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(ABSTRACT)
This thesis investigates distributed medium access control (MAC) protocols custom
tailored to both impulse-based ultra wideband (I-UWB) radios and to large ad hoc and
sensor networks. I-UWB is an attractive radio technology for large ad hoc and sensor
networks due to its robustness to multipath fading effects, sub-centimeter ranging
ability, and low-cost, low-power hardware. Current medium access control (MAC)
protocols for I-UWB target small wireless personal area networks (WPANs) and
cellular networks, but they are not suitable for large, multihop ad hoc and sensor
networks. Therefore, this paper proposes a new type of MAC protocol that enables ad
hoc and sensor networks to realize the benefits of I-UWB radios. First, we propose a
method to overcome the challenges of quickly, reliably, and efficiently sensing medium
activity in an ultra wideband network. This provides a base MAC protocol similar to
carrier sense multiple access (CSMA) in narrowband systems. Next, we propose to
exploit the unique signaling of I-UWB to improve performance over the base MAC
protocol without the associated overhead of similar improvements in narrowband
systems. I-UWB enables a distributed multichannel MAC protocol, which improves
throughput. I-UWB also facilitates a busy signal MAC protocol, which reduces wasted
energy from corrupt packets. Finally, because the I-UWB Physical Layer and MAC
Layer affect the network and application layers, we propose a cross-layer adaptive
system that optimizes performance. Physical Layer simulations show that both the base
protocol and the improvements are practical for an I-UWB radio. Networks level
simulations characterize the performance of the proposed MAC protocols and compare
them to existing MAC protocols
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Chapter 1:

Introduction

Ongoing developments in wireless technology and embedded systems have
spawned extensive research in ad hoc and sensor networks [1]-[3]. Such networks
enable applications such as inventory tracking, radio frequency identification (RFID)
tags, home networking, or structural integrity monitoring. These applications must
manage a large number of low-power, low-cost nodes with no infrastructure. Nodes
rely on limited energy resources such as a battery, and the useful lifetime of the
network depends on each node’s ability to conserve energy. Because these networks
may contain several thousand nodes or more, low node cost is essential to contain the
overall network cost.
Since the Federal Communications Commission’s historic allocation of
spectrum for ultra wideband (UWB) on February 14 of 2002, UWB radio
communication has attracted an enormous amount of interest from scientific,
commercial, and military sectors [4]-[29]. In fact, the upcoming IEEE 802.15.4a
standard intends to use UWB as the physical layer for ad hoc and sensor networks
[78],[130],[131]. Compared to narrowband systems, UWB has several advantages for
deployment in ad hoc and sensor networks. First, the low radiated power is at least an
order magnitude less than narrowband radios [77],[79],[97],[98]. This leads to
advantages such as low probability of detection and intercept, reuse of existing
spectrum, minimal impact to existing users, and energy efficient transmitters
[47],[58],[68],[93]. Next, the wide bandwidth enables an extremely high data rate,
which can be traded for longer range or more robust operation [94]-[96]. The wide
instantaneous bandwidth also enables fine time resolution for use in radar, imaging, and
ranging. Due to these and many other desirable properties, UWB is an attractive radio
technology for ad hoc and sensor networks [30],[31].
Two different UWB communications systems – impulse-based UWB (I-UWB)
systems [4]-[23] and multi-carrier UWB (MC-UWB) systems [24]-[29] – have been
pursued recently. For ad hoc and sensor networks, I-UWB has several advantages over
multi-carrier systems including robustness to harmful multipath fading effects, sub-
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centimeter ranging ability, and low-cost, low-power hardware. Resilience to fading
permits placement of UWB systems in areas inhospitable to narrowband systems, such
as inside metal ship hulls. The ranging capability allows nodes to accurately (under a
centimeter) discern location, which is an important building block for many
applications and network protocols [32],[33]. Finally, the carrierless nature of I-UWB
results in simple, low power transceiver circuitry, which does not require intermediate
mixers and oscillators. Hence, I-UWB systems are more suitable than MC-UWB
systems for large ad hoc and sensor networks.
A narrowband radio modulates data onto a carrier signal to occupy a narrow
frequency band of a few KHz to a few MHz, and the signal is continuous in time. The
unique signaling of I-UWB represents the dual of narrowband signaling. A sharp pulse
may occupy several GHz of spectrum, but it only lasts for a few hundred picoseconds
during a pulse repetition interval (PRI) that lasts from nanoseconds to microseconds.
In wireless networks, the medium access control (MAC) protocol performs the
important function of preventing multiple nodes from interfering with each other.
Current MAC protocols for I-UWB target small wireless personal area networks
(WPANs) and cellular networks. The most popular methods of medium access for IUWB include time division multiple access (TDMA), time hopping, frequency
hopping, or direct sequence UWB (DS-UWB) [34]-[69]. In these protocols, a central
controller prevents collisions by assigning concurrently transmitting nodes to different
time slots or code channels. A centralized approach is a good strategy for a small
network with heavy traffic and strict Quality of Service (QoS) requirements. However,
in larger ad hoc and sensor networks, the central coordination increases complexity and
overhead, and it also leads to a central point of failure. While applicable to WPAN and
cellular applications, the above MAC protocols are impractical for ad hoc and sensor
networks.
Instead of the above MAC protocols, large ad hoc and sensor networks
implement distributed MAC protocols, which generally realize random access and
require a method to detect medium activity [70]-[80]. A simple example of such a
protocol is carrier sense multiple access (CSMA). The protocol allows any node to
transmit data providing that it first detects an idle medium. If the medium is busy, then

2

the node must delay its transmission until after the current transmission ends. Each
individual node makes it own decision to transmit with no central guidance, so the
MAC is distributed. Further, the access is considered random since there is no strict
order to the access. I-UWB presents difficulties in detecting medium activity, so large
ad hoc and sensor networks have thus far been unable to realize the benefits of I-UWB.
Thus, this paper investigates MAC protocols for I-UWB in ad hoc and sensor
networks. Specifically, it endeavors to answer the following questions:
1)

How does the unique signaling of I-UWB affect the MAC layer of ad
hoc and sensor networks?

2)

How can we overcome the challenges of applying I-UWB to ad hoc
and sensor networks?

3)

How can we exploit the unique signaling of I-UWB to benefit ad hoc
and sensor networks?

