Fabrication

The ﬁrst step in the PCB design was to select a PCB fabricator and PCB layer stackup. Because the transmitter is an RF circuit, it requires the use of 50Ω controlled impedance transmission
lines. Thus, it was decided to use Colonial Circuits (the fabricator for the Prototype Receiver
Board) and the ParkNelco 4000-6 material discussed in §5.1. The PCB stackup for the transmitter
board is given below in Figure 6.9.
To maximize the ﬂexibilty of the transceiver, the transmitter was designed to operate either in
conjunction with the Digital Board as part of the UWB SDR Transceiver, or as a stand-alone UWB
pulse generator. When operating as part of the UWB SDR Transceiver, the Digital Board will
trigger either the positive or negative pulse generators via a connection between J14 on the Digital
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Board and J4 on the Transmitter board. Additionally, the precise timing of the UWB pulses may
be adjusted by the Digital Board via the use of ON Semiconductor 10EP195 programmable delay
chips1. The Digital Board can control the timing of the UWB pulses via a connection between J20
on the Digital Board and J2 on the Transmitter Board (for the positive pulse generator), and J13 on
the Digital Board and J3 on the Transmitter Board (for the negative pulse generator). In all cases,
the signals running between the Digital Board and the Transmitter Board are 2.5V LVCMOS.
When operating as a stand-alone UWB pulse generator, trigger signals may be input to J6 (for
Positive UWB pulses) or J7 (for Negative UWB pulses). To operate in the stand-alone mode, the
0Ω Resistors R43 and R44 must be removed, and 0Ω Resistors must be added to R45 and R46.
The trigger signal may be any waveform, as long as the amplitude is within the range of [-10 dBm,
+10 dBm]. The transmitter will produce UWB pulses at a pulse repetition frequency as high as
400 MHz, although pulse distortion will increase for pulse repetition frequencies above 100 MHz,
as illustrated in Figure 6.10.

6.4
6.4.1

RF Front End
Overview of the RF Front End

In keeping with the design objective to produce an extremely ﬂexible, general-purpose transceiver, the RF front end consists of only the most basic elements: a transmitter/receiver switch,
low noise ampliﬁers and ﬁlters, and a digital step attenuator. The original design for the RF Front
End (Discussed in [2]) was to create a custom-designed RF Board that would plug in to both the
Transmitter Board and the Digital Board. Due to cost and time constraints, the RF front end was
implemented with discrete MiniCircuits components, although a provision was included for the
custom-designed RF Board to be added at a later time.
A block diagram of the RF Front end is given in Figure 6.11. The speciﬁc components, along
with some important parameters, used in each block are listed in Table 6.8.

6.4.2

Receiver Sensitivity, Gain, and Linearity

One of the important design tradeoffs in the RF front end was to provide enough gain to allow
the receiver to operate at or near the desired 10 meter range while still preserving an approximately
40 dB dynamic range. At 2 GHz, free space path loss is roughly 60 dB, which provided a starting
point for the design. Additionally, in [65, 120], it is shown that at a link distance of 10 meters,
UWB path loss could be 20-50 dB above path loss at a 1 meter reference distance.
The ﬁrst step in the design process was to calculate the noise ﬂoor for the receiver, using
the following equation [121]:
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Figure 6.11: A block diagram of the redesigned UWB SDR RF Front End.
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Table 6.8: Components and Component Parameters for the UWB SDR RF Front End
Item
TX/RX Switch*
Lowpass Filter*
RF Ampliﬁer*
Attenuator**

Part Number

Gain
(dB)

Noise Figure
(dB)

3 dB Bandwidth
(MHz)

IP3
(dBm)

ZSDR-230
SLP-2950
ZX60-3018G
HMC307QS16G

-1.3
-0.4
20
-1.8

1.3
0.4
2.7
1.8

10 – 3000
DC – 2950
0.02 – 3000
DC – 4000

N/A
N/A
25.0
N/A

* Minicircuits Part
** Hittite Microwave Part
PN = 10log10 ( kTN B )

(6.8)

Where
PN is the noise ﬂoor of the receiver [dBW].
k is Boltzman’s constant, equal to 1.38 × 10-23 [Joules/Kelvin].
TN is the Effective Noise Temperature of the receiver (discussed further below)
[Kelvin].
B is the receiver’s bandwidth [Hertz].
The overall receiver’s noise ﬁgure is given by the following equation:
N

nfcascade = nf1 +

nf - 1
∑ _____
i=2

i
N-1

Πg
j=1

NFcascade = 10log10 ( nfcascade

(6.9)

j

)

(6.10)

Where
nfcascade is the overall noise ﬁgure of the receiver [linear units].
NFcascade is the overall noise ﬁgure of the receiver [dB].
nfi is the noise ﬁgure for the ith element in the receiver chain [linear units].
gj is the gain of the jth element in the receiver chain [linear units].
N is the number of noise-producing elements in the receiver chain.
Note that for passive devices (e.g., an attenuator, or a ﬁlter), the noise ﬁgure is equal to the loss
of the device. The noise ﬁgure of the cascaded system can then be converted into an Effective
Noise Temperature via the following equation:
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(6.11)

Where
TN is the Effective Noise Temperature of the receiver (discussed further below)
[Kelvin].
nfcascade is the overall noise ﬁgure of the receiver [linear units].
With the MiniCircuits ASDR-230 Switch and two MiniCircuits ZX60-3018G ampliﬁers in the
RF front end results in a noise ﬁgure of:
NF = 4.8 dB
Tn = 586 °K
And a noise ﬂoor of:
PN = -77.5 dBm
Because the ampliﬁers will amplify both the noise and the desired signal, the maximum amount
of gain that can be supplied by the RF front end is:
GMAX = ADCMAX - DR - PN

(6.12)

Where
GMAX the maximum amount of gain that can be supplied by the RF front end [dB].
ADCMAX is the maximum allowed input signal to the ADC [dBm].
DR is the desired dynamic range of the receiver [dB].
PN is the noise ﬂoor of the receiver [dBm].
Since the MAX104 ADC can tolerate a maximum input signal strength of 0 dBm (an input
amplitude of ± 250 mV) [98], from Equations 6.11 and 6.12, it can be seen that the RF front end
can have a gain of no greater than 37.5 dB, which is met by the above conﬁguration. A gain of
~40 dB is, however, insufﬁcient for the receiver to operate at the desired maximum range of 10
meters. Fortunately, the expected transmitter power is in the range of 15-19 dBm, which should
be adequate for LOS or low-multipath channels, depending on the gains/losses of the antennas. In
NLOS or dense multipath environments, it may be necessary to either add a power ampliﬁer to the
transmitter, or compromise the dynamic range of the receiver by adding an additional ampliﬁer to
the RF front end.
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(b)

Figure 6.12: A simple narrowband illustration of the Third Order Intercept point
for an ampliﬁer. (a) For a given input signal and amplitude, the ampliﬁer produces
an ampliﬁed output signal, along with a third harmonic signal. The point at which
the output powers of the fundamental signal and the third harmonic are equal is
the IP3. (b) Illustration of the relative amplitude of the fundamental signal and the
third order harmonic.

Another important parameter of the RF front end is ampliﬁer linearity. RF ampliﬁers are
based on nonlinear devices—namely transistors—meaning that for a given input signal, they will
produce not only an ampliﬁed version of the input signal, but harmonics and other spurious signals
generated by the nonlinearities. For example, for a CW input signal, Acos(2πf0 t), the ampliﬁer will produce an output at the fundamental, f0 , as well as harmonics of the fundamental (2f0
, 3f0 etc). Most RF engineers are primarily concerned with the power of the third harmonic (
3f0 ) relative to the power of the fundamental signal, which is characterized by the third-order
intercept point (IP3). In mathematical terms, IP3 is a theoretical input power point at which the
fundamental and third-order distortion output powers are equal, as illustrated in Figure 6.12a. For
narrowband systems, IP3 is extremely important, as two closely separated (in frequency) signals,
f1 and f2, will interact and produce third order harmonics that may fall within the desired bandwidth
of the ampliﬁer, as illustrated in Figure 6.12b, and can signiﬁcantly degrade the dynamic range of
the entire receiver.
UWB signals, on the other hand, have no single fundamental signal—although they could
be broken into a sum of sinusoids via a Fourier Series. Hence, the third-order harmonic signals
will always fall within the UWB signal’s bandwidth, resulting in a distortion of the UWB pulse.
Thus, for UWB signals, instead of measuring the relative amplitude of the third-order signals, the
amount of pulse distortion for a given ampliﬁer IP3 must be characterized.
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Figure 6.13: ADS Schematic diagram of the UWB Receiver RF Front End for
simulating the UWB pulse distortion caused by ampliﬁer IP3.

247

Chapter 6: The UWB SDR Transceiver

248

Table 6.9: Impact of Ampliﬁer IP3 on a UWB Pulse, for
the Scenario Depicted in Figure 6.13, and based on the
Simulation Results Shown in Figure 6.14.
IP3

Root Mean Square
Error (mV)

Root Mean Square
Error (%)*

0 dBm
5 dBm
10 dBm
25 dBm

79
39
27
26

33
16
11
11

* Expressed as a percentage of the maximum amplitude of the ideal pulse.
To characterize the impact of IP3 on the UWB pulse input to the RF front end, a series of
simulations were performed in Agilent’s EESof Advanced Design System. A schematic diagram
of the simulation (which consisted of the 2.95 GHz input ﬁlter, two ampliﬁers, and the 2.4 GHz
ﬁlter on the Digital Board) is given in Figure 6.13. The amplitude of the UWB pulse input to the
RF front end was set such that the output pulse would have an amplitude equal to the maximum allowed input for the MAX104 ADCs (i.e., ± 250 mV). Four different simulations were performed,
with IP3’s ranging from 0 dBm to +25 dBm2 . Simulation results are shown in Figure 6.14. Note
that very low values for IP3 (0 dBm and +5 dBm) generate a tremendous amount of distortion,
however, for IP3’s above +10 dBm, the ampliﬁer imparts almost no distortion on the UWB pulse.
To gain a more quantitative insight into the impact of IP3 on a UWB pulse, the Root Mean
Square Error (RMSE) between the ideal pulse and the distorted pulse was calculated. The results
are listed in Table 6.9, and are expressed as a percentage of the maximum amplitude of the ideal
pulse. From the table, it can be conﬁrmed that increasing the IP3 beyond +10 dBm results in no
appreciable reduction in the UWB pulse distortion.

6.4.3

Filter and Attenuator

The Mini-Circuits SLP-2950 low pass ﬁlter simply serves as a bandlimiting pre-select ﬁlter
on the RF front end. Its purpose is to prevent out-of-band signals from overdriving either the RF
ampliﬁers or the ADCs. Additionally, it limits the amount of noise allowed to enter the receiver,
an important feature given the dynamic range requirements and noise issues discussed above.
Note that the 3 dB bandwidth of the SLP-2950 (2.95 GHz) is signiﬁcantly greater than the
3 dB bandwidth of the MAX104 ADCs (2.2 GHz [98]). However, the SLP-2950 provides an
extremely ﬂat frequency response across the entire DC-2.2 GHz range, and thus should impart
minimal or no distortion to the received signal. Additional ﬁltering, if desired, can be added to the
RF front end, or on the Digital Board.
2

An IP3 of +25 dBm corresponds to the IP3 for the MiniCircuits ZX60-3018G.
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(a)

(b)

(c)

(d)

Figure 6.14: Illustration of pulse distortion due to the effects of ampliﬁer IP3.
Distorted pulses are shown along with the ideal ampliﬁed pulse (i.e., if the ampliﬁer
had inﬁnite IP3). (a) Ampliﬁer IP3 of 0 dBm, (b) Ampliﬁer IP3 of +5 dBm, (c)
Ampliﬁer IP3 of +10 dBm, and (d) Ampliﬁer IP3 of +25 dBm.

The Hittite Microwave HMC307QS16G is a DC-4 GHz digital step attenuator that provides 2
– 32 dB of attenuation in 1 dB step sizes. The variable attenuator is used in the RF front end as an
automatic gain control (AGC). The UWB SDR transceiver uses a very basic AGC algorithm by
monitoring the ADCs overrange bits, as well as the ADCs two most signiﬁcant bits. If the overrange bit is set for any one of the ADCs, then the receiver will increase the attenuation. Conversely,
if the received signal fails to assert the two most signiﬁcant bits in any of the ADCs, the receiver
will decrease the attenuation. More sophisticated ADC algorithms can easily be implemented as
well, due to the highly programmable/reconﬁgurable nature of the transceiver.
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Digital Board

The Digital Board is essentially an upgraded version of the Prototype Receiver discussed in
Chapter 5. The major enhancements over the Prototype Receiver are listed below:
• 8 Time Interleaved ADCs – The Digital Board utilizes 8 MAX104 ADCs (where the Prototype Receiver used only 2) in a TI ADC array to achieve an 8 GHz effective sampling
frequency.
•

Programmatic control over the ADC clock delays – The individual ADC clock delays can be
controlled either by hardware DIP switches or electronically programmed by the FPGA.

•

Three RS-232 ports – The multiple RS-232 ports on the receiver provides not only a way
for a host PC to communicate with both PowerPC processors simultaneously, but could be
used for coarse synchronization among receivers in an array.

•

2 Megabytes of Static RAM (SRAM) were added to the digital board so that one of the
FPGA’s PowerPC processors could run the Linux operating system.

6.5.1

PC Board Design Overview

The ﬁrst step in the design process was to select a PCB fabricator. In order to meet all of the
design challenges associated with implementing an 8 GHz TI ADC array, the Digital Board has
several special features which the fabricator would have to be capable of producing, including:
•

Blind vias from both the top and bottom sides of the PCB – requires a sequential lamination fabrication process.

•

Non-functional pads removed from inner layers for all vias – requires vacuum lamination
at higher than normal pressure/temperature.

•

50Ω controlled impedance microstrip and stripline traces 5 mils wide – requires very tight
manufacturing tolerances.

•

Epoxy ﬁlled vias underneath the BGA components (the MAX104 ADCs and the VirtexIIPro FPGA) to prevent solder bridging or solder joint starvation.

•

Low εr material to minimize signal skew on the ADC-FPGA data bus.

Based on conversations with a number of people in industry, Merix San Jose was selected as
the PCB fabricator, based both on their extensive experience with high-speed boards as well as
their ability to provide Design For Manufacturing (DFM) support.
The Prototype Receiver PCB was fabricated using the ParkNelco 4000-6 FR-4 material. Unfortunately, in order to meet the extremely tight timing requirements, managing skew across the
ADC-to-FPGA bus became critically important (see §6.5.3 for a detailed discussion on the timing
requirements of the Digital Board). The ParkNelco 4000-6 material has a relatively high εr = 4.1,
and for and 5 mil wide / 50Ω transmission lines results in a propagation delay of 151 picoseconds/
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inch for microstrip traces and 172 picoseconds/inch for stripline traces. These values were deemed
to be unacceptably high given that pre-layout planning indicated the maximum length difference
between two traces on a given ADC-FPGA bus could be as much as 1.5 – 2.0 inches. Additionally,
between the time the prototype board was completed and design work began on the ﬁnal Digital Board, the PCB industry began a transition to lead-free soldering processes—which requires
higher temperatures and longer soak times. Thus, it was important that the substrate material on
the ﬁnal board be capable of surviving the new lead-free soldering processes. Furthermore, the
material had to be well-suited for the sequential lamination procedure required by the use of blind
vias on both sides of the PCB. After some investigation, Merix recommended using Isola FR-408
Material. The FR-408 has a dielectric constant (which determines the characteristic impedance of
PCB traces as well as the speed of signal propagation) εr = 3.6 – 3.7 at a test frequency of 1 GHz,
a dielectric loss tangent (which determines signal attenuation) tanδ = 0.010, and a glass transition
temperature (the temperature above which the substrate changes to a soft form and loses mechanical strength) of 180 ºC [122]. For comparison purposes, the 4000-6 material used on the Prototype
Receiver has εr = 4.1, tanδ = 0.022, and Tg = 175 ºC.
Selecting a PCB stackup was another critical procedure. In addition to the requirements described in §5.1 for the Prototype Receiver, experience with the Prototype Receiver dictated that
each ADC required three separate routing layers in order to interface with the FPGA. To conserve
board area, and to help isolate sensitive RF traces from noisy digital traces, four ADCs were
mounted on the top of the PCB, and four ADCs were mounted directly underneath them on the bottom of the PCB—meaning that a minimum of six routing layers would be required. Additionally,
a number of low frequency and DC signals (such as the bus which controlled the programmable
delay chips) had to traverse the PCB without interfering with the critical data signals. Given all of
the above constraints, it was decided that a 20 layer PCB would be utilized for the digital board,
which is shown in Figure 6.15.

6.5.2

Board Geometry

As discussed in §4.3, gain mismatches across the ADC array is one of three ways that distortion can be introduced into the sampled UWB pulse. In the Digital Board, gain mismatches can
be introduced in two distinct ways. The ﬁrst is minor differences or imperfections in the ADCs
themselves. Control of these mismatches rests largely with the designers of the ADCs, and, fortunately, the MAX104 ADCs used on the Digital Board, are matched to within ± 5%. The second
way mismatches can be introduced is via imperfections in the RF signal distribution network
which is responsible for distributing the single received signal to all eight ADCs. Therefore, it
was highly desirable to create an RF distribution network that was perfectly symmetric. In other
words, the physical distance and propagation delay from the RF IN connector on the Digital Board
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Figure 6.15: PCB stackup for the Digital Board.

to any one ADC was exactly the same as the distance and propagation delay to any other ADC.
Additionally, the physical geometry of each trace had to be identical or nearly identical, so that any
slight distortions or imperfections experienced by one signal would be experienced by all signals.
Finally, in mixed signal PCBs, it is extremely important to isolate sensitive RF signals from noisy
digital signals [123, 124], meaning that all RF signals had to be restricted to one speciﬁc area of
the Digital Board.
Mounting the ADCs back-to-back on the top and bottom sides of the PCB (four ADCs on
the top side, and four ADCs on the bottom side), helps to limit the excursions of RF traces. The
back-to-back conﬁguration is, unfortunately, more expensive to manufacture, as it requires blind
vias from both sides of the PCB and a sequential lamination fabrication process, but allows the RF
distribution network to meet all of the constraints outlined above.
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ADC-to-FPGA Bus Timing Analysis

As with the Prototype Receiver, the FPGA has exactly 2 nanoseconds to latch in sample data
output by each ADC. To ensure that the Digital Board would meet the timing requirements, a timing analysis was performed similar to the one in §5.5.4. The key differences between the prototype
board and the Digital Board are discussed in this section.

6.5.3.1

Signal Rise Time

For the Prototype Receiver, Hyperlynx Boardsim simulation results indicated that ADC data
bus signal rise times would be on the order of 400 picoseconds. Similar simulations for the Digital
Board showed a slight degradation in the signal rise time, to 600 picoseconds, as illustrated in
Figure 6.16. The rise time degradation relative to the prototype board is likely caused by the use
of slightly larger signal vias (8 mil drill / 17 mil pad versus 6 mil drill / 15 mil pad on the Prototype
Receiver), which results in a slightly greater via capacitance (§5.3.2). Fortunately, as with the prototype board, the logic signals stay above the logic decision threshold (VIH/VIL) once they cross the
threshold, and only the amount of time required to transition to the threshold—or approximately
300 picoseconds—need to be included in the timing budget. Unfortunately, with the timing budget
already extremely tight on the prototype board with a signal rise time of 200 picoseconds, (see
Table 5.10), it was imperative that the excess 100 picoseconds be taken out of other areas of the
budget—speciﬁcally the setup/hold time and the bus skew.

6.5.3.2

Setup and Hold Time

For the Prototype Receiver, a Virtex II-Pro -6 speed grade FPGA was utilized. As a result of
degradations in the ADC data bus rise times, it was decided to upgrade to a -7 speed grade for the
Digital Board. The Virtex II-Pro datasheet lists a setup and hold time for the -7 speed grade of
840 picoseconds and -610 picoseconds [91], a decrease of 20 picoseconds relative to the -6 speed
grade.

6.5.3.3

ADC-to-FPGA Data Bus Skew

As with the Prototype Receiver, minimizing skew across the ADC-FPGA data bus was an
integral part of meeting the timing budget. Skew minimization was performed in a manner similar
to that on the Prototype Receiver, with signals that had to traverse a longer physical distance
routed on microstrip traces (which have a faster propagation velocity), and signals that had to
travel shorter physical distances routed in stripline. To determine the worst-case skew for the
entire Digital Board, each ADC-FPGA data bus was simulated, and the results are shown in Figure
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(a)

(b)
Figure 6.16: Comparison of the rise time of an ADC-to-FPGA Data Bus Signal on
the Prototype Receiver and the Digital Board. Signals were simulated in Hyperlynx
Boardsim using the actual PCB geometry. (a) Results from the Prototype Receiver,
and (b) Results from the Digital Board.

6.17, 6.18, 6.19 and 6.20. Through careful tweaking of signal traces, the worst-case skew across
the ADC-FPGA data bus was reduced to 160 picoseconds, a 40 picosecond improvement over the
ADC-FPGA bus skew experienced on the Prototype Receiver.

6.5.3.4

Overall Timing Budget

Taking into consideration all of factors listed above, as well as those discussed in §5.5.4, a
detailed timing budget for the ADC-FPGA bus was created, and is given in Table 6.10. Note the
addition of a 10% timing margin to account for minor part-part variations, environmental conditions, and non-uniformities across the board.
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Table 6.10: ADC-to-FPGA Data Bus Timing Budget Analysis
Symbol

Description

Value

tr

Signal Rise Time

300 ps *

tsu

Setup Time

840 ps

thld

Hold Time

-610 ps **

tskw

ADC Bus Skew

160 ps

tDCM

DCM Granularity

15 ps

tDCMskw

DCM Skew

200 ps

tjDCM

DCM Jitter

200 ps †

Subtotal

1715 ps
10% Timing Margin

Grand Total
*

170 ps

1885 ps

This value is not the 10% - 90% rise time, rather, it is the time required for the signal to
transition between the logic low state and the VIH threshold.

**

Because the hold time is negative with respect to the rising edge of the clock signal, it does
not enter into the timing budget calculations. If the signal meets the setup time then, by
deﬁnition, it meets the hold time.

†

The jitter included in the timing budget is the worst case value reported for the DCM
Clk180 signal.

With each ADC operating at a 1 GHz sampling frequency, the FPGA has a total of 2000
picoseconds to latch in the input data. The timing budget shows that data can be latched in approximately 1885 picoseconds, leaving a 115 picosecond margin of error.
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(a)

(b)
Figure 6.17: Hyperlynx Boardsim simulated skew on the ADC-to-FPGA Data Bus
(ﬁgures show the differential signal). Simulations are based on the actual PCB
geometry. (a) ADC0 Data Bus, and (b) ADC1 Data Bus.
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(a)

(b)
Figure 6.18: Hyperlynx Boardsim simulated skew on the ADC-to-FPGA Data Bus
(ﬁgures show the differential signal). Simulations are based on the actual PCB
geometry. (a) ADC2 Data Bus, and (b) ADC3 Data Bus.
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(a)

(b)
Figure 6.19: Hyperlynx Boardsim simulated skew on the ADC-to-FPGA Data Bus
(ﬁgures show the differential signal). Simulations are based on the actual PCB
geometry. (a) ADC4 Data Bus, and (b) ADC5 Data Bus.
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(a)

(b)
Figure 6.20: Hyperlynx Boardsim simulated skew on the ADC-to-FPGA Data Bus
(ﬁgures show the differential signal). Simulations are based on the actual PCB
geometry. (a) ADC6 Data Bus, and (b) ADC7 Data Bus.
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ADC-FPGA Bus Noise Analysis

With all ADC-FPGA bus signals routed in close proximity to each other, it was important to
perform a noise analysis to ensure that all signals would be correctly received and latched into the
FPGA. Excessive noise introduced into the ADC-FPGA Bus will result in erroneously decoded
sample values, and will have a direct impact on the performance of the receiver. In particular,
errors that occur on the three or four Most Signiﬁcant Bits (MSB) of the ADC Output Code3, will
result in signiﬁcant distortion of the sampled signal when it is decoded and reconstructed by the
FPGA. Figure 6.21 illustrates how disastrous the consequences of errors can be if just the third
most signiﬁcant bit is ﬂipped due to noise introduced into the ADC-FPGA Bus, and underscores
the importance of noise analysis and simulation for the bus.
Noise can be introduced into digital signals by the following ﬁve sources:
•
•
•
•
•

Voltage Regulator Modules
Simultaneous Switching Outputs
Crosstalk
Ringing/Signal Distortion
External Electromagnetic Interference

The LVDS signals used on the ADC-FPGA bus have been designed to be very robust in the
presence of noise—requiring only a 150 mV differential signal to be correctly decoded. At the
output of the LVPECL-to-LVDS resistive divider network (see §5.5.1), the LVDS signals have a
differential amplitude of 600 mV. Thus the total available noise margin is 450 mV. In general,
it is a good idea to derate this number, to account for noise induced by external sources (such as
external EMI), as well as to provide some headroom for any inaccuracies or incompleteness in the
modeling of the remaining four noise sources. For the Digital Board, it was decided to use a 20%
derating factor, allocating approximately 90 mV of the 450 mV total noise margin to external noise
sources, leaving a remaining noise margin of 360 mV.

6.5.4.1

Voltage Regulator Module

The VRMs for the UWB SDR receiver were designed to provide 2% regulation (i.e. a maximum deviation of no more than 2% of their nominal output voltage). For the 3.3V VRM that powers the ADC outputs, 2% regulation translates into approximately 66 mV. Measurement results,
shown in Figure 6.22, indicate demonstrate that the VRM is meeting this requirement, providing a
maximum ripple of 20 mV, or 6% of the total noise margin.

3

The MAX104 ADC outputs a sampled value as a parallel word, which can be expressed as a binary number using the following convention:
b7b6b5b4b3b2b1b0. Thus the most signiﬁcant bit is b7, and the three most signiﬁcant bits are b7b6b5.
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Figure 6.21: Example of the disastrous consequences if excessive noise introduced
into the ADC-to-FPGA Data Bus changes the 3rd Most Signiﬁcant Bit of the ADC
Output Code. The ADC Output Code is expressed as a binary number using the
following convention: b7b6b5b4b3b2b1b0. Thus the third most signiﬁcant bit is b5.

Figure 6.22: Measured output voltage regulation of the 3.3V VRM.
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Simultaneous Switching Outputs

A good rule of thumb for Simultaneous Switching Output Noise (SSN) is to allocate no more
than 50% of the available noise margin to SSN. For the ADC-FPGA data bus, a 50% allocation
translates into a maximum SSN of 180 mV. Based on a 180 mV SSN level, the PDS Target
Impedance can be calculated using the procedure described in §5.2.1. Each ADC has 18 outputs
(the 16 data signals plus the clock and overrange signal), which produces a 0.8-1.0 V voltage difference across a 50Ω load impedance. The USB interface has 2 outputs which also produce an
approximately 1.0 V voltage difference across a 50Ω impedance. Thus, the total number of SSO’s
is 146. Assuming the worst-case scenario where all ADC outputs are switching at the same time,
and using a 20% derating factor, the total transient current draw for the 3.3V power supply can be
calculated using Equation 5.3:

(

∆V
I = NOUT ( 1 + DF ) ____
R
Load

)

(

1.0 V
= 146(1.2) ____
50Ω

)

= 3.5 Amps

With a maximum allowed ripple of 180 mV, a 3.5 Amps transient current draw translates into
a target impedance (calculated using Equation 5.4) of:
∆V
180 mV
ZTarget = ___
= _____
= 52 mΩ
I
3.5 A

Meeting the target impedance using an array of the AVX0402YC103KAT2A capacitors requires
a parallel combination of 340 capacitors, which was the number used on the Digital Board.

6.5.4.3

Crosstalk

A starting point for crosstalk is to allocate no more than 10% of the total noise margin to
crosstalk noise [93]. For the ADC-FPGA data bus, a 10% allocation translates into 36 mV. To
determine the crosstalk experienced on the ADC-FPGA data bus, a Hyperlynx Boardsim simulation was set up for the worst-case crosstalk on each ADC-FPGA bus. For the simulations, the
victim signals were ﬁxed at a logic level 0, and the other data signals were allowed to run at a
frequency of 250 MHz (corresponding to the maximum output data rate). Simulation results are
shown in Figures 6.23, 6.24, 6.25, and 26. Note that the ﬁgures show an example aggressor signal
for illustration purposes, along with the worst-case crosstalk experienced by a single signal on that
particular ADC-to-FPGA bus. From the ﬁgures, we can see that the worst-case crosstalk observed
on any of the 256 ADC-FPGA data bus signal is 4 mV peak-peak. To err slightly on the side of a
conservative estimate, 10 mV of crosstalk noise will be included in the noise budget.
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Table 6.11: ADC-to-FPGA Data Bus Noise Budget Analysis

*
**

Noise Source

Budgeted

Actual

VRM

66 mV

20 mV

SSN

180 mV

180 mV*

Crosstalk

36 mV

10 mV**

Ringing

30 mV

30 mV**

Subtotal

312 mV

240 mV

20% Noise Margin

90 mV

50 mV

Grand Total

402 mV

290 mV

Total Allowed

450 mV

450 mV

Value based on theoretical models as well as simulations.
Value based on Hyperlynx Boardsim simulation results.

6.5.4.4

Ringing

Ringing on a digital signal is a result of reﬂections of the signal generated by impedances
mismatches or discontinuities along the transmission line. These mismatches can take the form of
things such as vias, transmission line stubs, the inductive/capacitive load imparted by parasitic elements of the driver or receiver integrated circuit, or a failure to properly terminate the transmission
line. To determine the worst-case ringing on the Digital Board, Hyperlynx Boardsim simulations
were performed for all ADC-FPGA data bus signals, and an example result is shown in Figure
6.27. From the ﬁgure, it can be seen that the worst-case ringing experienced on the ADC-FPGA
data bus is approximately 30 mV, or 8% of the available noise margin.

6.5.4.5

Total Noise Budget

Taking into consideration all of factors listed above, as well as those discussed in, a detailed
noise budget for the ADC-FPGA bus was created, and is given in Table 6.11. From the table, it can
be seen that the maximum amount of noise that will be introduced into an ADC-to-FPGA data bus
signal will be approximately 400 mV, which is below the maximum allowed value of 450 mV, thus
ensuring accurate decoding of ADC sample values and reconstruction of the sampled signal.
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(a)

(b)
Figure 6.23: Hyperlynx Boardsim simulated worst-case crosstalk on the ADC-toFPGA Data Bus. Note that the ﬁgures show an example aggressor signal along with
the crosstalk experienced by a single signal on that particular ADC-to-FPGA bus.
Simulations are based on the actual PCB geometry. (a) Crosstalk measured on
the P7 signal on the ADC0-FPGA Data Bus, and (b) Crosstalk measured on the A0
signal on the ADC1-FPGA Data Bus.
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(a)

(b)
Figure 6.24: Hyperlynx Boardsim simulated worst-case crosstalk on the ADC-toFPGA Data Bus. Note that the ﬁgures show an example aggressor signal along with
the crosstalk experienced by a single signal on that particular ADC-to-FPGA bus.
Simulations are based on the actual PCB geometry. (a) Crosstalk measured on the
A0 signal on the ADC2-FPGA Data Bus, and (b) Crosstalk measured on the A7
signal on the ADC3-FPGA Data Bus.
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(a)

(b)
Figure 6.25: Hyperlynx Boardsim simulated worst-case crosstalk on the ADC-toFPGA Data Bus. Note that the ﬁgures show an example aggressor signal along with
the crosstalk experienced by a single signal on that particular ADC-to-FPGA bus.
Simulations are based on the actual PCB geometry. (a) Crosstalk measured on
the P7 signal on the ADC4-FPGA Data Bus, and (b) Crosstalk measured on the P5
signal on the ADC5-FPGA Data Bus.
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(a)

(b)
Figure 6.26: Hyperlynx Boardsim simulated worst-case crosstalk on the ADC-toFPGA Data Bus. Note that the ﬁgures show an example aggressor signal along with
the crosstalk experienced by a single signal on that particular ADC-to-FPGA bus.
Simulations are based on the actual PCB geometry. (a) Crosstalk measured on
the P7 signal on the ADC6-FPGA Data Bus, and (b) Crosstalk measured on the A6
signal on the ADC7-FPGA Data Bus.
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Figure 6.27: Illustration of ringing on a typical ADC-to-FPGA Data Bus signal.
Note that the signal experiences approximately 30 mV of ringing. Simulation was
performed in Hyperlynx Boardsim using the actual PCB Geometry.