As an end result, this paper intends to arrive at MAC protocols custom tailored to both
I-UWB and to ad hoc and sensor networks.
Chapter 2 answers the first question. The chapter starts with the basics of IUWB, including signaling, channel model, and transceiver architectures. Next, it
presents some ad hoc and sensor network applications that benefit from an I-UWB
radio. Finally, it examines MAC protocols with an emphasis on the specific
requirements of I-UWB and ad hoc and sensor networks.
Chapter 3 answers the second question. The low duty cycle and low power of IUWB create difficulties in implementing a distributed MAC protocol because there is
no good method to detect medium activity. Nodes are unsynchronized with each other,
so it becomes a significant challenge to search for a narrow, low-power pulse within a
large time window. Existing methods are either inaccurate or require a prohibitive
amount of time or hardware complexity. Thus, Chapter 3 proposes a new method to
detect I-UWB activity. It is termed pulse sense, as it is analogous to carrier sense in
narrowband systems. The key idea of pulse sense is to examine the spectral power
components of the received signal, which are always present, to avoid searching for
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narrow I-UWB pulses in the time domain. Pulse sense detects medium activity reliably,
quickly, and efficiently. Pulse sense enables distributed, random medium access for IUWB, and in turn, offers the advantages of I-UWB to ad hoc and sensor networks.
Chapters 4, 5, and 6 each provide an answer to the third question. First, Chapter
4 builds on pulse sense to create a distributed multichannel MAC protocol for I-UWB.
A traditional multichannel MAC subdivides the channel into time slots or code
channels, and each sub-channel’s data rate is a fraction of the full channel data rate.
Multichannel protocols increase network throughput because the multiple channels
decrease the probability of collisions [81]. However, multichannel protocols require
more complex multichannel receivers or central timing control. In addition, the reduced
sub-channel bandwidth increases delay at low offered load. The unique signaling of IUWB allows a multichannel MAC that requires neither centralized control nor
modifications to an I-UWB receiver. The proposed MAC significantly improves
throughput over traditional multichannel protocols without incurring the delay penalty.
A multi-user I-UWB receiver, which can receive several time-interleaved transmissions
concurrently, further improves performance with moderate hardware complexity.
Chapter 5 also builds on pulse sense and suggests using the unique signaling of
I-UWB for a busy signal MAC. A busy signal MAC provides superior performance to
current wireless MAC protocols because nodes can assess the status of ongoing
transmissions [82]-[86]. Whereas narrowband systems require two transceivers to
implement a busy signal MAC, the proposed I-UWB system requires only a single
transceiver to save cost, power, and circuit complexity. The single transceiver leverages
the inherently low duty cycle of an I-UWB pulse train to detect collisions and corrupted
packets through transmission of a busy signal. Because I-UWB systems dissipate far
less power transmitting than receiving, the transmission of a busy signal has
insignificant impact on the power dissipated in a transaction. The proposed busy signal
MAC permits random, distributed medium access with no central point of failure, so it
is appropriate for any large ad hoc or sensor network.
Next, because the I-UWB Physical Layer and MAC Layer affect the network
and application layers, Chapter 6 introduces a cross-level optimization scheme. The
scheme varies parameters in the MAC protocol and in the I-UWB radio to meet various
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application level QoS constraints – e.g., packet error rate (PER), data rate, or energy
dissipation – as environmental conditions change. Environmental conditions vary
depending on node mobility, transmitter-receiver distance, interference level, and
channel conditions. QoS constraints change depending on the type of data. For
example, control data may require the lowest possible BER [87]; video or real time
data may require the highest possible data rate [88]; and sensor data may require energy
efficiency to save battery power [89]. Typical communications systems are built to
meet all such QoS constraints even under the worst environmental conditions.
However, a communications system operates in the worst conditions infrequently, so it
wastes valuable resources as a result. I-UWB can implement a unique adaptive
modulation scheme with simple hardware. Adapting the modulation scheme for various
environmental conditions and QoS criteria improves overall BER, energy efficiency,
and data rate.
Finally, Chapter 7 concludes the paper.
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Chapter 2:

Preliminaries

Figure 2.1 displays the International Organization for Standardization (ISO)
Open System Interconnect (OSI) model for networking. The model compartmentalizes
networking tasks into a seven-layer hierarchy, and nearly all networking products,
protocols, and standards parallel the model [90]. The top layer is the Application Layer,
and it can include such familiar applications as File Transfer Protocol (FTP) or Hyper
Text Transfer Protocol (HTTP). Applications pass data to the Presentation Layer,
which provides a common syntax for the communicating applications. Next, the
Session Layer maintains synchronization between the two users. Then, the Transport
Layer hides the underlying network from the upper layers and provides a reliable endto-end connection. The Network Layer routes the data from the Transport Layer and
controls congestion. The Data Link Layer hides the characteristics of the physical
medium from the upper layers and also provides medium access control. The bottom
layer, the Physical Layer, provides a point-to-point connection between communicating

Application
Presentation

Ad Hoc
and
Sensor
Networks

Session

Influence

nodes.

Transport
Network
Physical

UWB

Influence

???

Link

Figure 2.1: ISO Networking Layers
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The unique nature of the I-UWB Physical Layer directly impacts both the Link
Layer and the Application Layer, whereas the other layers are indirectly unaffected.
Section 2.1 begins this chapter with the basics of I-UWB, including signaling, channel
model, and transceiver architectures. Next, Section 2.2 presents some ad hoc and sensor
network applications that are enabled by I-UWB. Section 2.3 discusses previous MAC
protocols for ad hoc and sensor networks and also for I-UWB. Finally, Section 2.4
emphasizes the specific requirements applying a MAC protocol to I-UWB and to ad
hoc and sensor networks.

2.1 UWB
2.1.1 Background
The origins of I-UWB follow those of wireless communication itself [200]. In
the late 1800s, the Marconi Spark Gap Emitter created the first wireless transmission
from an impulsive spark. The technology of the time did not allow more than one
transmitter-receiver pair within range of each other. Therefore, regulatory bodies, such
as the Federal FCC divided the spectrum into narrow bands and licensed these bands to
users. The narrowband regulatory structure relegated UWB to military and
experimental systems until recently. Advances in VLSI technology and digital signal
processing solve many of the problems that could not be addressed with earlier
technology. The FCC freed spectrum for low power UWB transmissions in 2002, and
this sparked immediate and immense interest from both academic and commercial
entities.

2.1.1.1 Definition

In general, A UWB signal has a bandwidth much greater than the minimum
bandwidth (Bmin) required to achieve a data rate R, normally Bmin≥ ½⋅R. Figure 2.2
compares the power spectral density of a UWB signal with that of a narrowband and
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wideband signals. UWB devices efficiently use scarce spectrum because they may
occupy bandwidth and coexist with existing narrowband systems. The low power
spectral density of UWB avoids interference to the underlying narrowband signals.