6.5.5

System Clock Signal Integrity

As with the Prototype Receiver, the clock signals are the most critical signals on the board, and
ensuring perfect or near-perfect signal integrity of these signals is vital to the proper operation of
the Digital Board. To reiterate from §5.4.1, clock signals must have the following properties:
•
•
•

Monotonic Rise/Fall
Low Noise/Jitter
Low/Controlled Skew

The Digital Board has two distinct clock signals: the 1 GHz ADC sampling clocks, and the 500
MHz ADC Data Ready (DREADY) clocks. Because of their extremely critical nature, the PCB
trace routing constraints used in the prototype receiver (detailed in §5.4.4) were also applied to
the Digital Board. Detailed Hyperlynx Boardsim simulations were then performed for each clock
signal on the board, to determine if any signal integrity issues existed.
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1 GHz ADC Sampling Clock

The ADC Sampling Clock Distribution Network is broken down into three levels:
Level 1: The 1 GHz signal output from the RFV300 is split into two secondary clock signals
using an ON Semiconductor 100EL14DT clock distribution chip, and distributed to two
different areas of the board.
Level 2: Each secondary clock signals is then split into four clock signals, again using a
100EL14DT clock distribution chip, and each clock signal is then routed to an ON Semiconductor 10EP195 programmable delay chip.
Level 3: The 10EP195 programmable delay chip is used to precisely adjust the time delay of
each ADC’s sampling clock for optimum performance of the TI ADC array and to compensate for any skew introduced in the clock distribution network. The output of the 10EP195
is then routed to the ADC CLK+/CLK- sampling clock input.
Because all clock signals in a given Level were routed using an identical or nearly identical
PCB geometry, it is unnecessary to show simulation results for every clock signal. Thus, for each
of the three cases, only an representative simulation result will be provided, although all clock
signals were simulated.
ADC Sampling Clock Signal Integrity: Level 1
Of these three clock distribution levels, Level 1 was the most critical, as the clock signal had
to travel a distance of just over 11 inches from the clock source region of the Digital Board to the
clock distribution region. As with the Prototype Receiver, simulation results (shown in Figure
6.28) indicated that the losses due to traveling such a distance through the Isola FR-408 material
(even though it had a lower loss tangent than the ParkNelco 4000-6 material) would result in clock
signal amplitude very close to the ECL logic thresholds. Therefore, an additional 10EL16DT chip
(which is designed to handle very low signal level inputs) was therefore added at the end of the
signal traces to amplify and regenerate the clock signals.
ADC Sampling Clock Signal Integrity: Level 2
Level 2 is the next most critical stage of the ADC Sampling Clock distribution network. Signiﬁcant signal integrity problems in this stage will render up to four of the ADCs on the board
unusable. Therefore, detailed Hyperlynx Boardsim simulations were performed to determine if
any problems or potential problems existed. An example simulation result is shown in Figure 6.29.
From the ﬁgure, it can be seen that a small amount of ringing and distortion exists on the signal,
but that it still conforms to the three primary clock signal requirements.
ADC Sampling Clock Signal Integrity: Level 3
The ﬁnal stage in the ADC Sampling Clock distribution network is the connection from the
MC10EP195 programmable delay chip to the ADC. Once again, detailed Hyperlynx Boardsim
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Figure 6.28: Illustration of the clock signal in Level 1 of the ADC Clock Distribution
Network. Solid lines are the clock signals measured at the driver IC (at the
beginning of the transmission line), and dotted lines are the clock signals measured
at the receiver IC (at the end of the transmission line). Simulations were performed
in Hyperlynx Boardsim using the actual PCB geometry. Note that both the positive
and negative components of the differential signal are shown.

Figure 6.29: Illustration of the clock signal in Level 2 of the ADC Clock Distribution
Network. Solid lines are the clock signals measured at the driver IC (at the
beginning of the transmission line), and dotted lines are the clock signals measured
at the receiver IC (at the end of the transmission line). Simulations were performed
in Hyperlynx Boardsim using the actual PCB geometry. Note that both the positive
and negative components of the differential signal are shown.
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Figure 6.30: Illustration of the clock signal in Level 3 of the ADC Clock Distribution
Network. Solid lines are the clock signals measured at the driver IC (at the
beginning of the transmission line), and dotted lines are the clock signals measured
at the receiver IC (at the end of the transmission line). Simulations were performed
in Hyperlynx Boardsim using the actual PCB geometry. Note that both the positive
and negative components of the differential signal are shown.

simulations were performed, and an example result is shown in Figure 6.30. From the ﬁgure, it
can be seen that a fairly signiﬁcant amount of ringing and distortion has been imparted onto the
clock signal. Fortunately, the ringing/distortion is not sufﬁciently strong enough to cause the clock
signals to violate the three requirements listed above.

6.5.5.2

500 MHz DREADY Clock

In addition to the ADC Sampling Clock, the other critical clock signal on the Digital Board is
the 500 MHz DREADY ADC output signal. The DREADY signal is used by the FPGA to latch in
ADC sample data; therefore, it is also critically important to ensure proper signal integrity of these
signals. Additionally, each DREADY signal was routed through a different electrical environment
(each signal experienced different levels of crosstalk and/or other sources of noise due to the proximity of different ADC-to-FPGA bus signals), thus, simulation results for every DREADY signal
are presented in Figures 6.31, 6.32, 6.33, and 6.34.
Looking at the ﬁgures, it can be seen that, as with the ADC-FPGA data bus signals, the DREADY
signals also experience a degradation in rise time relative to the DREADY signals on the Prototype
Receiver. The rise time degradation is, fortunately, not severe enough to signiﬁcantly degrade the
quality of the DREADY signals. Also note that the clock edges are monotonic and exhibit no ringing, and that the DREADY signals conform to the three primary clock signal requirements.
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(a)

(b)
Figure 6.31: Hyperlynx Boardsim simulated ADC DREADY output signal.
Simulations are based on the actual PCB geometry, and the results are shown at
the input to the FPGA. Note that both the positive and negative components of the
differential signal are shown. (a) DREADY signal for ADC0, and (b) DREADY
signal for ADC1.
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(a)

(b)
Figure 6.32: Hyperlynx Boardsim simulated ADC DREADY output signal.
Simulations are based on the actual PCB geometry, and the results are shown at
the input to the FPGA. Note that both the positive and negative components of the
differential signal are shown. (a) DREADY signal for ADC2, and (b) DREADY
signal for ADC3.
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(a)

(b)
Figure 6.33: Hyperlynx Boardsim simulated ADC DREADY output signal.
Simulations are based on the actual PCB geometry, and the results are shown at
the input to the FPGA. Note that both the positive and negative components of the
differential signal are shown. (a) DREADY signal for ADC4, and (b) DREADY
signal for ADC5.
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(a)

(b)
Figure 6.34: Hyperlynx Boardsim simulated ADC DREADY output signal.
Simulations are based on the actual PCB geometry, and the results are shown at
the input to the FPGA. Note that both the positive and negative components of the
differential signal are shown. (a) DREADY signal for ADC6, and (b) DREADY
signal for ADC7.
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Upgrades to the Digital Board

To enhance the performance and ﬂexibility of the UWB SDR Receiver, several features were
added to the Digital Board that were not present on the Prototype Receiver, listed below:
FPGA Control Over ADC Clock Delays
FPGA Control Over UWB Pulse Timing
Synchronous Reset of all Eight ADCs
Static RAM (SRAM) Memory
Multiple RS-232 Ports

6.5.6.1

FPGA Control Over ADC Clock Delays

One of the limitations on the Prototype Receiver was that the individual ADC clock delays
were controlled by a DIP switch. While the DIP switch control was very simple to implement,
it did not allow for run-time control over the clock delays. Such control would be necessary to
implement a software-based ADC timing calibration routine, such as the one discussed in §4.5.2.
Because the 10EP195 programmable delay chips are operating with NECL clock signals, they
require NECL control signals. The Virtex-II Pro FPGA, unfortunately, does not provide NECL as
an available output option. As a result, the ON Semiconductor NB100LVEP91 positive to negative level translator chips were used to interface between a 2.5V LVCMOS output of the FPGA and
the NECL inputs of the programmable delay chips. The NB100LVEP91 is a relatively expensive
part—at a cost of around $17 per chip—and only provides three translation gates per chip. To
minimize the total cost incurred per board, the eight delay control signals were combined into a
single bus architecture, where all eight 10EP195 chips connected to the bus. Thus, the delay control signals would be received by all eight programmable delay chips. To prevent every 10EP195
from becoming set to the same time delay, the Latch Enable (LEN) signals were also connected
to the FPGA. Asserting the LEN signal of a particular 10EP195 would ensure that only it would
be programmed by the signals on the delay control bus. As a result of this architecture, the total
number of delay control signals required for FPGA control over the clock delays is sixteen—eight
to select the speciﬁc 10EP195 to be programmed, and another eight which carried its delay information. Thus, six NB100LVEP91 chips are required on the Digital Board.
As a result of a lack of routing room on signal layers 1, 3, 5, 16, 18, and 20, the programmable delay control bus was routed on layer 10. Layer 10 is a non-controlled impedance layer
(although stackup simulations indicate that the trace impedance will be close to 50Ω, the actual
value is not guaranteed by the manufacturer). In addition, signals were routed in very close proximity to each other—in some cases with trace-trace separations of only 5 mils. The rationale for
routing the programmable delay bus in such a manner was that the 10EP195 delay times would
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Figure 6.35: Illustration of the slight time delay difference between the time a
trigger signal is applied to the UWB pulse generator and the time either a positive or
negative UWB pulse is created.

change very infrequently, at most perhaps once per second. Therefore, sufﬁcient time would exist
for any signal integrity problems (crosstalk, ringing, skew, etc.) to die down before the values were
latched into the 10EP195 chips.

6.5.6.2

FPGA Control Over UWB Pulse Timing

One of the issues with using different pulse generators to generate a positive and negative
UWB pulse is that a delay exists between the time a trigger signal is applied to the UWB pulse
generator and the time a pulse is created. Due to small differences in trace lengths or propagation
delay times of the various circuits involved in generating the trigger signals, the time delay may
be different for the positive and negative UWB pulse generators, as illustrated in Figure 6.35.
Thus, even if the trigger signals are applied at precisely the same instance in time, or at precisely
separated instances in time, there will be a slight timing offset between the positive and negative
UWB pulses. The slight timing offset poses a problem for the matched ﬁlter receiver, which is
expecting the received UWB pulse to arrive at very speciﬁc times (see §3.4.4). Any timing difference between the positive and negative pulses will result in incomplete energy capture and an
increase in the Bit Error Rate. One solution is to simply increase the size of the tracking window,
however, doing so is wasteful of FPGA resources. A better solution, and the one implemented on
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the Digital Board/Transmitter Board, was to provide a means to delay one or both of the UWB
pulse generator trigger signals, thus calibrating out any time offsets between the positive and negative UWB pulses.
The UWB pulse generator delay circuit was implemented with the ON Semiconductor
MC10EP195 programmable delay chip. These are the same delay chips used on the TI Sampling
ADC array to precisely control the time delay of the ADC clock signals. Not only do these chips
provide the ability to calibrate out any time differences between the positive and negative UWB
pulse, but they provide a means of performing very precise pulse position modulation, and/or
dithering the UWB pulse. Further details about the pulse delay circuit may be found in §6.3.2.1.

6.5.6.3

Synchronous Reset of all Eight ADCs

To facilitate implementation of a Time Interleaved ADC array, the MAX104 ADC’s provide
a pipeline reset input signal, RESETIN. Asserting the RESETIN signal clears the internal ADC
pipeline, and ensures that the phase of the ADC sampling clock is aligned with the phase of the
ADC DREADY clock output4. On the prototype receiver, the two ADCs were reset consecutively; that is, ADC#1 was reset, and then the RESETOUT signal from ADC#1 was used to reset
ADC#2.
The original purpose for resetting ADCs consecutively was to ensure that both the ADCs and
the FGPA’s Digital Clock Managers (DCMs) would reset in the same speciﬁc order [125]. To
illustrate what happens if the orders are not matched, assume that the ADCs come out of reset in
the order {0, 1, 2, 3, 4, 5, 6, 7}, and the DCMs come out of reset in the order {0, 1, 3, 4, 5, 6, 7,
2}. Therefore, the FPGA de-interleaves the data, it sees the samples in the order {0, 1, 10, 3, 4,
5, 6, 7, 8, 9, 18, 11 …}. Unfortunately, testing on the prototype board revealed that a 4-5 sample
delay existed between the time ADC#1’s pipeline was cleared and the time it output a RESETOUT
signal to ADC#2, resulting in a 4-5 sample offset between the two ADC outputs. To illustrate the
problem, assume that ADC#1 samples the signal at times {0, 2, 4, 6, 8, 10, 12, 14, 16, …}, and
ADC#2 samples the signal at times {1, 3, 5, 7, 9, 11, 13, 15, 17,…}. When the FPGA reads in
ADC samples, it will receive them in the order {… 6, 1, 8, 3, 10, 5, 12, 7, …}. With 8 ADCs
on the Digital Board, resetting the ADCs consecutively exacerbates the problem of mis-ordered
samples.
To prevent mis-ordered samples on the digital board, it was necessary to reset all eight ADCs
synchronously. Special FPGA code would ensure that the DCMs reset in the required order of {0,
1, 2, 3, 4, 5, 6, 7}, and that sample data would be de-interleaved properly. The ADC Reset signals
were therefore carefully length-matched, and Hyperlynx Boardsim simulations, shown in Figure

4 The ADC sampling clock is divided down inside the ADC. As with all clock divide circuits, two possible phase relationships exist between
these clocks. For further information, see [MAX104].

Chapter 6: The UWB SDR Transceiver

279

Figure 6.36: Hyperlynx Boardsim simulated skew on all 8 ADC Reset signals
(ﬁgures show the differential signal). Simulations are based on the actual PCB
geometry. Note that the skew is approximately 50 picoseconds, which is sufﬁciently
low enough to ensure the ADCs reset synchronously.

6.36, verify that a maximum of 50 picoseconds of skew exists among the reset signals. Given the
timing requirements of the MAX104 Reset signal [98], 50 picoseconds of skew is sufﬁciently low
enough to ensure all ADCs reset synchronously.