Narrowband
Power Spectral
Density (dB)

Wideband

UWB

Frequency

Figure 2.2: Power Spectral Density of UWB, Narrowband, and Wideband
In the United States, the FCC released its first report and order for power
emissions from UWB devices on February 14, 2002 [91]. On December 8, 2003, a
formal rule change to Section 15 Title 47 of the United States Code of Federal
Regulations allowed intentional, low power radiation from UWB devices [92]. The
FCC limits the operating bands for a UWB device according to its application. The
rules allow for both unlicensed communications applications and licensed applications
such as health monitoring, ground penetrating radar (GPR), and through-walls sensing.
The spectral limits on UWB consider the effect of an ultra wide bandwidth intruding
into the sensitive communications bands located below 2 GHz. Such existing bands
include TV, radio, PCS, public safety, and GPS bands. The FCC prohibits UWB
communications in toys, aircraft, ships, or satellites.
The FCC defines bandwidth and spectral limits for UWB devices, but it does
not specify a signal type, e.g. I-UWB or MC-UWB. The FCC identifies two types of
UWB bandwidths: absolute bandwidth or fractional bandwidth, which are defined by
the 10 dB cutoff bandwidths in Figure 2.3. The absolute bandwidth is the difference
between the 10 dB high cutoff frequency and the 10 dB low cutoff frequency (fh - fl).
The fractional bandwidth is defined as 2*(fh - fl)/(fh + fl), and the center frequency is
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defined as fc = (fh - fl)/2. In Figure 2.3, the frequency of maximum radiation fm is the
same as fc, but it need not be. Given these definitions, the FCC classifies a device as
UWB if either
(1) The transmitted signal has a fractional bandwidth greater than 0.20*fc, or
(2) The transmitted signal has an absolute bandwidth greater than 500 MHz
[92].
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Figure 2.3: FCC UWB Definition
The FCC regulations cover three classes of devices: imaging systems, vehicular
radar systems, and communications and measurement systems. This paper deals only
with communications devices, so we briefly review their characteristics and EIRP
(equivalent isotropically radiated power) limits. The EIRP is equivalent to the signal
power level given to the antenna multiplied by the antenna gain. Note that the EIRP can
be converted to the field strength at 3 m in dBµV/m by adding 95.2 to the EIRP in
dBm. The radiation limits are based on interference studies of devices likely to be
victims of UWB interference.
Communications systems received license-free spectrum allocation, so anyone
anywhere in the United States may use a certified device for communications purposes.
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The FCC classifies communications devices as either indoor or outdoor devices. Indoor
devices should be inoperable when not indoors, e.g. a device could operate on AC
power only. Outdoor devices must be handheld devices and must not be supported by
an outdoor UWB infrastructure. Further, outdoor devices must stop transmitting when
no response is received from a receiver within a ten second period. These systems
operate in the band from 3100 MHz to 10600 MHz. Figure 2.4 and Table 2.1 show the
average EIRP limits for both indoor and outdoor communications and measurement
systems. In addition to the average power limits in Figure 2.4, a communications
system must also limit its average EIRP to -85.3 dBm/kHz in the frequency bands
1164-1240 MHz and 1559-1610 MHz.
Table 2.1: Average EIRP Limits for Communications Systems
Frequency (MHz)
0-960
960-1610
1610-1990
1990-3100
3100-10600
Above 10600

Maximum EIRP (dBm) Maximum EIRP (dBm)
Indoor Devices
Hand-Held Devices
-41.3
-41.3
-75.3
-75.3
-53.3
-63.3
-51.3
-61.3
-41.3
-41.3
-51.3
-61.3

-40

Maximum EIRP (dBm/MHz)

-45
-50
-55
-60
-65
-70
Part 15 Limits
Indoor Communications
Outdoor Communications

-75
-80

3

4

10

10
Frequency (MHz)

Figure 2.4: Average EIRP Limits for Communications and Measurement Systems
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2.1.1.2 Advantages

Compared to narrowband systems, UWB has several advantages. Because of
the combination of wide bandwidth and low power, UWB signals have a low
probability of detection and intercept [93]. Additionally, the wide bandwidth gives
UWB excellent immunity to interference from narrowband systems and from multipath
effects [44],[47],[58],[68]. Another significant advantage of UWB is its high data rate
[23],[94],[95]. Figure 2.5 shows that a high data rate is more easily achieved by
increasing bandwidth than by increasing SNR. This is a consequence of Shannon’s
channel capacity theorem, which states that channel capacity increases linearly with
bandwidth, but increases only with the log2 of the SNR. In Figure 2.5, theoretical data
rates of over 500 Mbps are achieved easily in by a UWB system in a low-SNR
environment, but such data rates are nearly impossible for the narrowband systems in
the figure.

Shannon’s Channel Capacity Theorem: C = B * log2(1+ SNR)
1
UWB

Computed
Bandwidths

Channel Capacity (108 bits/sec)

1
1

1
10
20
30
40
50
60
70
80
90
100
200
500
1

8
6

500 Mbps

4
NB

2
0
-

0

1

SNR (dB)

2

3

4

Figure 2.5: Channel Capacity of UWB versus Narrowband
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UWB also offers a high degree of flexibility. The high data rate can be traded
for longer range or more robust operation. Figure 2.6 shows the flexibility of UWB in
trading range for data rate.
Free Space UWB Channel
Very High
Data Rate
Applications

Channel Capacity or Cutof f Rate (Mbps)

10

4

103

102

Channel Capacity
%
R
o

Cutoff Rate:
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fc=6.85 GHz
PRF=20Mpps
DtGt=75 nW/MHz
B=1500 MHz
Gr=1
Rx NF = 3 dB

BP 32 PAM / 1-PPM
BP 2 PAM / 1-PPM, N=1

101
BP 2 PAM / 1-PPM, N=10

100

Low Data Rate
and/or
Location Tracking
Applications

BP 2 PAM / 1-PPM, N=100
10 -1
10 1

10 2

103

10 4

Link Distance (m)

Figure 2.6: Ability of UWB to Trade Distance for Data Rate [96]
Furthermore, UWB permits coexistence with both narrowband systems and
other UWB systems. FCC regulations limit UWB devices to low average power in
order to minimize interference with narrowband systems. Thus, UWB provides a
method to reuse large amounts of existing spectrum without disturbing existing users,
and it should be available worldwide in the near future. UWB is unique in that its
radiated power is inherently ultra low as mandated by the FCC maximum of 560 µW,
which is at least an order of magnitude less than the radiated power of traditional
narrowband systems [77],[79],[97],[98]
In addition, I-UWB is relatively immune to multipath induced fading effects in
both indoor and outdoor environments. The wide instantaneous bandwidth increases
the number of resolvable multipaths and results in robustness to harmful multipath
effects [95],[99]. For an application such as maritime asset tracking, the multipath
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environment may be particularly harsh with several layers of densely packed containers
stacked inside a ship’s metal hold. With an appropriate receiver, a UWB system may
harvest energy from the resolvable multipath signals to improve data rate or BER. The
wide instantaneous bandwidth also enables fine time resolution for use in radar,
imaging, and ranging.
Finally, the carrierless nature of I-UWB gives it potential for simple circuit
implementations without intermediate oscillators and mixers [100]-[102]. UWB
devices may have a nearly all-digital implementation in CMOS with minimal analog
RF electronics [103],[104]. This simple architecture can translate to low power
dissipation and low cost, which opens a variety of possible mobile applications.

2.1.1.3 Signaling

Two forms of UWB signaling have been pursued recently. They vary mostly in
the method used to fill the ultra wideband spectrum because the FCC does not mandate
any particular method. At one extreme, a sharp impulse fills the band as in I-UWB; and
at the other extreme, many simultaneous narrowband tones fill the band as in MCUWB. Many solutions exist in between these extremes - a single band may be divided
or notched into a few narrower bands; or, alternatively, several narrow bands may
combine to fill increasingly larger spectrums. The solutions may or may not utilize a
carrier frequency. Figure 2.7 shows that many options between MC-UWB and I-UWB
are also possible, including the two leading proposals for UWB WPAN
standardization, direct sequence UWB (DS-UWB) and Multi-Band Orthogonal
Frequency Division Multiplexing (MB-OFDM) [21],[29]. Due to the advantages of IUWB for ad hoc and sensor networks, this section describes I-UWB signaling.
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Figure 2.7: Solution Space for UWB Signaling
Traditional narrowband radio systems modulate data onto a carrier signal to
occupy a narrow frequency band of a few KHz to a few MHz, but the signal is
continuous in time. The unique signaling of I-UWB represents the dual of narrowband
signaling. A narrow pulse may occupy several GHz of spectrum, but it may last only a
few hundred picoseconds. The pulse is repeated at a pulse repetition interval (PRI) that
lasts from nanoseconds to microseconds, so the transmitted signal takes the form

∞

s ( t ) = ∑ Ai ( t ) p ( t − iT f )

(2.1) ,

i =−∞

where Ai(t) is the amplitude of the pulse, equal to ± EP with Ep the energy of a pulse,

p(t) is the received pulse shape with normalized energy, and Tf is the PRI. The PRI is
generally much larger then the pulse width, i.e. an I-UWB pulse train has a small duty
cycle (<< 1). The low duty cycle results in the low power spectral density mandated by
the FCC. The inverse of the PRI is the pulse repetition frequency (PRF).
Common pulse shapes for UWB communications are derived from the Gaussian
pulse [105]-[107]. The Gaussian pulse itself has a DC center frequency, which makes it
undesirable for radio communications. However, its derivatives have decreasing
bandwidth and increasing center frequency. Figure 2.8 shows the Gaussian pulse, its
first derivative (a Gaussian monopulse), and its second derivative (a Gaussian doublet)
in both the time and frequency domains.
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Figure 2.8: Gaussian Pulses Useful for UWB [105]

Equation (2.2) describes a Gaussian pulse in terms of the pulse width tn. The
center frequency is zero (DC offset), and µ is the center point in time of the Gaussian
pulse.

p(t ) =

(t − µ )2

1
2πσ

e

2

2σ 2

(2.2)

Equation (2.3) describes a Gaussian monocycle doublet in terms of the pulse
width tn and center frequency.

1

 32k 6  4 −(kt )2
 te
p(t ) = 
 π 

(2.3)

Equation (2.4) describes a Gaussian doublet in term of tn, which is the time
difference between the minimum and maximum signal values. For the Gaussian
doublet, we can adjust the pulse width (= 4*tn), center frequency (= 0.8/tn), and
bandwidth (= 1.2/tn) by adjusting tn in (2.4).
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(2.4)

Because of effects from the antenna and the channel, a transmitted Gaussian
monopulse can appear at the receiver as a Gaussian doublet. Hence, simulations often
use various pulse shapes depending on whether the perspective is the receiver’s or the
transmitter’s. In general, a received UWB signal is modeled as

r (t ) = s (t ) ∗ h(t ) + n(t ) (2.5) ,
where h(t) is the channel impulse response and n(t) is Additive White Gaussian Noise
(AWGN) with power σ2 = 1 / SNR, where SNR is the average signal-to-noise ratio.
Most practical systems will use some form of pulse shaping to control the
spectral occupation of each pulse to conform to regulatory limits. Figure 2.9 shows a
bandpass filter shaping a Gaussian monocycle to meet the FCC mask.

Figure 2.9: Filtering of a Gaussian Monocycle to Meet FCC Limits
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Another method of meeting the FCC mask is to modulate the Gaussian pulse on
to a sinusoidal pulse with center frequency fc as in (2.6).

1

 8k  4
p(t ) =  
π 

1
1+ e

2

2π 2 f c2
k

(

e kt cos 2πf c2 t

)

(2.6)

To transmit information, the pulse train of (2.1) must be modulated according to
the data. This paper considers two popular modulation schemes for I-UWB: orthogonal
pulse position modulation (PPM), which results in the same constellation as frequency
shift keying (FSK) in narrowband systems; and antipodal amplitude modulation, which
results in the same signal constellation as binary phase shift keying (BPSK) in
narrowband systems. Figure 2.10 shows the signal constellations of antipodal
amplitude modulation (BPSK) and binary PPM (FSK).
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Figure 2.10: Constellation Diagram Representation of Modulation Schemes for I-UWB

For BPSK, the pulse train of (2.1) becomes

∞

s ( t ) = ∑ Ai ( t ) p ( t − iT f )

(2.7) ,

i =−∞
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where Ai = di(t) is the amplitude of the ith pulse modulated by data bit di(t)∈[-1,1]. For
PPM, the pulse train of (2.1) becomes

∞

s ( t ) = ∑ Ap ( t − iT f − δ di ( t ) )

(2.8) ,

i =−∞

where di(t) shifts the pulse in time by some multiple of δ, which should be larger than
the pulse width to assure an orthogonal signal set. Note that for PPM, a single pulse can
represent multiple bits or chips. If there are m time slots, then the signal may represent
log2m chips or bits. It is possible for δ to be less than the pulse width and still obtain an
orthogonal signal set, but this imposes impractical timing requirements on transceivers
[107],[108].
Figure 2.11 shows the time domain representation of BPSK, binary PPM, and
4-ary PPM modulation. The guard time Tg is the time between the end of the current
pulse and the beginning of the next pulse. The symbol time Ts is the time between the
beginning and end of a symbol. Part (a) shows BPSK, in which the polarity of the pulse
determines the data. Part (b) shows the binary case of PPM. The two pulses are offset
in non-overlapping positions in time. The position of the pulse relative to the reference
point (shown as a dotted line) determines the data. A pulse sent before the reference
point represents a data value of ‘0’, whereas a pulse sent after the reference point
represents a data value of ‘1’. Part (c) shows the 4-ary extension of PPM, which has
four different orthogonal pulse positions. Higher order m-ary extensions of PPM
require m different non-overlapping pulse positions.
In PPM, the signals are non-overlapping in time, so they are orthogonal to each
other. Note that m-ary PPM requires m orthogonal signals, which decreases the guard
time. PPM behaves similarly to FSK for narrowband systems. As m increases, the
performance should improve as the distance between the orthogonal symbols stays
constant.
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Figure 2.11: Time Domain Representation of Modulation Schemes for I-UWB

2.1.1.4 Channel Model

As a UWB signal propagates, it is distorted by reflections, shadowing, and
fading. These effects are accounted for in the channel model. The UWB channel is
usually modeled as a Finite Impulse Response (FIR) filter as
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Np

h(t ) = ∑ β i δ (t − τ i )

(2.9) ,

i =1

where βi is the amplitude and polarity of the ith path, τi is the delay of the ith path, δ(t) is
an impulse function and Np is the number of paths. Figure 2.12 shows the filter
structure.