6.5.6.4

SRAM Memory

One important new addition to the Digital Board was the inclusion of 2 Megabytes of 36-bit
Zero Bus Turnaround 100 MHz Static RAM (SRAM) Memory. The primary reason for the inclusion of SRAM memory was to allow one of the PowerPC processors inside the VirtexII-Pro FPGA
to run a version of Embedded Linux. Running Embedded Linux on the UWB SDR Transceiver
allows users to develop SDR architectures and applications using a Linux workstation, and then
easily port the system into the UWB SDR Testbed. Additionally, the use of Zero Bus Turnaround
memory allows read and write operations to happen in the same clock cycle, simplifying the
memory controller design in addition to speeding up memory access operations. Finally, the use of
36-bit memory means that PowerPC instructions, which happen to be 32 bits long, can be fetched
in a single memory access cycle, allowing the processor to operate at the fastest possible speed.
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Multiple RS-232 Ports

Another upgrade to the Digital Board was the inclusion of an additional two RS-232 serial
ports, for a total of three. The two additional ports provide a variety of new options to users of the
UWB SDR Testbed, including:
•
•
•
•

6.6

Operate and communicate with each PowerPC in the FPGA independently.
Communicate with peripheral devices or other UWB SDR Testbeds.
Transmit data to multiple PC’s simultaneously.
Combine RS-232 ports to transmit data to a single PC at a higher effective data rate.

Conclusions

This chapter has discussed the major design features of the UWB SDR Transceiver Tesbed,
with an emphasis on differences between the Prototype Receiver and the ﬁnal system. The Testbed
is composed of four separate subsystems: The RF Front End, the DC Power Board, the Transmitter
Board, and the Digital Board. Each of these subsystems has been designed in as general-purpose
a manner as possible. The transmitter board can operate either as part of the Transceiver or as a
stand-alone UWB pulse generator. The RF Front End and Digital Board can operate with UWB
signals, or with any other broadband signal in the range of 10 MHz-2.2 GHz. It is this exceptional
degree of ﬂexibility that makes the Transceiver unique among UWB communication systems. The
ﬁnal step in the development of the UWB SDR Transceiver was to verify its operability, the results
of which are discussed in Chapter 7.
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Chapter 7
UWB SDR Transceiver Testbed Evaluation
7.1

Introduction

The ﬁnal phase in the development of the UWB SDR Testbed was to verify that all of the
individual subsystems (DC Power Board, Transmitter Board, RF Front End, and Digital Board)
met their individual performance targets, and that the Testbed as a whole was able to meet the
performance and ﬂexibility requirements discussed in Chapters 3 and 6. Additionally, a signiﬁcant
portion of this dissertation focused on the development of a TI Sampling ADC array for the UWB
Receiver, and because the overall performance of the receiver is predicated on precisely matching
the individual ADC parameters, it was important to evaluate the impact of the TI Sampling array
on the received UWB signal. Finally, the use of a DPBMF receiver architecture was predicted to
partially compensate for TI Sampling ADC mismatches. Therefore—to determine the efﬁcacy of
the DPBMF architecture—a series of Bit Error Rate (BER) tests were performed for AWGN and
simple multipath channels and compared to the predicted results given in Chapter 4.

7.2

DC Power Board

The primary purpose of the DC Power Board is providing the Transmitter Board and Digital
Board with a steady, stable voltage supply that meets their current consumption requirements. In
particular, as discussed in Chapters 6, the VRMs on the DC Power Board had to meet the following
requirements:
• Supply up to 11 Amps of steady-state current
• Maximum 30 mV peak-peak (+/- 15 mV) ripple in the output voltage
• Minimal radiated EMI
To evaluate the performance of the DC Power Board, the output of each VRM was connected
to a speciﬁc power resistor. The value of the power resistor was set such that each VRM would be
supplying approximately 10 Amps of current.
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Figure 7.1: Output voltage regulation of the 5V VRM on the DC Power Board.

Figure 7.2: Radiated EMI generated by the DC Power Board with all six VRMs
supplying 10 Amps of current to a resistive load. EMI was measured using a
biconical antenna at a distance of 1 meter from the DC Power Board.

Figure 7.1 shows that the output voltage regulation of the VRM is approximately 20 mV peakpeak, which is in line with the VRM constructed for the prototype receiver, and well within the
allowable limit of 30 mV peak-peak ripple. Additionally, the output voltage of all VRMs was
observed to remain steady and stable under the full 10 Amp load, verifying that the VRMs were
capable of delivering their full rated current.
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To measure the EMI, a broadband biconical antenna was placed a distance of 1 meter away
from the board. To evaluate EMI, a broadband biconical antenna was placed a distance of 0.5
meters away from a single VRM, and a sample of the background noise was captured using a
Tektronix TDS 580D digitizing oscilloscope. The VRM was then powered on, and second signal
(which contained the background noise plus the EMI generated by the VRM) was recorded on the
oscilloscope. The spectrum of the time-domain waveforms was then generated using an FFT in
Matlab. To estimate the EMI generated by the VRM, the spectrum containing only the background
noise was subtracted from the spectrum containing both background noise and EMI. The result
is plotted in Figure 7.2. The ﬁgure shows that the total EMI generated by the DC Power Board
is mostly contained within two frequency ranges: 50-100 MHz and 200-300 MHz, with a peak
of -58 dBm at 90 MHz. In fact, the EMI generated by the entire DC Power Board is less than the
EMI generated by a single VRM used on the Prototype Receiver (illustrated in Figure 5.5e). At 8
bits of resolution, and with a 0 dBm maximum input signal, the weakest signal that an ADC on the
Digital Board can detect is approximately -50 dBm. The radiated EMI generated by the DC Power
Board thus falls below the weakest signal that the Digital Board can detect, and its performance
was deemed acceptable.

7.3

Transmitter Board

Veriﬁcation of the transmitter involved generating UWB pulses and comparing them with the
results from the ADS simulations presented in Chapter 6. Additionally, it was desired to investigate the maximum pulse repetition frequency for which the transmitter would reliably operate.

7.3.1

UWB Pulse Generation

To test the operation of the UWB pulse generator circuit, a simple HP signal generator was
connected to the Pos. Pulse and Neg. Pulse trigger inputs, and a Tektronix TDS580D oscilloscope
was connected to the UWB Out output. For initial testing purposes, the pulse repetition frequency
was set to 5 MHz. The positive and negative pulse outputs, along with results from the ADS
simulations, are shown in Figure 7.3. Note that, to obtain the most accurate comparison, the ADS
simulation results here include the effects of the power splitter as well as the low pass ﬁlter on the
output, whereas the simulation results shown previously in this dissertation do not.
From the ﬁgure, it can be seen that both the actual and simulated UWB pulses have a null-null
pulse width of approximately 700 picoseconds, slightly wider than the 500 picosecond design
goal. Additionally, a small amount of ringing can be observed just after the pulse. Both the pulse
broadening and ringing are caused by the low-pass ﬁlter and power splitter, which can be conﬁrmed
by comparing the ADS simulation output shown here to the results shown in §6.3. Furthermore,
note that the actual UWB pulses have a slight dip/rise just before the pulse is created. The cause
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(a)

(b)
Figure 7.3: Comparison of measured and simulated output from the UWB
Transmitter Board. (a) Positive pulse generator, and (b) Negative pulse generator.
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(a)

(b)
Figure 7.4: Output of the Transmitter Board for a UWB pulse repetition frequency
of 100 MHz. Note that successive pulses are just beginning to interfere with each
other. (a) Positive pulse generator output, and (b) Negative pulse generator output.
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for the dip/rise before the pulse is unknown, although it is possible that it could result from a slight
impedance mismatch somewhere in the pulse driver circuit. Finally, note that the amplitude of the
actual UWB pulse is roughly half of the simulated UWB pulse output, a result of a slightly weaker
drive voltage: 3.0V peak-peak actual instead of the 3.2V peak-peak used in the simulation.

7.3.2

Maximum Pulse Repetition Frequency

One of the primary design objectives for the UWB Transceiver Testbed was the ability to communicate at a data rate of 100 Mbps, with one data bit transmitted per UWB pulse. Meeting this
objective leads to the requirement that the transmitter generate UWB pulses at a rate of at least
100 MHz, or one pulse per 10 nanoseconds. Simulation results, shown in §6.3 indicated that the
transmitter should be capable of generating pulses at a rate of 400 MHz. However, as discussed
above, the actual UWB pulse contains considerably more distortion than predicted in the simulation, potentially reducing the maximum pulse repetition frequency.
To determine the maximum pulse repetition frequency of the transmitter, the Transmitter
Board was connected as discussed above in §7.3.1, and the frequency of the HP pulse generator
was slowly increased. Figure 7.4 shows the output of the Transmitter Board for both positive and
negative pulses generated at a rate of 100 MHz, which meets the design objectives. From the
ﬁgure, note that for two consecutive pulses, the ringing from the trailing end of the ﬁrst pulse is
just beginning to run into the pre-pulse dip/rise of the second pulse. As the frequency of the signal
generator was increased above 100 MHz, these two parts of the UWB pulse waveforms began to
interfere in earnest, resulting in an instability of the UWB pulse. At pulse repetition frequencies
above 150 MHz, the UWB pulse generator ceased to operate.

7.4

RF Front End

The purpose of the RF Front End is to amplify and condition the received UWB pulse for ADC
conversion, while imparting as little noise or distortion as possible. To verify the performance of
the RF Front End, a series of tests were performed, including:
• Noise Figure
• Third Order Intercept
• S-Parameter
• UWB Pulse Distortion
The results of the testing are summarized in Table 7.1 and discussed further in the following
sections.
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Table 7.1: Performance Summary of the RF Front End
Parameter
Noise Figure
OIP3
Nominal Gain
Gain Flatness
Frequency Response
Pulse Distortion

7.4.1

Predicted Performance

Actual Performance

4.8 dB
25 dBm
40 dB
± 2 dB
20 - 2700 MHz
--

9.0 dB
25.4 dBm
43 dB
+ 20 / - 0 dB
20 -2200 MHz
21 mV RMSE

Noise Figure

Using the Tangential Sensitivity (TSS) technique [126, 127], the RF Front End’s noise ﬁgure
was measured at 9.0 dB, which is slightly more than twice the predicted value of 4.8 dB. This
value was conﬁrmed by using the Gain Method for measuring the noise ﬁgure of a device described in [128]. Two possible explanations exist for the discrepancy between the measured and
predicted values. First, the noise ﬁgure calculation did not take into account minor losses between
stages due to cables and connectors. Adding just 0.25 dB attenuation between each stage increases
the predicted noise ﬁgure to 5.0 dB. Second, both the TSS and the Gain Method techniques rely
on narrowband measurements, and result in the noise ﬁgure at a speciﬁc frequency. The 9.0 dB reported number was measured at a frequency of 1 GHz. Measuring the noise ﬁgure at several other
frequencies indicated that it could vary as much as ±2 dB over the 10 MHz—2 GHz frequency
range. Also, the noise ﬂoor of the spectrum analyzer can have a signiﬁcant impact on the accuracy
of noise ﬁgure measurements, particularly when the noise ﬁgure is less than 10 dB [128]. The
Tektronix 2782 spectrum analyzer used in these measurments does have a relatively high noise
ﬂoor, and had not been calibrated in over 2 years, and both factors could lead to some error in the
noise ﬁgure measurement.

7.4.2

Third Order Intercept Point

The OIP3 of the RF Front End was measured using a standard two-tone test and found to
be 25.4 dBm. The only components in the RF Front End that have an impact on the IP3 of the
receiver are the ZX60-3018G ampliﬁers, which have an OIP3 of 25 dBm. Thus, the measurement
is in good agreement with the predicted IP3 value. As with the noise ﬁgure, the IP3 measurement
performed here is a narrowband technique and may not be a meaningful parameter to describe the
behaviour of the RF Front End with an ultra wideband input signal.
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(a)

(b)
Figure 7.5 :Measured S-Parameter data from the RF Front End. (a) S21 Magnitude
data, and (b) S21 Phase data.
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(b)

Figure 7.6: Measured distortion of a UWB pulse imparted by the RF Front End.
(a) 1 nanosecond duration UWB pulse input to the RF Front End, and (b) Measured
output of the RF Front End—note slight amount of broadening and dispersion.

7.4.3

S-Parameter

To investigate the frequency response of the RF Front End, a full 2-port S-Parameter sweep
was performed using an HP 8510 Vector Network Analyzer, and the results from the S21 sweep
are presented in Figure 7.5a. To minimize the amount of pulse distortion, the design called for a
ﬂat frequency response, as well as linear phase, from DC-2.2 GHz. Unfortunately, as seen in the
ﬁgure, the frequency response is not ﬂat, with signiﬁcant excess gain occurring in the frequency
range of 100 MHz – 1.2 GHz. Further investigation revealed that the RF ampliﬁers were the cause
of the problem, as they deviate signiﬁcantly from their speciﬁed gain of 20-22 dB. The phase response (as shown in Figure 7.5b) is essentially linear over the entire operating frequency range of
the RF Front End, with the exception of the DC-500 MHz range. Unfortunately, the combination
of signiﬁcant excess gain below 1.2 GHz and nonlinear phase below 500 MHz will result in some
amount of pulse distortion imparted by the RF Front End, as discussed in the following section.
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UWB Pulse Distortion

The ﬁnal test of the RF Front End was to determine how much distortion it imparted to a received UWB pulse. To perform this test, a 1 nanosecond duration UWB pulse was generated using
a Picosecond Labs 10,070A pulse generator. The pulse amplitude was set such that the amplitude
at the output of the RF Front End would be equal to the maximum ADC input signal, or 250 mV.
Both the input and output pulse were recorded using a Tektronix TDS694C oscilloscope operating
at a sampling frequency of 10 GHz, and the results are shown in Figure 7.6.
As can be seen in the ﬁgures, the RF Frond End does impart a small amount of broadening to
the UWB pulse, in addition to a small amount of pulse dispersion (evidenced by the small negative
dip after the main impulse. To gain a more quantitative insight into the impact of the RF Front
End on a UWB pulse, the Root Mean Square Error (RMSE) between the ampliﬁed pulse and the
ideal pulse was calculated1. The resulting MSE was approximately 21 mV, or roughly 8% of the
maximum amplitude of the UWB pulse output from the RF Front End. Because the amount of
pulse distortion was relatively small, and because the DPBMF architecture can compensate for
static pulse distortion, the RF Front End performance results were deemed to be acceptable.

7.5

Digital Board

As with the prototype receiver, it was extremely important to verify the full functionality of
the UWB SDR Digital Board. With eight ADCs running at 1 GS/s each, along with 250 MHz data
paths inside the FPGA, even minor problems or signal integrity issues could signiﬁcantly degrade
the performance of the UWB receiver. For initial conﬁguration and basic operational veriﬁcation
of the FPGA, the same validation process as used on the Prototype Receiver (described in §5.7.1)
was employed with successful results.
At this point, Digital Board veriﬁcation consisted of the following three stages:
•
•
•
•

Veriﬁcation of the Power Distribution System
Data Capture of CW signals from each individual ADC
Data Capture of CW signals from the TI ADC Array
Data Capture of a UWB pulse from the TI ADC Array

Because proper operation of the Power Distribution System is so critical to the operation of
the Digital Board, it was vitally important to verify its operation at the outset. The next stage
(performing data capture of CW signals from each individual ADC) veriﬁed that the FPGA was
properly receiving and latching in ADC samples, and allowed for the investigation of any potential
signal integrity, noise, or timing issues with the board. Finally, the ADC array was placed in the
time-interleaved mode, verifying that the ADC array operated as designed when both a CW signal
1

To compute the RMSE, the pulse input to the RF Front End was scaled by the gain of the RF Front End. The ideal pulse is, therefore, the pulse
that would have been output from a perfect RF Front End with no added distortion.

Chapter 7: UWB SDR Transceiver Testbed Evaluation

291

(a)

(b)

(c)
Figure 7.7: Measured frequency spectrum for three PDS’s on the Digital Board.
(a) 1.5V PDS, (b) 2.5V PDS, and (c) 3.3V PDS
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(a)

(b)
Figure 7.8: Measured frequency spectrum for two PDS’s on the Digital Board.
(a) 5V Digital, and (b) -5V Digital.

and a UWB signal were input to the receiver.