τ2

β1

β2

…

τ3

τ4

β3

… βN-1

τN

βN

…

Figure 2.12: Filter Structure for Modeling UWB Channel Response
Most channel models give these parameters random values whose statistics are
obtained from observation. This paper uses simulations based two different channel
models: the Cassioli model and the Intel model [109],[110]. The Cassioli model was
implemented in Agilent’s Advanced Design System (ADS), and the Intel model was
modeled in Matlab.
Cassioli et al. have proposed an indoor channel model specifically for UWB
[109]. The measurements are taken at 14 different indoor locations every 2 ns starting
at the first multipath arrival and continuing for 300 ns of excess delay. This results in
150 measurement bins of duration 2 ns. The 14 different receiver locations each contain
a grid of 49 closely-spaced measurement points. The 14 locations measure the largescale effects and the grid of 49 points measures small-scale effects.
In the Cassioli model, the boxes in Figure 2.12 labeled τ represent a delay of 2
ns, which is the time resolution of the measurements. Each βi represents the energy
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gain realized during a 2 ns period. Each βi is a stochastic variable with a gamma
distribution. The mean of each gamma distribution decays exponentially from β1 to βN.
The decay constant and the ratio of β1 to β0 are both lognormal random variables with
constant mean and variance. The total energy (or sum of β0 to βN) is a lognormal
random variable with a constant variance and a mean determined by transmitterreceiver distance.
The procedure for determining the channel model is as follows. First, calculate
overall energy received at a location, βTOT, which is a lognormal random variable.
Assuming a reference power of 0 dB, the mean of βTOT, βµ,, is a function of distance, d.

 − 20.4 log10 (d ) d ≤ 11m
56 − 74 log10 (d ) d > 11m

βµ = 

(2.10)

Next, the power ratio, r=G1/G0, is a lognormal random variable that describes
the energy ratio of the second 2 ns bin to the first 2 ns bin. Then, the decay constant, ε,
is another lognormal random variable that describes the exponential decay rate of the
subsequent 2 ns bins. The large-scale channel model is characterized by these three
random variables with the lognormal distributions of Table 2.2.

Table 2.2: Lognormal Distributions of Channel Parameters
Parameter Mean (dB) Variance (dB)
GTOT.

Gµ

4.3

R

16.1

1.27

ε

-4

3

Next, determine the small-scale parameters. The average energy gain of each 2
ns delay bin, Gk

avg,

is computed from the large-scale parameters and then modified

according to a gamma distribution to produce the final Gk. Table 2.3 lists the
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parameters of the gamma distribution. The parameter τk is the time at the kth bin (τk = k
* 2 ns).

Table 2.3: Distributions of Small-Scale Channel Parameters
Parameter

Distribution

Mean

Variance

βk.

Gamma

βk avg

βk avg * βk avg / m m

M

Truncated Gaussian

3.5 – τk / 73 1.84 - τk / 160

α
N/A

β
βk avg / m
N/A

The above procedure completely determines the channel because the energy
gains between bins are uncorrelated. This is because the wide bandwidth and fine
resolution of UWB usually causes discrete multipath components to fall within the 2 ns
interval of the delay resolution. This means that the UWB system need not consider
distortion due to frequency selective channels or to multipaths spread over adjacent
delay bins.
Figure 2.13 shows an exemplary impulse response of the Cassioli channel at a
transmitter-receiver distance of 10 m. The top graph shows large-scale parameters only,
while the bottom graph includes small-scale parameters.
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Figure 2.13: Impulse Responses of Cassioli Channel
Figure 2.13 shows that the multipath significantly disperses the energy of a
UWB signal over many possible paths. However, due to the short duration of I-UWB
pulses these paths may separated from each other and fully resolvable. An appropriate
receiver can capture the energy from most of the paths and add it coherently to cancel
most of the effects of the channel.
Note that the first delay bin (at excess delay 0) contains significantly more
energy than the subsequent delay bins, which follow an exponential decay starting at
the second delay bin. The first multipath arrives at the LOS delay time and receives the
gain associated with the first delay bin. For NLOS conditions, it is unlikely that that the
first multipath contains the largest amount of energy. On average, 11% of total energy
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arrives with the strongest multipath, 57% arrives after 30 ns, and 92% arrives within
100 ns. Since the channel model will vary due to small-scale variations, we use the
average of many simulations with different multipath model realizations to obtain
average performance trends.
Figure 2.14 shows a histogram of the RMS delay spread of the Cassioli model.
The RMS delay spread shows the dispersion of the symbol energy over the excess
delay time. The RMS delay spread is useful for investigating the maximum data rate of
an unequalized channel. Multipaths from a previous pulse can corrupt the current pulse.
So unequalized transceivers should wait until most of the energy disperses before
sending the next pulse. Figure 2.14 shows that most of the symbol energy has
dissipated after approximately 70 ns of excess delay.
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Figure 2.14: RMS Delay Spread of the Channel

To get another perspective on the effects of the UWB channel, we compare the
simulated constellation diagram of binary PPM with the theoretical constellation
diagram. Figure 2.15 compares the constellation diagrams of binary PPM under two
conditions. The top row shows constellations that are corrupted by AWGN only. The
bottom row shows constellations that are corrupted by both multipath effects and
AWGN. The Eb/N0 ratio increases from left to right. For low Eb/N0 (= 0dB), both cases
show significant corruption of the received signals. The system under AWGN performs
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better that system with multipath effects because the received signal energy is not
dispersed over the multiple paths. As the Eb/N0 ratio increases to 12 dB, the AWGN
channel exhibits less effect than the multipath channel on the signals. Under the
AWGN channel, the signal energy dominates the noise and the constellation points are
more clustered around the baseline points of Figure 2.10 (b). The constellation points
under the multipath channel still overlap each other, and the contribution of ISI from
the multipaths causes significant performance degradation. When Eb/N0 is very high
(20 dB), the multipath interference is finally insignificant enough to show some
separation between the two baseline signals, but the effects from the multipath channel
still dominate those from noise alone.

Figure 2.15: Constellation Diagrams with Multipath Effects and AWGN
The Intel channel model is similar to the Cassioli channel model, and it is used
in the IEEE 802.15.3a working group to characterize multipath effects for UWB radios
in WPANs. It is based on [109] and is derived from the Saleh-Valenzuela model [201].
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Each multipath belongs to a cluster, which is a group of multipaths that arrive close
together in time. The arrival times of each cluster and each multipath within a cluster
are exponentially distributed random variables conditioned upon the previous arrival
time. Each cluster, as well as each multipath within a cluster, undergoes independent
fading. However, a lognormal distribution – rather than the Rayleigh distribution of the
Saleh-Valenzuela model – describes the magnitudes of the multipath gains.
The channel model divides the possible channel conditions according to four
scenarios:
-

CM1: line-of-sight (LOS) at distances of 0-4 m;

-

CM2: non-LOS (NLOS) at distances of 0-4 m;

-

CM3: NLOS at distances of 6-10m; and

-

CM4: extreme NLOS.

Table 2.4 shows the corresponding parameters for each of these channel conditions.
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Table 2.4: Channel Model Parameters [109]
Target Channel Characteristics5
Mean excess delay (nsec) (τ m )

CM 11
5.05

CM 22
10.38

CM 33
14.18

CM 44

RMS delay (nsec) ( τ rms )
NP10dB
NP (85%)
Model Parameters
Λ - cluster arrival rate (1/nsec)
λ - ray arrival rate (1/nsec)
Γ- cluster decay factor
γ- ray decay factor
σ 1 cluster fading s.d. (dB)

5.28

8.03

14.28

25

24

36.1

35
61.54

0.0233
2.5
7.1
4.3
3.3941

0.4
0.5
5.5
6.7
3.3941

0.0667
2.1
14.00
7.9
3.3941

0.0667
2.1
24.00
12
3.3941

3.3941

3.3941

3.3941

3.3941

3

3

3

3

5.0

9.9

15.9

30.1

5

8

15

25

12.5
20.8
-0.4
2.9

15.3
33.9
-0.5
3.1

24.9
64.7
0.0
3.1

41.2
123.3
0.3
2.7

σ 2 ray fading s.d. (dB)
σ x total shadowing s.d. (dB)
Model Characteristics5
Mean excess delay (nsec) (τ m )
RMS delay (nsec) ( τ rms )
NP10dB
NP (85%)
Channel energy mean (dB)
Channel energy std (dB)
1

LOS (0-4m). Channel measurements reported in [202].
NLOS (0-4m). Channel measurements reported in [202].
3
NLOS (4-10m). Channel measurements reported in [202],[203].
4
Extreme NLOS. 25 nsec RMS delay spread.
5
These characteristics are based upon a 167 psec sampling time.
2

For evaluation purposes, there are 100 pre-computed channel realizations for
each of the four classes. In each class, the power levels are normalized for an average
gain of 0 dB with a standard deviation of 3 dB. The pre-computed channel realizations
statistically model typical impulse responses of the UWB channel. Each impulse in a
channel realization corresponds to a multipath component and is described with a
magnitude, an arrival time, and a polarity.
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2.1.2 Impact of I-UWB Signaling
2.1.2.1 Spectral Lines

The pulse train of I-UWB leads to some unintended side-effects in the
frequency domain, as a pulse train has different characteristics than a single pulse.
Figure 2.16 shows the spectrum of a pulse train compared to that of a single pulse. The
right figure is a close view of the left. The red line shows the spectrum of one pulse,
while the blue line shows the spectrum of a pulse train. The spectral lines of the pulse
train are maximum for integer multiples of pulse repetition frequency (PRF). The
amplitude of the spectral lines relative to the average power increases with increasing
PRF [91].
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Figure 2.16: Frequency Spectra of Pulse and Pulse Train
The spectral lines appear at integer multiples of the PRF. This is explained by
examining the power spectral density (PSD) of a UWB signal, which can be obtained
as the Fourier Transform of the autocorrelation. For any linear modulation, such as
BPSK, pulse amplitude modulation (PAM), or on-off keying (OOK), with a wide sense
stationary sequence of information, the PSD can expressed as [204]
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Φ ss ( f ) =

σ i2
Tf

2

P( f ) +

µ i2
T f2

∞

∑

m = −∞

m
P
T
 f

2


 
 δ f − m 
 
T f 
 

(2.11) ,

where δ is the impulse function, µi is the mean of the information sequence, and σi2 is
the variance of the information sequence. The first term of (2.11) represents the
continuous spectrum, and the second term represents the discrete frequency
components spaced every 1/Tf in the spectrum. If we let

X(f) =

1
2
P( f )
Tf

1
Y( f ) = 2
Tf

∞

∑

m = −∞

m
P
T
 f

(2.12) and
2

 

 δ f − m 
 
T f 
 

(2.13) ,

then the continuous Φssc and discrete Φssd parts of the spectrum can be expressed as

Φ css = σ i2 X ( f )

(2.14) and

Φ dss = µ i2Y ( f )

(2.15) .

Thus, the in the limiting cases, the entire spectrum can be continuous if µi = 0; or the
entire spectrum can be discrete if σi2= 0, i.e. a train of uniform pulses. In either case,
the total spectral energy must remain the same, so we can set the two limiting cases
equal to each other as
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The discrete spectrum contains the same amount of energy as the continuous
spectrum, but the energy is placed at discrete frequencies spaced apart by 1/Tf, or the
pulse repetition frequency (PRF). Systems with higher PRF incur fewer spectral lines
but with greater amplitude. These systems must reduce their average power to prevent
the spectral lines from exceeding FCC limits. A similar analysis can be performed for
PPM modulation. Since the modulation is nonlinear, the PSD is given as [205]
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where

Φ ii ( f ) =

N s −1

∑p e
k

j ( 2πfk )

(2.18)

k =0

for a PPM scheme with Ns – 1 pulse positions. Thus, the spectral lines further
complicate signal detection and acquisition for systems with high PRF.
For systems with lower PRF, the FCC limits the peak power of a single pulse
(as opposed to average power over many PRIs) to prevent overloading nearby victim
receivers. Figure 2.17 shows the peak to average power of a UWB pulse train as seen
by a victim receiver with 1 MHz bandwidth [91]. When the UWB system has a PRF
less than 11 MHz, the peak interference power will not exceed the average interference
power (including spectral lines). However, at frequencies lower than 11 MHz, the peak
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power exceeds the average power. Although the lower PRI reduces the spectral lines,
the system must limit its output power to comply with FCC peak limits. Thus, FCC
peak power limits further complicate signal detection and acquisition for signals with
low PRF.
Regardless of the PRF, signal detection and acquisition is encumbered.
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Figure 2.17: Peak-to-Average PSD of Spectral Lines as PRF Increases