7.5.1

Veriﬁcation of the Power Distribution System

As with the Prototype Receiver, each of the PDS’s had a special connector so that a spectrum
analyzer could observe the frequency response of the PDS. Large spikes in the spectrum indicate
an unmet current demand at that particular frequency. The PDS’s were tested with a 1 GHz square
wave input to the ADCs, with all of the ADC sampling clocks in phase and operating at 1 GHz
which maximized the number of SSOs on the 3.3V PDS. The FPGA was conﬁgured to operate
in an extended version of the data capture mode (with a 40% resource utilization), and to drive
unused outputs in a high-low-high-low pattern at a frequency of 100 MHz.
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The measured frequency spectrum for each PDS is shown in Figures 7.7-7.8. Looking at the
two PDSs responsible for powering the FPGA (the 1.5V and 2.5V), a number of discrete spikes
can be seen at frequencies ranging from 100-300 MHz, with a few spikes in the 500-1000 region.
The strongest of these is in the 1.5V PDS at 100 MHz, with an amplitude of only -47 dBm. The
3.3V PDS—which is responsible for powering the ADC outputs—is the only other PDS that shows
a signiﬁcant amount of noise, with several frequency spikes in the range of 100-700 MHz. The
amplitudes of these spikes are, however, equal to or lower than the amplitudes of the spikes on the
Prototype Receiver. Looking at all of these PDS’s in the time domain, the total measured noise is
less than 10 mV peak-peak, well within the allowable limits described in §6.5.4.

7.5.2

Data Capture with 400 MHz ADC Clock Signals

7.5.2.1

Data Capture from Individual ADCs

The ﬁrst test of the UWB SDR receiver was to verify that all eight of the ADCs on the board
were operating properly, and that ADC samples could be properly latched into and processed by
the FPGA. Additionally, it was important to validate the operation of the ADCs when placed into
the Time Interleaved mode. To avoid the extremely long FPGA code compiling/building times
associated with running at the full 1 GHz ADC clock frequency (which could be as long as several
days), it was decided to operate the ADCs at a reduced clock frequency of 400 MHz—resulting in
an Effective Sampling Frequency of 3.2 GHz for the TI ADC array. To run at the reduced sampling
frequency, the ADC clock signals were generated by an Agilent 8648C signal generator, the output
of which was connected to the Clock In input of the Digital Board.
To test the individual ADC data capture, an FPGA bitstream was generated that latched in
samples from each ADC and stored them in the FPGA’s BRAM memory. One of the FPGA’s
PowerPC processors then transmitted the data to a host PC which saved it in a ﬁle. Testing was
performed using a 23 MHz CW signal as well as a 63 MHz CW signal generated by an Agilent
ESG-D300A signal generator, and were input to the Digital Board’s RF In connector. The waveforms and their spectra were reconstructed using a MATLAB routine, and examples from ADC2
and ADC7 are shown in Figures 7.9 and 7.10. Note that in the frequency spectra, a small spurious
signal is observed at 69 MHz (for the 23 MHz input signal) as well as at 189 MHz (for the 63 MHz
input signal). These spurious signals are being generated by the signal generator and are not byproducts of imperfections in the ADCs or the Digital Board design.
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(a)

(b)

(c)

(d)

Figure 7.9: Example output from individual ADCs on the Digital Board for a 23
MHz CW input signal. The ADC sampling frequency is 400 MHz. (a) Time domain
output from ADC2, (b) Frequency spectrum from ADC2’s output, (c) Time domain
output from ADC7, (b) Frequency spectrum from ADC7’s output.

7.5.2.2

Data Capture from the TI ADC Array

To test the operation of the TI ADC array, the programmable clock delay chips for the ADCs
were adjusted to provide an effective sampling frequency of 3.2 GHz. Because the purpose of
this initial round of testing was simply to demonstrate that the TI ADC array was operational, and
that the FPGA could latch in and properly reconstruct the input signal, ﬁne tuning of the ADC
clock delays was not performed, and therefore, some distortion of the input signal is expected.
An FPGA bitstream was generated with latched in data from the individual ADCs and stored
them in BRAMs; a PowerPC program then read the data from the BRAMS, de-interleaved the
ADC samples, and then transmitted the data to a host PC which saved it in a ﬁle. Testing was
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(a)

(b)

(c)

(d)

Figure 7.10: Example output from individual ADCs on the Digital Board for a 63
MHz CW input signal. The ADC sampling frequency is 400 MHz. (a) Time domain
output from ADC2, (b) Frequency spectrum from ADC2’s output, (c) Time domain
output from ADC7, (b) Frequency spectrum from ADC7’s output.

again performed with 23 MHz and 63 MHz signals. The waveforms and their spectrums were
reconstructed with a MATLAB routine, and one example is plotted in Figures 7.11 and 7.12. In
the signal spectrum, note that several spurious signals are present. These spurs are primarily the
result of slight imperfections in the ADC clock delays, which manifest as a distortion of the time
domain signal as seen in the ﬁgures, as explained in [48, 49, 50]. Further ﬁne-tuning of the clock
delays would likely have produced a reduction in the amplitudes of the spurious signals, however,
this round of testing was simply to verify the operation of the TI ADC array. Nevertheless, the
dynamic range of the receiver is approximately 35-40 dB.
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(b)

Figure 7.11: Time-Interleaved output of the Digital Board for a 23 MHz CW input
at an effective sampling frequency of 3.2 GHz. (a) De-interleaved time domain
output, and (b) Frequency spectrum of the de-interleaved output.

(a)

(b)

Figure 7.12: Time-Interleaved output of the Digital Board for a 63 MHz CW input
at an effective sampling frequency of 3.2 GHz. (a) De-interleaved time domain
output, and (b) Frequency spectrum of the de-interleaved output.

Before moving up to the full speed ADC sampling clock signals, one ﬁnal test was performed
to see if the Digital Board could successfully capture and reconstruct a UWB pulse generated by
a simple MSSI pulser available in the MPRG lab. The pulser output was adjusted so that it would
drive the full-scale ADC input range and was connected to the RF In input. For comparison purposes, the same UWB pulse was also digitized using a Tektronix TDS580D at a 4 GHz sampling
frequency, and then resampled in Matlab to match the 3.2 GHz effective sampling frequency of
the Digital Board. The voltage recorded by the oscilloscope was converted into an equivalent
ADC output code level, based on the measured analog input range of the ADCs of ±250 mV. Both
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Figure 7.13: Comparison of a UWB pulse sampled by a Tektronix oscilloscope and
the same UWB pulse sampled by the Digital Board. The sampling frequency for
both the oscilloscope and receiver was set at 3.2 GHz. Note that the two pulses are
nearly identical in both shape and time duration.

signals are plotted together in Figure 7.13. Note that the two pulses are nearly identical in both
shape and time duration. The root mean square error between the two signals was computed to be
4.3% of the maximum pulse amplitude.

7.5.3

Data Capture with 800 MHz ADC Clock Signals

As a result of problems encountered when building the FPGA code for the full 1 GHz ADC
clock signals, it was decided to run the remainder of the UWB SDR tests at an ADC clock frequency of 800 MHz, or a 6.4 GHz Effective Sampling Frequency.
To test the operation of the TI ADC array, the programmable clock delay chips for the ADCs
were adjusted to provide an effective sampling frequency of 6.4 GHz, and an 800 MHz signal was
input to the Clock In connector on the Digital Board. An FPGA bitstream was generated which
latched in data from the individual ADCs and stored them in BRAMs; a PowerPC program then
read the data from the BRAMS, de-interleaved the ADC samples, and then transmitted the data
to a host PC which saved it in a ﬁle. Testing was performed with 393 MHz and 793 MHz signals
input to the RF In input. The waveforms and their spectrums were reconstructed with a MATLAB
routine, and one example is plotted in Figures 7.14 and 7.15. As before, several spurious signals
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(b)

Figure 7.14: Time-Interleaved output of the Digital Board for a 393 MHz CW input
at an effective sampling frequency of 6.4 GHz. (a) De-interleaved time domain
output, and (b) Frequency spectrum of the de-interleaved output.

(a)

(b)

Figure 7.15: Time-Interleaved output of the Digital Board for a 793 MHz CW input
at an effective sampling frequency of 6.4 GHz. (a) De-interleaved time domain
output, and (b) Frequency spectrum of the de-interleaved output.

are present in the signal spectrum as a result of ADC mismatches; however, an excellent spurious
free dynamic range has been achieved for the 393 MHz signal (approximately 37 dB SFDR), and
the 793 MHz signal achieves a respectable 28 dB dynamic range.
The ﬁnal test for the UWB SDR Digital Board was to see how accurately it could capture and
reconstruct a UWB pulse generated by a simple MSSI pulser available in the MPRG lab. The
pulser output was adjusted so that it would drive the full-scale ADC input range and was connected
to the RF In input. For comparison purposes, the same UWB pulse was also digitized using a
Tektronix TDS580D at a 10 GHz sampling frequency, and then resampled in Matlab to match the
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Figure 7.16: Comparison of a UWB pulse sampled by a Tektronix oscilloscope and
the same UWB pulse sampled by the Digital Board. The sampling frequency for
both the oscilloscope and receiver was set at 6.4 GHz. Note that the two pulses are
nearly identical in both shape and time duration.

6.4 GHz effective sampling frequency of the Digital Board. The voltage recorded by the oscilloscope was converted into an equivalent ADC output code level, based on the measured analog
input range of the ADCs of ±250 mV. Both signals are plotted together in Figure 7.16. Note that
the two pulses are nearly identical in both shape and time duration. The root mean square error
between the two signals was computed to be 1.9% of the maximum pulse amplitude, meaning that
there is a negligible difference between the two pulses. As the primary objective of the Digital
Board was to serve as an Impulse UWB receiver, this test successfully demonstrates the efﬁcacy
of TI Sampling using COTS components.

7.6

Bit Error Rate Performance

In order to evaluate the performance of the testbed, a series of bit error rate tests were performed.
These tests were designed to demonstrate the viability of the pilot-based matched ﬁlter receiver as
both a receiver architecture, as well as a technique to mitigate receiver performance degradation
due to ADC mismatches. For the BER tests, two different scenarios were investigated:
1. 10 MHz pulse rate / 10 Mbps data rate with a LOS signal plus 3 multipath and AWGN.
2. 100 MHz pulse rate / 100 Mbps data rate in AWGN.
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Figure 7.17: Test setup for the 10 MHz/10 Mbps BER measurement.
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10 MHz / 10 Mbps Tests

7.6.1.1

Test Setup

The BER test setup for the 10 MHz / 10 Mbps measurements is shown in Figure 7.17. For
these tests, the MSSI pulse generator (which was also used in §7.5) was used as the UWB pulse
generator. The output of the MSSI pulser was input to wireless channel emulator. The emulator
was composed of a pair of 8-way MiniCircuits power splitter/combiners; these power splitters
were connected via four cables, each of which had a slightly different lengths/time delays (unused
outputs/inputs of the power splitters were connected to 50Ω terminators). The shortest cable
simulated a line-of-sight signal; the remaining cables simulated multipath with various amplitudes
and time delays. The output of the channel emulator was connected to a MiniCircuits ZHL-42W
power amplifier. The ZHL-42W was used instead of the RF Front End due to its exceptionally flat
frequency response and phase linearity, although results obtained with the RF Front End connected
are not expected to differ materially from the ones presented here. The output of the amplifier was
connected to the RF In input of the Digital Board.
For the BER tests, the MSSI pulser was then set to operate at a pulse repetition frequency of
10 MHz with 2-PAM modulation, resulting in a data rate of 10 Mbps. The Digital Board was set
to operate at a 6.4 GHz Effective Sampling Frequency with 800 MHz ADC clock signals. The HP
Variable Attenuator was then adjusted such that the ‘received’ LOS pulse amplitude was equal to
the full-scale input range of the ADC, and an example of a received waveform is shown in Figure
7.18. Due to the lack of an AWGN generator, it was decided to capture a number of raw pulses,
and then use Matlab to add AWGN to achieve a speciﬁc Eb/No as well as perform data demodulation. Ideally, a series of 1,000,000 or 10,000,000 data bits would have been captured and processed
individually in Matlab, however, the FPGA data capture code could only transmit ADC samples to
the host computer at a rate of 240 samples/second. At a sampling frequency of 6.4 GHz, and a 10
MHz pulse rate, transmitting 1,000,000 unique bits to the host computer would have required over
30 days. Therefore, a series of 4,000 non-consecutive bits were recorded over a 4 hour block of
time (2,000 bits were positive and 2,000 bits were negative). These were concatenated together in
Matlab to form a set of 2,000,000 bits. For each Eb/No point, ten BER tests were run, with either
25, 50, or 100 pilot symbols selected randomly from among the original 4,000 bits; the results
were then averaged together to form an estimate of the system’s BER.
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Figure 7.18: Example received waveform as recorded by the UWB SDR Digital
Board for the 10 MHz / 10 Mbps BER test.

Figure 7.19. Bit Error Rate curves for various numbers of pilots using the Pilot
Based Matched Filter Receiver and 2-PAM Modulation. The pulse/ data rate is 10
MHz / 10 Mbps, and the received signal consists of a LOS plus 3 multipath signals in
AWGN.
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Figure 7.20: Investigation of the degree of correlation of two randomly selected
pulses from among the 4,000 pulses recorded for the 10 MHz / 10 Mbps BER tests.
The graph shows that 75% of the time, the two pulses are at least 85% correlated.

7.6.1.2

BER Test Results

BER results for the 10 MHz/10Mbps tests are given in Figure 7.19 , along with theoretical
predicted values based on the equations developed in [129] for a pilot based matched ﬁlter receiver
with similar pulse width and channel impulse response. Looking at the ﬁgure, it can be seen that
the measured BER values essentially match the theoretical predicted curve throughout the range
of Eb/No’s evaluated. Also plotted in the ﬁgure are the results from a test that was run using a “perfect” (i.e. noise-free) matched ﬁlter template composed of a single randomly selected pulse from
among the 4,000 recorded pulses. Note that the curve from the “perfect” matched ﬁlter template
falls within 1 dB of the theoretical best BPSK in AWGN limit.
In Chapter 4, it was seen that the DPBMF could partially compensate for ADC timing mismatches, a result that seems to be corroborated by the curves in Figure 7.19. However, the fact
that the “perfect” matched ﬁlter template results came so close to the BPSK in AWGN would seem
to indicate that only a small amount of distortion has been introduced into the sampled pulses by
ADC mismatches. To determine whether the BER test results were due to the performance of the
DPBMF or excellent matching of ADC gain, offset, and timing, it was decided to evaluate the
correlation beteween any two randomly selected pulses in the set of 4,000 recorded pulses. The
correlation between 10,000 randomly selected pairs of pulses in the recorded set was evaluated,
and a histogram of the results is shown in Figure 7.20. From the ﬁgure, it can be seen that better
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Figure 7.21: Example received waveform recorded by the UWB SDR Digital Board
for the 100 MHz / 100 Mbps BER test.

Figure 7.22. Bit Error Rate curves for various numbers of pilots using the Pilot
Based Matched Filter Receiver and 2-PAM Modulation. The pulse/data rate is 100
MHz / 100 Mbps, and the received signal consists of a single pulse in AWGN.
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than 75% of the time, the two randomly selected pulses are at least 85% correlated. Thus, the performance of the system is—to a large extent—due to the precise matching of ADC parameters.

7.6.2

100 MHz / 100 Mbps Tests

7.6.2.1

Test Setup

One of the primary objectives of the UWB SDR Testbed was to operate at a data rate of 100
Mbps, therefore, a second BER test was performed at this higher data rate, utilizing the Transmitter Board as the UWB pulse generator. Because the pulses generated by the Transmitter Board
exhibit a signiﬁcant amount of dispersion (as shown in Figure 7.4), it was decided not to include
any multipath in these tests, and simply connect the output of the Transmitter Board to the input
of the Digital Board.
For the BER tests, the Transmitter Board was set to operate at a pulse repetition frequency of
100 MHz with 2-PAM modulation, resulting in a data rate of 100 Mbps. The Digital Board was
set to operate at a 6.4 GHz Effective Sampling Frequency with 800 MHz ADC clock signals, and
an example of a received waveform is shown in Figure 7.21. As with the 10 MHz / 10 Mbps tests,
it was decided to capture a number of raw pulses, and then use Matlab to add AWGN to achieve
a speciﬁc Eb/No as well as perform data demodulation. Additionally, even with a 100 MHz pulse
rate, transmitting 1,000,000 unique bits to the host computer would have required over 3 days.
Therefore, a series of 8,000 non-consecutive bits were recorded over a 2 hour block of time (4,000
bits were positive and 4,000 bits were negative). These were concatenated together in Matlab to
form a set of 2,000,000 bits. For each Eb/No point, ten BER tests were run, with either 25, 50, or
100 pilot symbols selected randomly from among the original 8,000 bits; the results were then
averaged together to form an estimate of the system’s BER.

7.6.1.2

BER Test Results

BER results for the 100 MHz/100 Mbps tests are given in Figure 7.22. From the ﬁgure, it can
be seen that the BER of the system when operating with the pulse generated by the Transmitter
Board come very close to the BPSK in AWGN performance bound. The reason is that the Transmitter Board generates a very long duration UWB pulse of almost 2 nanoseconds null-null, or 6
nanoseconds when including the prebounce ahead of the pulse. With such a long duration pulse,
ADC timing mismatches introduce a much smaller amount of distortion than they did for the 800
picosecond duration pulse generated by the MSSI pulser used in the 10 MHz/10 Mbps tests above.
Additionally, when operating at 100 MHz with a 2-6 nanosecond pulse, the pulse duration occupies a signiﬁcant portion of the total symbol duration (e.g.., it has a high duty cycle), whereas for
the 10 MHz/10 Mbps tests the LOS and all multipath signals only occupied a small portion of the
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Figure 7.23. Comparison of the BER test results performed above to the BER
results from the UWB SDR system simulation performed by Orndorff [92].

overall symbol duration. The high duty cycle of the received waveform in these tests means that
a smaller amount of noise was allowed into the matched ﬁlter, and hence, results in greater overall
performance relative to the 10 MHz/10 Mbps tests.

7.6.2

Comparison with System Simulation

One ﬁnal step in evaluated the BER of the UWB SDR Testbed was to compare the measured
results from the results predicted in Orndorff’s system simulation [92]. In his simulations, Orndorff used 27 pilot pulses in both an AWGN and 2-path multipath environment, with a pulse/data
rate of 100 MHz/100 Mbps. Orndorff also assumed perfect synchronization between transmitter
and receiver. Figure 7.23 compares the results from Orndorff’s simulations with both of the 25
pilot BER tests discussed above. For the multipath case, the results are off by about 4 dB, however, note that the measured results are for a 3-path multipath environment with a much longer
symbol duration (100 nanoseconds versus 10 nanoseconds). For the 100 MHz/100 Mbps case, the
measured and simulated results match almost exactly, a testament to the great care and attention to
detail carried out in both the simulation and development of the UWB Transceiver Testbed.
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Figure 7.24: Typical I-UWB based respiration rate measurement setup.

7.7

Non-Contact Respiration Measurements Using
I-UWB

As a result of the extremely short duration and high spatial resolution of I-UWB signals, a
number of researchers have investigated the ability of I-UWB signals to perform non-contact vital
signs monitoring, such as [42, 43, 130, 131, 132]. In the vast majority of these experiments, the
monitoring setup tends to utilize extremely expensive, bulky equipment along with ofﬂine data
processing. The UWB SDR Testbed, however, provides a more compact measurement platform,
as well as the ability to perform real-time monitoring necessary for use in a hospital or emergency
rescue environment.
A typical setup for vital signs monitoring uses a standard bi-static radar conﬁguration [73],
with highly directional antennas, as shown in Figure 7.24. In this scenario, the subject must be
facing the transmit (Tx) and receive (Rx) antennas, but may be located behind an obstruction such
as a wall. A pulse generator will create UWB pulses separated by at least one pulse width, which
are then radiated by the transmit antenna. Each pulse will reﬂect off the chest cavity of the subject
(as well as other objects in the environment) and arrive at the receive antenna. Motion of the chest
cavity due to respiration will result in small time differences in the arrival of the reﬂected pulse at
the receiver antenna.
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Table 7.2 : Summary of I-UWB Respiration Measurement Results
Actual Respiration Rate
(breaths/min)
Oscilloscope Measurements
1
18.4
2
16.6
3
12.9
UWB SDR Measurements
1
36.7
2
14.6
3
16.6
Test

Measured Respiration Rate
(breaths/min)
18.0
15.5
13.9
36.0
13.4
15.0

As breathing occurs, a change in lung volume and the displacement of the chest cavity take
place, and can be modeled as a sinusoidal function of time, where the location of the skin-air
interface relative to the transmitter’s (and receiver’s) location can be expressed as [132]:
d( t ) = d0 + ∆d sin( 2πfb t )

(7.1)

Where:
d( t ) is the instantaneous distance between the subject’s chest wall and the UWB
measurement setup [meters].
d0 is the mean distance between the subject’s chest wall and the UWB measurement setup [meters].
fb is the frequency of the subject’s respiration [Hz].
∆d represents the maximum deviation in the distance traveled by the UWB pulse
[meters].
t is time [seconds].
The extremely short duration of UWB pulses means that the small changes in distance—∆d—
can be resolved by the receiver. In reality, the received signal will consist of not only the pulse reﬂected by the subject, but also a signiﬁcant amount of clutter caused by reﬂections off other objects
in the environment. Fortunately, a RADAR ﬁltering technique known as Moving Target Indicator
(MTI) can be used to signiﬁcantly reduce or eliminate the effects of clutter on the received signal,
so that the only signal left is the one due to the motion of the subject.
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Respiration Measurements Using an Oscilloscope

To evaluate the accuracy of the UWB-based vital signs monitoring, a series of experiments
were performed using the setup as shown in Figure 7.24, with the UWB SDR replaced by a Tektronix TDS580D Oscilloscope. The antennas used were TEM horn antennas and were directed
toward the subject. The transmit antenna is connected to a Picosecond Labs 10,070A pulse generator which produced UWB pulses with a width of 500 picoseconds. The received waveforms
were stored on a computer connected to the oscilloscope. Measurements were recorded over a
60-second time duration, and the number of times the subject breathes during the measurement
was recorded, and results are shown in Table 7.2. As seen from the table, there is only a small
difference between the estimated and measured values for respiration rates, indicating the efﬁcacy
of using I-UWB to monitor respiration.

7.7.2

Respiration Measurements Using the UWB SDR

To determine if similar results could be obtained in real time from the UWB SDR Testbed, a
similar series of experiments were performed. The setup was identical to that of §7.2.1 with the
exception that the oscilloscope was replaced by the UWB SDR Receiver. The UWB SDR Receiver
was then conﬁgured to operate in a modiﬁed version of the data capture mode. In the modiﬁed data
capture mode, the receiver triggers the Picosecond Labs pulse generator at a rate of 8 Hz, waits for
a short interval of time (equal to the time delay between when the trigger signal is sent and a UWB
pulse is actually generated by the Geozondas pulse generator), and then records 512 samples from
each ADC (4096 total samples) and stores them in a memory buffer. The memory buffer retains
20 seconds worth of ADC sample data; one of the FPGA’s PowerPC processors then performs the
MTI ﬁltering routine and breathing/heart rate estimation on the buffered samples. Results from
these experiments are shown below in Table 7.2. As can be seen from the table, once again, only
a small difference exists between the actual respiration rates and respiration rates as measured by
he UWB SDR Testbed. While these tests are not exhaustive, they serve to illustrate not only the
ability of I-UWB signals to perform vital signs measurements, but the versatility of the UWB SDR
Testbed to be reconﬁgured for applications beyond communications.

7.8

Conclusions

This chapter presented performance veriﬁcation results from all of the individual subsystems
of the UWB SDR Testbed (DC Power Board, Transmitter Board, RF Front End, and Digital
Board). The DC Power and Digital Board met their individual performance targets, however, the
RF Front End and Transmitter Board exhibited a signiﬁcant amount of unpredicted pulse distortion. Overall, the testbed exhibits the following performance and ﬂexibility speciﬁcations:
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RF Bandwidth: DC to 2.2 GHz (meets performance criteria).
Sampling Frequency: Measured Effective Sampling Frequency of 6.4 GS/s (slightly below
performance criteria).
• Data rate of 100 Mbps in AWGN channel (meets performance criteria).
• Receiver Dynamic Range: up to 45 dB (exceeds performance criteria).
Waveform Agnostic Receiver (meets ﬂexibility criteria).
• Fully Digital Receiver (meets ﬂexibility criteria).
• Customizeable Air Interface (meets ﬂexibility criteria).
Finally, the use of a DPBMF receiver architecture was evaluated via a series of BER tests. The
test results indicate that the transceiver as a whole performs almost exactly as predicted in both
AWGN and a simple LOS + 3 multipath environment.
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Chapter 8
Conclusions
8.1
8.1.1

Summary of Findings
Overview

Systems that employ Impulse Ultra Wideband (I-UWB) signals have been an important research area for a number of years. Their extremely short time duration results in a communication
link that is Low Probability of Intercept (LPI), capable of robust operation in dense multipath
environments, and can potentially support high data rate communications. Additionally, I-UWB
signals can provide precision ranging or position location information, making them useful in a
variety of applications such as RADAR, position location networks, or vital signs monitoring.
At the current time, nearly all commercially available UWB systems have been developed using
custom-designed hardware and are optimized for very speciﬁc applications. A software deﬁned
ultra wideband transceiver, such as the one developed in this dissertation, can be used in nearly all
of the above applications; additionally, it provides a platform that researchers can use to evaluate
receiver algorithms, architectures, and theoretical models or simulation results.

8.1.2

Ultra Wideband Transceiver Testbed

The primary focus of this dissertation was the design, development, and implementation of
the Ultra Wideband Transceiver Testbed. The testbed is composed of four different subsystems:
the RF Front End, the Transmitter Board, the Receiver Board, and the DC Power Board. With the
exception of the Transmitter Board, the testbed was developed with general-purpose commercially
available off-the-shelf components, to ensure that users had full control over nearly all aspects of
the receiver architecture and communication link. To achieve such an aggressive design goal, the
receiver is based around a time-interleaved array of ADCs—providing it with an 8 GHz effective
sampling frequency and approximately 40 dB Signal to Noise Ratio (or roughly 6.5 – 7.0 Effective
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Number of Bits of quantization). In addition to UWB signals, the receiver is capable of supporting
nearly any other form of broadband communications, resulting in a system whose combination of
performance and ﬂexibility is currently unmatched.

8.1.3

Time Interleaved ADC Array Performance

The performance of a Time Interleaved Sampling array is highly dependant on matching the
individual ADC gains, offsets, and timing delays. Mismatches may result in a signiﬁcant distortion of the received signal, and are caused by minor physical differences between ADC components—a problem which is exacerbated when using off-the-shelf components. Although a number
of researchers have investigated the performance degradation of Time Interleaved Sampling arrays
for CW inputs, to date, no one has investigated the performance of such an array for a UWB signal.
Therefore detailed theoretical analysis and simulations for the performance of such an array with a
UWB monocycle was presented in this dissertation for an array of eight 8-bit 1 GS/s ADCs. The
results indicated that gain, offset, and timing mismatches of no more than ±10% would be sufﬁcient
to achieve a no more than 6 dB reduction in the Effective SNR of the ADC array. Additionally,
the use of a pilot-based matched ﬁlter to mitigate the impact of these mismatches was investigated.
The pilot-based matched ﬁlter was shown to be reasonably effective, with the pilot-based template
capable of achieving up to a 95% correlation with a received data pulse.

8.1.4

Overall System Performance

The overall UWB SDR Testbed, operating at an Effective Sampling Frequency of 6.4 GHz,
operates with a 45 dB dynamic range, and can digitize UWB pulses with only a 2% RMS error.
The efﬁcacy of the DPBMF approach was evaluated, and found to perform with bit error rates
only 1-3 dB away from the BPSK in AWGN curve. Additionally, measured bit error rates were
compared to the BER rates from the system simulation, as well as theoretical bit error rates, and
were found to be in good agreement. The only downside was the performance of the RF Front
End, which exhibited a gain ﬂatness and phase linearity that was far out of spec, but could still
provide acceptable performance under most circumstances.
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Original Contributions

The original contributions of this dissertation fall into three primary categories:
Development of a SDR UWB Testbed. Nearly all UWB receivers developed to date are
based around some form of specialized hardware. As a result, users have limited or no
ﬂexibility to investigate the effects of pulse shape, modulation/multiple access schemes,
channel or error correction coding, or receiver architectures. The UWB SDR Testbed is
a vital research tool allowing researchers to investigate nearly all aspects of UWB communication systems.
Derivation of the SQDR of a Time-Interleaved ADC Array for Gaussian Monocycle
UWB Signals. Over the past 25 years, a number of researchers have examined the effects
of mismatches in Time-Interleaved Sampling arrays for simple CW or sine wave inputs.
This dissertation is believed to be the ﬁrst attempt to quantify the performance of a TISampling ADC array for a non-CW signal.
Simulation of the SQDR of an 8-ADC Time-Interleaved array for Gaussian Monocycle UWB signals. Most commercial Time-Interleaved ADC arrays are implemented on
a single IC, where designers have very precise control over matching ADC parameters.
Thorough simulations presented in this dissertation demonstrate just how closely the individual ADC parameters must be matched. Additionally, the use of a pilot-based matched
ﬁlter receiver architecture was investigated and shown to partially compensate for ADC
mismatches.
Implementation of an 8 GS/s — 8-ADC Discrete Component Time Interleaved ADC
Array. Virtually all TI Sampling ADC arrays to date have been implemented on a single
integrated circuit, where designers have a great deal of control over matching ADC gain,
offset, and timing parameters. Typical discrete component ADC arrays use only two ADCs,
and operate at sampling frequencies of 1-4 GHz. This dissertation presented what is potentially the world’s fastest discrete component TI ADC array, along with the framework for
designing, developing, and implementing such a system.

8.3

Future Work

The primary limitation of the current system is transmitter board which has been fabricated using custom hardware and outputs a ﬁxed pulse width and shape, and is limited to a maximum pulse
repetition frequency of 100 MHz. Ideally, users should be able to control all of these parameters.
To achieve this design goal, the transmitter could be implemented using a time-interleaved array
of Digital to Analog converters. Such a system would provide a tremendous amount of ﬂexibility,
not only for generating custom UWB pulse shapes, but also the ability to generate a wide variety of
broadband waveforms. As with the Time-Interleaved ADC array, the primary performance limitation of such an architecture will be matching the gain, offset, and timing of the DACs.
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In addition to an upgraded transmitter, towards the end of this research several higher performance ADCs and FPGAs have become available. These higher performance parts could be used
to develop a Digital Board that either achieved the same performance as the existing one (but
with fewer components) or would be able to achieve two or three times the performance of the
existing Digital Board. Also, the addition of a signiﬁcant amount of RAM memory as well as a
microprocessor/DSP would allow the Digital Board to operate with SCA compliant software code,
such as Virginia Tech’s OSSIE.
Another project would be to perform a more comprehensive performance evaluation of both
the UWB receiver as well as the TI Sampling ADC array. For example, IP2/IP3 is a narrowband
parameter and may not be relevant when discussing UWB pulses. Either coming up with a method
of mapping IPx numbers into UWB performance or creating a new set of metrics for describing the
impact of non-ideal RF components on UWB signals would be invaluable. Further characterization of the ADC array would also be beneﬁcial. In particular, a good project would be to attempt to
characterize the distortion imparted by the array and calibrate it out of the received signal. Another
possibility would be to come up with an adaptive equalization algorithm that would compensate
for ADC mismatches in real-time for an arbitrary input signal. It would also be useful to characterize the BER performance of the system in the presence of both interfering signals or in a multi-user
network.
Finally, even though the goal of this research was to implement a system using off-the-shelf
components, it would be interesting to see if major components of system (such as the ADC array)
could be implemented on a single IC. Such implementation would signiﬁcantly miniaturize the
transceiver, making it useful for applications such as portable communications, distributed sensor
networks, or low power communications. Additionally, integrating major componets together
would reduce part-part variations inherent in off-the-shelf componets as well as allow for much
more precise control over system parameters, such as ADC gain, offset, and timing matching.
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Appendix A
Prototype Receiver Schematics
The following ﬁgures show the schematics for the original version of the prototype UWB
receiver and the power supply voltage regulator modules.
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Figure A.1: Prototype Receiver DC Power Connection.
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ADC Eval Board - Final.sch-2 - Fri Jul 22 16:09:17 2005
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Figure A.2: Prototype Receiver 1.5 V Bypass Capacitors
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Figure A.3: Prototype Receiver 2.5 V Bypass Capacitors.
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Figure A.4: Prototype Receiver 3.3 V Bypass Capacitors
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Figure A.5: Prototype Receiver +5/-5 V Bypass Capacitors.
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Figure A.6: Prototype Receiver RF Section.
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Figure A.7: Prototype Receiver Signal Integrity Characterization for PCB Traces.
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Figure A.8: Prototype Receiver Signal Integrity Characterization for PCB Vias.
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Figure A.9: Prototype Receiver Clock Distribution Network.