2.1.2.2 Detection and Acquisition

The narrow pulses, low radiated power, harsh channel conditions, and strict
FCC power limits combine to I-UWB signal detection and acquisition difficult.
Narrowband systems normally detect activity by looking for energy in a certain
frequency band. However, I-UWB does not have a carrier, and the narrow, low power
pulses are difficult to detect over a long PRI.
Narrowband receivers perform a sliding correlation to acquire a signal.
However, a sliding correlation is not practical for an I-UWB system. For a pulse
repetition interval (PRI) of 10 ns and a pulse width of 160 ps, a sliding correlator
requires a time step of about 80 ps for coarse acquisition [94]. For Eb/No = 5 dB, a time
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window of 11 pulses provide a false alarm probability of 10-5. Therefore, to guarantee
detection, the receiver must listen to the channel for at least (10 ns / 0.08 ns) * 11
pulses = 1,375 symbols. Multipath spreading complicates sliding correlation by
spreading the signal power over a longer period of time. There are many resolvable
paths, but the power in each path is severely attenuated. Consider a channel with four
strong, detectable multipaths equally spaced within the PRI window (the spacing that
results in fastest average detection time). In this channel, the circuit only has to
discover one of the four strong multipaths to reduce the search window by a factor of
four; however, each signal is attenuated by a factor of ten or more, so there is still a net
increase in detection time.
Figure 2.18 shows an I-UWB (T1) signal in Additive White Gaussian Noise
(AWGN) (T2) with a relatively good signal to noise ratio of 10 dB. The I-UWB signal
is also dispersed through the multipath channel, and the PRI is 100 ns. The top figure
shows the signal and the noise as seen by a receiver. It requires the separation of the
signal from the noise, as in the bottom figure, to even see the I-UWB signal with the
human eye
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Figure 2.18: I-UWB signal (T1) in AWGN (T2)

2.1.3 Transceiver Architectures
This section reviews prior work on an I-UWB receiver and transmitter for the
proposed system. The transmitter has been laid out in 0.18 µm CMOS [102], and the
receiver components have been fabricated in 0.18 µm CMOS and tested
[100],[101],[103],[104]. We choose CMOS implementation because its low power and
low cost are suitable for ad hoc and sensor network applications. This work builds upon
these basic communications components, but it is not limited to adopting these specific
components and instead may use others [111]-[116].
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2.1.3.1 Low Power Transmitter

The transmitter is based on the energy efficient pulse generator in Figure 2.19
[102], which can generate various pulse shapes and data rates through a programmable
control block. Depending on the desired data rate and pulse shape, the control block
adjusts the control voltages C1, C2, … Cn to control the direction of current flow and
output voltage. The bandpass filter (BPF) limits the output to the FCC mandated -41.3
dBm/MHz over its bandwidth from 3.1 GHz to 10.6 GHz. For BPSK, the pulse shape
also determines the modulation. Digital timing control determines the PRI provides the
modulation for PPM. The total power from the circuitry is less than 10 µW, and the
FCC limits the radiated power to 560 µW.
Pulse Generator

Data

Control
Block
PA

C1

C2

. . . Cn

BPF

Figure 2.19: Low Power I-UWB Transmitter

2.1.3.2 Receiver

The receiver presents more demanding implementation constraints, especially
in sampling the received signal for digital processing. One solution is a frequency
domain receiver [100],[101]. Digital signal processing theory explains the advantages
of sampling an I-UWB signal in the frequency domain. A signal may be represented in
either the frequency domain or the time domain, and communications systems normally
reconstruct a signal from discrete samples in time. I-UWB signals can occupy between
500 MHz and 7.5 GHz of bandwidth, and the resulting minimum sampling rate is at
least twice that bandwidth. Analog to digital converters (ADCs) operating between 1
GHz and 15 GHz push the limits of existing CMOS technology and dissipate enormous
power. Therefore, existing I-UWB receivers process the received signal with analog
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correlators in SiGe technology, which is more expensive and consumes more power
than CMOS. Thus, a CMOS implementation is more advantageous for ad hoc and
sensor networks.
Frequency domain sampling supports CMOS ADC implementation by relaxing
the sampling rate, decreasing circuit complexity, and reducing power dissipation.
Instead of reconstructing the signal from discrete samples in time, spectral samples
(each containing a frequency, a phase, and a magnitude) represent each received
symbol. The receiver captures harmonic spectral components of a signal that falls
within a time window longer than the pulse width and shorter than the pulse repetition
interval (PRI). The spectral components captured during the time window describe the
received signal as Fourier series coefficients. Because the time window extends beyond
the desired length of the received signal, any discontinuous points at the window
boundaries can be safely discarded.
Figure 2.20 shows the architecture of the receiver. At the front end, a low-noise
amplifier (LNA) feeds typical narrowband resonator filters realizing the second order
transfer function 1/(s2+(k ωo)2). A filter captures an in-band spectral component of the
received signal at frequency fi, where fi = kF0 for an integer k. The fundamental
frequency F0 is determined by an observation period Tp such that F0=1/Tp. The length
of the observation window also determines the number of ADCs. In Figure 2.20, the
receiver set the time window to 1 ns to capture an I-UWB pulse with a 7 GHz
bandwidth (3.1 ~ 10.1 GHz) and 100 ns PRI. The resulting fundamental frequency is
the inverse of the time window (1 GHz), and the harmonic frequencies are multiples of
the fundamental frequency. Two second-order filters extract the complex valued
spectral components. Thus, in Figure 2.20, the receiver requires fourteen filters and
ADCs to sample seven real and seven imaginary coefficients at 4 GHz, 5 GHz, …, 10
GHz.
Next, the ADC captures spectral samples at the pulse repetition rate, which is
much lower than the Nyquist over-sampling rate to save power as well as circuit
complexity. The sampling rate depends only on the PRI, and it is 10 MSps (1/PRI).
Within a time window, each set of spectral samples represents a portion of the received
signal as a continuous waveform.
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For efficient operation, the receiver may perform signal processing on the
spectral samples, or if necessary, a zero-padded n-point Inverse Fourier Transform
(IFT) reconstructs the signal in the time domain with n samples. The narrow pulses of
I-UWB result in many resolvable multipaths. A conventional narrowband receiver
harvests and constructively combines multipath energy with a rake receiver. One rake
finger processes each multipath, so the number of fingers fixes the number of harvested
multipaths and the performance. However, each rake finger increases circuit
complexity, power dissipation, and storage requirements. In contrast, when harvesting
multipath energy in the frequency domain, the circuit complexity is independent of the
number of multipaths within the time window. Spectral samples represent all multipath
energy within the time window without tracking and de-skewing individual multipaths.
During channel estimation, the multipath energy harvester identifies multipaths
by multiplying the received signal with a sliding template of a pulse in the frequency
domain. In the time domain, the multiplication result is a correlation function that
characterizes the channel impulse response with the arrival time of all multipaths that
exceed a threshold. The impulse response yields a multipath template, which is
converted to the frequency domain.
During operation, the receiver multiplies the spectral samples by the multipath
template. The simple multiplication operation results in simpler hardware than a
correlation operation. Further, a single set of coefficients represents multipath energy,
so the frequency domain energy harvester does not require the additional fingers,
samples, and processing speed of a rake receiver.
The clock recovery circuit tracks the optimal point for correlation within a PRI
under time variant and frequency selective channel conditions. It is based on a basic
PLL architecture with two modifications. First, to handle time-variant channel
conditions, the reference (ℜ(ωk) in Figure 2.20) is updated according to channel
conditions. In this process, the newly sampled signal is compensated for its phase error
and fed into a noise reduction filter. Second, to handle the frequency selective channel,
the circuit considers variations of signal-to-noise ratio (SNR) over the entire frequency
band. The circuit tracks the reference phase with highest SNR among spectral
components.
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As shown in Figure 2.20, the structure of the clock recovery circuit is similar to
a time domain clock recovery circuit, but the basic difference is that the proposed
circuit detects phase error from a sampled spectral component. This results from the
time shift property of Fourier transform, which states that the amount of time shift is
represented as a phase rotation in the frequency domain.