324

ADC Eval Board - Final.sch-10 - Fri Jul 22 16:31:50 2005

Appendix A: Prototype Receiver Schematics

Figure A.10: Prototype Receiver Programmable Delay for ADC Clock Signals.
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Figure A.11: Prototype Receiver ADC #1.
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Figure A.12: Prototype Receiver ADC #1 LVPECL to LVDS Conversion Network.
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Figure A.13: Prototype Receiver ADC #2.
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Figure A.14: Prototype Receiver ADC #2 LVPECL to LVDS Conversion Network.
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Figure A.15: Prototype Receiver ADC Data Pipeline and FPGA Reset.
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Figure A.16: Prototype Receiver ADC to FPGA Connection.
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Figure A.17: Prototype Receiver FPGA I/O Banks 0, 1, 6, and 7 Connections.
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Figure A.18: Prototype Receiver FPGA I/O Banks 4 and 5 Connections.
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Figure A.19: Prototype Receiver 2.5 V LVCMOS to 5 V TTL Logic Level
Conversion.
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Figure A.20: Prototype Receiver FPGA Status LEDs.

335

ADC Eval Board - Final.sch-19 - Fri Jul 22 16:39:43 2005

Appendix A: Prototype Receiver Schematics

Figure A.21: Prototype Receiver FPGA JTAG Conﬁguration Connections.
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Figure A.22: Prototype Receiver RS-232 Off-Board Interface.

337

ADC Eval Board - Final.sch-21 - Fri Jul 22 16:41:36 2005

Appendix A: Prototype Receiver Schematics

Figure A.23: Prototype Receiver USB 2.0 Off-Board Interface.
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Figure A.24: Prototype Receiver FPGA Test Pin Connections.
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Figure A.25: Prototype Receiver Schematics Notes.
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Figure A.26: Positive Voltage (1.5V, 2.5V, 3.3V, and 5V) DC Voltage Regulator
Module.
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Figure A.27: Negative Voltage (-5V) DC Voltage Regulator Module.
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Figure A.28: Image of the Prototpye Receiver.
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Appendix B
Prototype Receiver Schematics - Revision 2
The following ﬁgures show the schematics and bill of materials for revision 2 of the prototype
UWB receiver and the power supply voltage regulator modules.
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Figure B.1: Prototype Receiver DC Power Connection.
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Figure B.2: Prototype Receiver 1.5 V Bypass Capacitors
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Figure B.3: Prototype Receiver 2.5 V Bypass Capacitors.
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Figure B.4: Prototype Receiver 3.3 V Bypass Capacitors
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Figure B.5: Prototype Receiver +5/-5 V Bypass Capacitors.
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Figure B.6: Prototype Receiver RF Section.
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Figure B.7: Prototype Receiver Signal Integrity Characterization for PCB Traces.

351

ADC Eval Board - REV2.sch-8 - Tue Apr 25 12:22:36 2006

Appendix B: Prototype Receiver Schematics - Revision 2

Figure B.8: Prototype Receiver Signal Integrity Characterization for PCB Vias.
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Figure B.9: Prototype Receiver Clock Distribution Network.
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Figure B.10: Prototype Receiver Programmable Delay for ADC Clock Signals.
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Figure B.11: Prototype Receiver ADC #1.
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Figure B.12: Prototype Receiver ADC #1 LVPECL to LVDS Conversion Network.

356

ADC Eval Board - REV2.sch-12 - Tue Apr 25 12:26:20 2006

Appendix B: Prototype Receiver Schematics - Revision 2

Figure B.13: Prototype Receiver ADC #2.
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Figure B.14: Prototype Receiver ADC #2 LVPECL to LVDS Conversion Network.
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Figure B.15: Prototype Receiver ADC Data Pipeline and FPGA Reset.
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Figure B.16: Prototype Receiver ADC to FPGA Connection.
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Figure B.17: Prototype Receiver FPGA I/O Banks 0, 1, 6, and 7 Connections.
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Figure B.18: Prototype Receiver FPGA I/O Banks 4 and 5 Connections.
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Figure B.19: Prototype Receiver 2.5 V LVCMOS to 5 V TTL Logic Level
Conversion.
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Figure B.20: Prototype Receiver FPGA Status LEDs.
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Figure B.21: Prototype Receiver FPGA JTAG Conﬁguration Connections.
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Figure B.22: Prototype Receiver RS-232 Off-Board Interface.
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Figure B.23: Prototype Receiver USB 2.0 Off-Board Interface.
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Figure B.24: Prototype Receiver FPGA Test Pin Connections.
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Figure B.25: Prototype Receiver Schematics Notes.
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Figure B.26: Positive Voltage (1.5V, 2.5V, 3.3V, and 5V) DC Voltage Regulator
Module.
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Figure B.27: Negative Voltage (-5V) DC Voltage Regulator Module.
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Table B.1: Bill of Materials for the Prototype Receiver and Power Supplies
Manufacturer

Part Number

Description

Qty.

AVX
AVX
Yaego America
AVX
Yaego America
MuRata
Panasonic
Kemet
Kemet
Kemet
Kemet
Kemet
Diodes, Inc.
Diodes, Inc.
Littelfuse
Sumida
Sumida
Intl. Rectiﬁer
Panasonic
Panasonic
Panasonic
Panasonic
Panasonic
Panasonic
Panasonic
Panasonic
Panasonic
Panasonic
Panasonic
Panasonic
Panasonic
Panasonic
Linear Tech.
Molex

06035C103KAT2A
0603ZC224KAT2A
CC0603JRNPO9BN101
06031C472KAT2A
CC0603KRX7R9BB471
GRM219R61A475ME19D
ECJ-3YB1E106M
T495V227M010ASE150
T495D686K016ASE150
T510E107M025AT
T510X337K010AT
T510E687M006AS4115
B530C-13-F
SD103BWS-7
0429007.WRM
CDEP134-2R7MC-H
CDEP134-4R8MC
IRF7822
ERJ-3EKF2004V
ERJ-3EKF1004V
ERJ-3EKF1204V
ERJ-3EKF1504V
ERJ-3EKF1072V
ERJ-3EKF1003V
ERJ-3EKF2002V
ERJ-3EKF2322V
ERJ-3EKF1002V
ERJ-3EKF3402V
ERJ-3EKF4872V
ERJ-3EKF5622V
ERJ-3EKF6982V
ERJ-3EKF6983V
LT1778EGN
22-28-8170

0.01 μF Capacitor 0603 Size
0.22 μF Capacitor 0603 Size
100 pF Capacitor 0603 Size
4700 pF Capacitor 0603 Size
470 pF Capacitor 0603 Size
4.7 μF Capacitor 0805 Size
10 μF Capacitor 1206 Size
220 μF Tantalum Capacitor 7343 Size
68 μF Tantalum Capcitor 7343 Size
100 μF Tantalum Capcitor 7206 Size
330 μF Tantalum Capcitor 7343 Size
680 μF Tantalum Capcitor 7343 Size
30V / 5A Schottky Barrier Diode
40V / 0.35 A Schottky Barrier Diode
SMD 7 Amp Fuse 1206 Size
2.7 μH / 14 Amp SMD Power Indcutor
4.8 μH / 9 Amp SMD Power Indcutor
N-Channel MOSFET 18A / 30V
2.00 MΩ Resistor 0603 Size
1.00 MΩ Resistor 0603 Size
1.20 MΩ Resistor 0603 Size
1.50 MΩ Resistor 0603 Size
10.7 kΩ Resistor 0603 Size
100 kΩ Resistor 0603 Size
20.0 kΩ Resistor 0603 Size
23.2 kΩ Resistor 0603 Size
10.0 kΩ Resistor 0603 Size
34.0 kΩ Resistor 0603 Size
48.7 kΩ Resistor 0603 Size
56.2 kΩ Resistor 0603 Size
69.8 kΩ Resistor 0603 Size
698 kΩ Resistor 0603 Size
DC-DC Converter Switching Controller
17-Pin Right Angle Connector

5
5
5
1
4
5
15
15
15
5
2
3
5
5
6
3
2
10
1
1
1
1
30
5
5
2
1
1
5
1
2
1
6
5
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Table B.1 (continued): Bill of Materials for the Prototype Receiver and Power Supplies
Manufacturer

Part Number

Description

Qty.

AVX
Kemet
MuRata
AVX
AVX
AVX
AVX
Kemet
Kemet
Molex
Molex
3M
Molex
Molex
Molex
Johnson Components
Lumex
Diodes, Inc.
TI
Maxim
ON Semiconductor
ON Semiconductor
ON Semiconductor
ON Semiconductor
ON Semiconductor
ON Semiconductor
Philips
Cypress
MuRata
Panasonic
Panasonic
Panasonic
Panasonic
Panasonic
Panasonic
Panasonic
Panasonic
Panasonic
Panasonic
Panasonic

0402YC103KAT2A
C0402C104K9PACTU
GRM1555C1H200JZ01D
CC0603KRX7R9BB471
0603YC104KAT2A
04025A181JAT2A
0603YD105KAT2A
T495X476K035ATE300
T495X227K035ATE300
10-88-1141
22-28-4030
929850-01-17-10
10-88-1161
67503-0020
70553-0002
142-0701-201
SML-LX1206SIC-TR
B120-13-F
SN74LVC244ADWR
MAX3388ECUG
MC14490DWG
MC100EP14DT
MC100EPT22DT
MC10EL16DT
MC10EP195FA
MC10EP31DT
74ALVC16245DL
CY7C68001-56LFXC
LQW18AN68NJ00D
ERJ-3GEY0R00V
ERJ-2RKF1300X
ERJ-2RKF1470X
ERJ-2RKF1620X
ERJ-2RKF17R4X
ERJ-2RKF2610X
ERJ-2RKF2940X
ERJ-2GEJ472X
ERJ-2RKF51R1X
ERJ-2RKF22R1X
ERJ-3EKF1001V

0.01 μF Capacitor 0402 Size
0.1 μF Capacitor 0402 Size
20 pF Capacitor 0402 Size
100 pF Capacitor 0603 Size
0.1 μF Capacitor 0603 Size
180 pF Capacitor 0402 Size
1.0 μF Capacitor 0603 Size
47 μF Tantalum Capacitor 7343 Size
220 μF Tantalum Capacitor 7343 Size
14-Pin Dual Row Header
3-Pin Single Row Header
17-Pin Socket Header
16-Pin Dual Row Header
USB Mini-B Connector
3-Pin Wire-Board Header
SMA Straight Connector
Red SMD LED 1206 Size
20V / 1A Schottky Barrier Diode
Octal Non-inverting Buffer
CMOS to RS-232 Level Translator
Hex Contact Bounce Eliminator
1:5 ECL Clock Distribution Chip
LVTTL to LVPECL Level Translator
ECL Differential Receiver
ECL Programmable Delay Chip
PECL Flip Flop
2.5V to 5.0V Level Translator
USB 2.0 Interface Device
68 nH Inductor 0603 Size
0 Ω Resistor 0603 Size
130 Ω Resistor 0402 Size
147 Ω Resistor 0402 Size
162 Ω Resistor 0402 Size
17.4 Ω Resistor 0402 Size
261 Ω Resistor 0402 Size
294 Ω Resistor 0402 Size
4.7 kΩ Resistor 0402 Size
51.1 Ω Resistor 0402 Size
22.1 Ω Resistor 0402 Size
1.00 kΩ Resistor 0603 Size

650
32
2
1
13
2
1
23
10
1
6
5
6
1
1
12
16
2
2
1
1
2
1
4
2
1
1
1
1
1
22
1
2
2
2
2
38
17
2
1
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Table B.1 (continued): Bill of Materials for the Prototype Receiver and Power Supplies
Manufacturer

Part Number

Description

Qty.

Panasonic
Panasonic
Panasonic
Panasonic
Panasonic
Panasonic
Panasonic
Panasonic
Panasonic
Panasonic
Panasonic
Panasonic
Bourns
Panasonic
ITT Industries
Linear Tech.
Littelfuse
ECS, Inc.
Fox Electronics
Maxim
Xilinx

ERJ-3EKF4751V
ERJ-2RKF80R6X
ERJ-3EKF4321V
ERJ-3EKF51R1V
ERJ-3EKF9090V
ERJ-6ENF41R2V
ERJ-6ENF60R4V
ERJ-6ENF1204V
ERJ-6ENF80R6V
EXB-28V101JX
EXB-28V510JX
EXB-28V472JX
3296W-1-103
EVQ-P2H02B
TDA08H0SK1
LT1529CQ-5
0429007.WRM
ECS-240-16-5P-TR
905-1000-15
MAX104CHC
XC2VP30-7FF896C

4.75 kΩ Resistor 0603 Size
80.6 Ω Resistor 0402 Size
4.32 kΩ Resistor 0603 Size
51.1 Ω Resistor 0603 Size
909 Ω Resistor 0603 Size
41.2 Ω Resistor 0805 Size
60.4 Ω Resistor 0805 Size
120 Ω Resistor 0805 Size
80.6 Ω Resistor 0805 Size
100 Ω SIP Resistor 0402 Size
51 Ω SIP Resistor 0402 Size
4.7 kΩ SIP Resistor 0402 Size
10 kΩ Variable Resistor
SMD Pushbutton Switch
8-Position DIP Switch Half Pitch
5.0 V / 3.0 A Linear Voltage Regulator
SMD 7 Amp Fuse 1206 Size
24.0 MHz SMD Crystal
RFV300 1000 MHz SMD Oscillator
1 GHz ADC
VirtexII-Pro FPGA

15
21
3
17
3
2
2
2
2
19
19
14
2
3
2
2
10
1
1
2
1
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Appendix C
UWB SDR DC Power Board Schematics
The following ﬁgures show the schematics and bill of materials for the DC Power Board part
of the UWB SDR Transceiver Testbed.

Figure C.1: 1.5V Voltage Regulator Module.
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Figure C.2: 2.5V Voltage Regulator Module.
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Figure C.3: 3.3V Voltage Regulator Module.
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Figure C.4: 6V Analog Voltage Regulator Module.
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Figure C.5: 6V Digital Voltage Regulator Module.
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Figure C.6: Power Supply Monitoring Circuits.
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Figure C.7: Off-Board Connectors.
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Appendix C: UWB SDR DC Power Board Schematics

Figure C.8: Image of the DC Power Board
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Table C.1: Bill of Materials for the DC Power Board
Manufacturer

Part Number

Description

Qty.

AVX
AVX
Yaego America
AVX
Yaego America
MuRata
Panasonic
Kemet
Kemet
Kemet
Kemet
Kemet
Molex
Molex
Diodes, Inc.
Diodes, Inc.
Diodes, Inc.
Lumex
Littelfuse
Littelfuse
ON Semiconductor
Sumida
Sumida
Intl. Rectiﬁer
Panasonic
Panasonic
Panasonic
Panasonic
Panasonic
Panasonic
Panasonic
Panasonic
Panasonic
Panasonic
Panasonic
Panasonic
Panasonic
Panasonic
Panasonic
Panasonic

06035C103KAT2A
0603ZC224KAT2A
CC0603JRNPO9BN101
06031C472KAT2A
CC0603KRX7R9BB471
GRM219R61A475ME19D
ECJ-3YB1E106M
T495V227M010ASE150
T495D686K016ASE150
T510E107M025AT
T510X337K010AT
T510E687M006AS4115
38720-6210
38720-6204
B530C-13-F
MBRB1540CT-T
SD103BWS-7
SML-LX1206GC-TR
03540101ZXGY
0429007.WRM
MC33161DR2
CDEP134-2R7MC-H
CDEP134-4R8MC
IRF7822
ERJ-3EKF1004V
ERJ-3EKF1204V
ERJ-3EKF1504V
ERJ-3EKF1072V
ERJ-3EKF1022V
ERJ-3EKF1003V
ERJ-3EKF2002V
ERJ-3EKF2322V
ERJ-3EKF2550V
ERJ-3EKF3402V
ERJ-3EKF3482V
ERJ-3EKF5622V
ERJ-3EKF6982V
ERJ-3EKF6983V
ERJ-3EKF7153V
ERJ-3EKF9531V

0.01 μF Capacitor 0603 Size
0.22 μF Capacitor 0603 Size
100 pF Capacitor 0603 Size
4700 pF Capacitor 0603 Size
470 pF Capacitor 0603 Size
4.7 μF Capacitor 0805 Size
10 μF Capacitor 1206 Size
220 μF Tantalum Capacitor 7343 Size
68 μF Tantalum Capcitor 7343 Size
100 μF Tantalum Capcitor 7206 Size
330 μF Tantalum Capcitor 7343 Size
680 μF Tantalum Capcitor 7343 Size
10-Pin Wire-Board Screw Header
4-Pin Wire-Board Screw Header
30V / 5A Schottky Barrier Diode
40V / 15A Schottky Barrier Doide
40V / 0.35 A Schottky Barrier Diode
Green SMD LED 1206 Size
Fuseholder Type 3AG
SMD 7 Amp Fuse 1206 Size
Voltage Monitor IC
2.7 μH / 14 Amp SMD Power Indcutor
4.8 μH / 9 Amp SMD Power Indcutor
N-Channel MOSFET 18A / 30V
1.00 MΩ Resistor 0603 Size
1.20 MΩ Resistor 0603 Size
1.50 MΩ Resistor 0603 Size
10.7 kΩ Resistor 0603 Size
10.2 kΩ Resistor 0603 Size
100 kΩ Resistor 0603 Size
20.0 kΩ Resistor 0603 Size
23.2 kΩ Resistor 0603 Size
255 Ω Resistor 0603 Size
34.0 kΩ Resistor 0603 Size
34.8 kΩ Resistor 0603 Size
56.2 kΩ Resistor 0603 Size
69.8 kΩ Resistor 0603 Size
698 kΩ Resistor 0603 Size
715 kΩ Resistor 0603 Size
9.53 kΩ Resistor 0603 Size

6
6
6
1
5
6
18
18
18
6
3
3
1
1
5
1
6
6
6
6
3
3
3
12
6
1
1
18
6
6
5
2
6
1
5
1
2
1
1
1
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Table C.1 (continued): Bill of Materials for the DC Power Board
Manufacturer

Part Number

Description

Qty.

Yaego America
Linear Tech.

RC0603FR-072M94L
LT1778EGN

9.53 kΩ Resistor 0603 Size
DC-DC Converter Switching Controller

2
6
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Appendix D
UWB SDR Digital Board Schematics
The following ﬁgures show the schematics and bill of materials for the Digital Board part of
the UWB SDR Transceiver Testbed.


































































































































































































































































Figure D.1: DC Power Connections.
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Figure D.2: 1.5V Bypass Capacitors.
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Figure D.3: 2.5V Bypass Capacitors.
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Figure D.4: 3.3V Bypass Capacitors.
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Figure D.5: 3.3V Bypass Capacitors.
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Figure D.6: +5V Analog and Digital Bypass Capacitors.
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Figure D.7: -5V Analog and Digital Bypass Capacitors.
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Figure D.8: -5V Digital Bypass Capacitors.
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Figure D.9: RF Signal Distribution.
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Figure D.10: Clock Signal Distribution.
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Figure D.11: Clock Signal Delay Bus Logic Level Translators.
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Figure D.12: Clock Signal Delay Bus Termination.
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Figure D.13: Programmable Clock Signal Delay for ADC 0 and ADC 1.
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Figure D.14: Programmable Clock Signal Delay for ADC 2 and ADC 3.
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Figure D.15: Programmable Clock Signal Delay for ADC 4 and ADC 5.
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Figure D.16: Programmable Clock Signal Delay for ADC 6 and ADC 7.
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Figure D.17: ADC 0.
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Figure D.18: ADC 0 LVPECL to LVDS Logic Level Translator Network.
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Figure D.19: ADC 1.
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Figure D.20: ADC 1 LVPECL to LVDS Logic Level Translator Network.
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Figure D.21: ADC 2.
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Figure D.22: ADC 2 LVPECL to LVDS Logic Level Translator Network.
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Figure D.23: ADC 3.
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Figure D.24: ADC 3 LVPECL to LVDS Logic Level Translator Network.
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Figure D.25: ADC 4.
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Figure D.26: ADC 4 LVPECL to LVDS Logic Level Translator Network.
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Figure D.27: ADC 5.
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Figure D.28: ADC 5 LVPECL to LVDS Logic Level Translator Network.
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Figure D.29: ADC 6.
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Figure D.30: ADC 6 LVPECL to LVDS Logic Level Translator Network.
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Figure D.31: ADC 7.
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Figure D.32: ADC 7 LVPECL to LVDS Logic Level Translator Network.
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Figure D.33: ADC Demux Pipeline Reset.
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Figure D.34: FPGA I/O Bank 0.
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Figure D.35: FPGA I/O Bank 1.
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Figure D.36: FPGA I/O Bank 2.
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Figure D.37: FPGA I/O Bank 3.
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Figure D.38: FPGA I/O Bank 4.
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Figure D.39: FPGA I/O Bank 5.
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Figure D.40: FPGA I/O Bank 6.
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Figure D.41: FPGA I/O Bank 7.
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Figure D.42: FPGA Conﬁguration.
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Figure D.43: FPGA Global Clock (GCLK) Connections.
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Figure D.44: Board Status LEDs.
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Figure D.45: FPGA and PCB Test Connections.
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Figure D.46: SRAM Memory.
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Figure D.47: USB 2.0 Interface.
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Figure D.48: RS-232 Serial Interface.
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Figure D.49: Off-Board Connections.
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Figure D.50: Digital Board Schematic Design Notes.
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Figure D.51: Image of the Digital Board
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Table D.1: Bill of Materials for the Digital Board
Manufacturer

Part Number

AVX
0402YC103KAT2A
Kemet
C0402C104K9PACTU
MuRata
GRM1555C1H200JZ01D
CC0603KRX7R9BB471
AVX
MuRata
GRM219R61A475ME19D
Kemet
T495X476K035ATE300
Molex
38720-6210
Molex
10-88-1101
Molex
22-28-4030
Molex
10-88-3061
Molex
10-88-1161
Molex
67503-0020
640452-9
AMP/Tyco
Johnson Components
142-0701-301
Johnson Components
142-0701-201
Lumex
SML-LX1206SIC-TR
Diodes, Inc.
B120-13-F
TI
SN74LVC244ADWR
Maxim
MAX3388ECUG
ON Semiconductor
MC14490DWG
ON Semiconductor
MC100EP14DT
ON Semiconductor
MC100EPT22DT
ON Semiconductor
MC10EL16DT
ON Semiconductor
MC10EP195FA
ON Semiconductor
NB100LVEPDW
CY7C1355C-100AXC
Cypress
CY7C68001-56LFXC
Cypress
MuRata
LQW18AN68NJ00D
Steward
MI1210K600R-10
Panasonic
ERJ-2GE0R00X
Panasonic
ERJ-3GEY0R00V
Panasonic
ERJ-2RKF1000X
Panasonic
ERJ-2RKF1300X
Panasonic
ERJ-2RKF1470X
Panasonic
ERJ-2RKF1620X
Panasonic
ERJ-2RKF17R4X
Panasonic
ERJ-2RKF2610X
Panasonic
ERJ-2RKF2940X
Panasonic
ERJ-2GEJ472X
Panasonic
ERJ-2RKF51R1X

Description

Qty.

0.01 μF Capacitor 0402 Size
0.1 μF Capacitor 0402 Size
20 pF Capacitor 0402 Size
100 pF Capacitor 0603 Size
4.7 μF Capacitor 0805 Size
47 μF Tantalum Capacitor 7343 Size
10-Pin Wire-Board Screw Header
10-Pin Dual Row Header
3-Pin Single Row Header
6-Pin Dual Row Header
16-Pin Dual Row Header
USB Mini-B Connector
9-Pin Single Row Header
SMA Right Angle Connector
SMA Straight Connector
Red SMD LED 1206 Size
20V / 1A Schottky Barrier Diode
Octal Non-inverting Buffer
CMOS to RS-232 Level Translator
Hex Contact Bounce Eliminator
1:5 ECL Clock Distribution Chip
LVTTL to LVPECL Level Translator
ECL Differential Receiver
ECL Programmable Delay Chip
CMOS to ECL Level Translator
9 MBit 100 MHz SRAM
USB 2.0 Interface Device
68 nH Inductor 0603 Size
Ferrite Bead 1.5A 1210 Size
0 Ω Resistor 0402 Size
0 Ω Resistor 0603 Size
100 Ω Resistor 0402 Size
130 Ω Resistor 0402 Size
147 Ω Resistor 0402 Size
162 Ω Resistor 0402 Size
17.4 Ω Resistor 0402 Size
261 Ω Resistor 0402 Size
294 Ω Resistor 0402 Size
4.7 kΩ Resistor 0402 Size
51.1 Ω Resistor 0402 Size

912
94
2
1
6
39
1
2
3
1
2
1
1
1
8
9
4
1
3
1
3
4
5
8
6
1
1
1
4
N/A
N/A
1
56
7
2
14
2
15
31
23
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Table D.1 (continued): Bill of Materials for the Digital Board
Manufacturer

Part Number

Description

Qty.

Panasonic
Panasonic
Panasonic
Panasonic
Panasonic
Panasonic
Panasonic
Panasonic
Panasonic
Panasonic
Panasonic
Panasonic
Bourns
Panasonic
ITT Industries
Linear Tech.
Linear Tech.
Linear Tech.
Littelfuse
ECS, Inc.
Fox Electronics
Fox Electronics
MiniCircuits
Maxim
Xilinx

ERJ-2RKF80R6X
ERJ-3EKF4321V
ERJ-3EKF51R1V
ERJ-3EKF9090V
ERJ-6ENF40R2V
ERJ-6ENF60R4V
ERJ-6ENF1204V
ERJ-6ENF22R1V
EXB-28V101JX
EXB-28V510JX
EXB-28V472JX
EXB-28V1R0JX
3296W-1-103
EVQ-P2H02B
TDA08H0SK1
LT1529CQ-5
LT1084CT-5
LT1761ES5-2.5
0429007.WRM
ECS-240-16-5P-TR
905-1000-15
JITO-2-DC3AE-100.00000
LFCN-2400
MAX104CHC
XC2VP70-7FF1704C

80.6 Ω Resistor 0402 Size
4.32 kΩ Resistor 0603 Size
51.1 Ω Resistor 0603 Size
909 Ω Resistor 0603 Size
40.2 Ω Resistor 0805 Size
60.4 Ω Resistor 0805 Size
120 Ω Resistor 0805 Size
22 Ω Resistor 0805 Size
100 Ω SIP Resistor 0402 Size
51 Ω SIP Resistor 0402 Size
4.7 kΩ SIP Resistor 0402 Size
1 Ω SIP Resistor 0402 Size
10 kΩ Variable Resistor
SMD Pushbutton Switch
8-Position DIP Switch Half Pitch
5.0 V / 3.0 A Linear Voltage Regulator
5.0 V / 5.0 A Linear Voltage Regulator
2.5V / 500 mA Linear Voltage Regulator
SMD 7 Amp Fuse 1206 Size
24.0 MHz SMD Crystal
RFV300 1000 MHz SMD Oscillator
JITO 100 MHz SMD Oscillator
2.4 GHz Low Pass Filter
1 GHz ADC
VirtexII-Pro FPGA

55
1
8
5
24
24
8
8
72
72
16
16
9
3
8
4
1
1
6
1
1
1
1
8
1
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Appendix E
UWB SDR Transmitter Board Schematics
The following ﬁgures show the schematics and bill of materials for the Transmitter Board part
of the UWB SDR Transceiver Testbed.

Figure E.1: DC power and bypass capacitors.
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Figure E.2: Positive pulse generator timing delay circuit.
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Figure E.3: Negative pulse generator timing delay circuit.
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Figure E.4: Pulse trigger buffer/driver circuit.
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Figure E.5: Step recovery diode pulse generator circuit.
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Figure E.6: Off board connectors.
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Appendix E: UWB SDR Transmitter Board Schematics

Figure E.7: Image of the Transmitter Board.
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Table E.1: Bill of Materials for the Transmitter Board
Manufacturer

Part Number

Description

Qty.

AVX
Yaego America
Kemet
Molex
Littelfuse
Linear Tech.
Molex
Molex
Panasonic
Panasonic
Panasonic
Panasonic
Panasonic
Panasonic
Panasonic
Panasonic
Panasonic
Panasonic
Panasonic
Yaego America
Metelics
Metelics
MiniCircuits
MiniCircuits
Johnson Components
Analog Devices
ON Semiconductor

0603YC104KAT2A
CC0603JRNPO9BN470
T495D476K020ASE175
38720-6204
0429005.WRM
LT1529CQ-5
10-88-1101
10-88-3061
ERJ-3EKF9090V
ERJ-3EKF4321V
ERJ-3EKF51R1V
ERJ-3EKF1000V
ERJ-3EKF1620V
ERJ-3EKF2610V
ERJ-3EKF4990V
ERJ-3EKF4991V
ERJ-3EKF2940V
ERJ-3EKF17R4V
ERJ-3GEY0R00V
RC0603FR-075R11L
SMMD840-SOD323
SMSD6004-SOD323
RPS-2-30
LFCN-2400
142-0701-301
AD8009AR
MC10EP195FA

0.1 μF Capacitor 0603 Size
47 pF Capacitor 0603 Size
220 μF Tantalum Capacitor 7343 Size
4-Pin Wire-Board Screw Header
SMD 5 Amp Fuse 1206 Size
5.0 V / 3.0 A Linear Voltage Regulator
10-Pin Dual Row Header
6-Pin Dual Row Header
909 Ω Resistor 0603 Size
4.32 kΩ Resistor 0603 Size
51.1 Ω Resistor 0603 Size
100 Ω Resistor 0603 Size
162 Ω Resistor 0603 Size
261 Ω Resistor 0603 Size
499 Ω Resistor 0603 Size
4.99 kΩ Resistor 0603 Size
294 Ω Resistor 0603 Size
17.4 Ω Resistor 0603 Size
0 Ω Resistor 0603 Size
5.11 Ω Resistor 0603 Size
Step Recovery Diode
Schottky Barrier Diode
SMD Power Splitter 10 - 3000 MHz
2.4 GHz Low Pass Filter
SMA Right Angle Connector
High-Speed Current Feedback Op-Amp
ECL Programmable Delay Chip

72
16
3
1
3
1
2
1
2
2
4
2
2
2
8
2
4
2
6
2
2
4
1
1
3
4
2
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