ℑ{ f (t − t0 )} = e −ωt0 F (ω )

(2.19)

Thus, kth harmonic spectral component of the received signal, ℜ( ωk,t0), with
time shift t0, appears as

ℜ(ωk , t0 ) = e −ωk t0 ℜ(ωk )

(2.20) ,

where ωk = kω0 with fundamental frequency ω0, and ℜ(ωk) is the kth harmonic spectral
component of the received signal under perfect synchronization.
From (2.20), a simple conjugate multiplication can detect phase error due to
time shift as

ℜ(ω k , t 0 )ℜ(ω k )' = e −ω k t0 ℜ(ω k )ℜ(ω k )' = ℜ(ω k ) e −ωk t 0
2

(2.21) .

Practical operation requires a narrow range of controlling phase, which allows a
linear approximation of (2.21) as

ℜ(ωk ) e−ωk t0 = ℜ(ωk ) (cosωkt0 − j sinωkt0 ) ≈ ℜ(ωk ) (1 − jωkt0 ) (2.22) .
2
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Figure 2.20: Frequency Domain UWB Receiver with Timing Recovery.
The transceiver supports data rates from 1 Kbps to 1 Gbps, and it can achieve a
bit error rate (BER) of approximately 2×10-4 for a link distance of 10 meters in extreme
non line-of-sight channel conditions at a data rate of 100 Mbps [101]. Lowering the
data rate can increase link distance or improve the BER. The transmitter dissipates less
than 600 µW of power, which is significantly less than the 200 mW from the receiver.
The receiver can equalize channel conditions and inter-symbol interference.

2.2 Applications
Before the FCC allocated spectrum for UWB devices in their First Report and
Order on February 14, 2002, most UWB research was relegated to small, proprietary
systems addressing military communications and radar. After the report and order,
UWB has generated tremendous interest, and many new ideas for applications have
come from both industry and academia. The radar capability and flexibility in data rate
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and link distance open the possibility of many new applications not suitable for
narrowband systems. Table 2.5 presents examples in three major UWB application
spaces: radar, communications, and location-aware communications.

Table 2.5: Application Spaces for UWB
Application Space

Example Application

Type of Network

Radar
Communications

Medical imaging
Wireless USB;
WPANs
Asset tracking;
Structural Integrity Monitoring

None
WPAN

Location-aware
Communications

Ad hoc, Sensor

2.2.1 Radar
With a low duty cycle and wide bandwidth, UWB is naturally suitable to radar
applications, which were among the first applications studied for UWB [117]. As the
bandwidth of a pulse increases, it provides finer resolution of radar images for
improved target identification. UWB also provides low probability of intercept and
detection because the wide bandwidth to information ratio results in low energy across
the spectrum. Because a UWB system may use the same transceiver for both radar and
communications purposes, UWB provides one low-cost interface that is both a sensor
and a communications system.
When radar systems utilize a UWB signal, the wide bandwidth and short pulse
duration identifies more target information, improves range accuracy, improves
resilience to passive scatterers (clutter), mitigates destructive multipath effects from
ground reflection, and enables a narrow antenna beam pattern [93]. The wideband
pulses carry more information about the target, such as shape or material. Further, the
pulse may have a low center frequency to penetrate solid structures. Finally, narrow
pulses eliminate the ambiguity between polarity reversal and time delay found in a
continuous wave narrowband signal, thus reducing clutter from magnetic reflectors.
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In traditional radar systems, resolution is proportional to wavelength. For
impulse radar, the resolution of a target approximately depends on its bandwidth (or
pulse width) as

∆R =

cτ
2

(2.23) ,

where ∆R is the target resolution (m), c is the speed of light (m/s), and τ is the pulse
width (sec). Thus, a Gaussian monocycle with a bandwidth of 7.5 GHz (~100 ps time
duration) could achieve a resolution of ∆R = (3×108 m/s ⋅ 100×10-12 s)/2 = 0.015 m
without extended signal processing. A single pulse is unlikely to both meet FCC
regulations with regards to out-of-band emissions and have a 7.5 GHz bandwidth, so
the actual resolution will be slightly larger. With added signal processing, the
resolution can be improved close to the Cramer-Rao lower bound [118].
Because of its high-resolution radar capability, UWB has been proposed for
many novel radar applications, such as vehicular radar to enhance driver safety and
comfort [119]. UWB radar can provide proximity sensing around the exterior of a car
to detect any objects within range of the vehicle. Initially, applications will notify the
driver of hazards. For example, a vehicular radar system would alert the driver through
audio or visual output when it detects potential collisions at the side, front, or rear of
the vehicle. Such a system may aid the driver by “seeing” blind spots while changing
lanes, reversing, or parking. In later stages of development, multiple UWB sensors can
be networked with other vehicular systems and provide autonomous control of tasks
such as parking, cruise control, transmission control, braking, airbags, safety belts, or
suspension tuning. Because of its communication capability, UWB may even be
applicable for complete control of autonomous vehicles on smart, networked roadways.
UWB vehicular radar has been allocated spectrum from 22 GHz to 29 GHz with
the stipulation that the center frequency and the highest radiation level must be above
24.075 GHz. A further restriction is placed on the direction of radiation, which must
attenuate energy above 38 degrees to the horizontal plane by 25 dB with respect to Part
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15 limits. This requirement is scheduled to grow stricter year-by-year as more vehicular
radar devices are included as standard equipment on commercial vehicles.
Another high-resolution radar application is Ground Penetrating Radar (GPR),
which detects objects buried underground [120]. The crowded infrastructure of cities
places a crisscrossed web of water pipes, electrical lines, communications links, and
other obstacles underground. Heavy construction equipment can damage these
structures and even cause injury or loss of life. GPR provides precise location
information for such obstacles, and it does not rely on records, which can be
incomplete, inaccurate, inaccessible, or missing. Another valuable use of GPR is to
detect abandoned land mines and unexploded ordinance [121].
GPR operates mostly in the low frequency band below 960 MHz because these
frequencies penetrate substances such as soil and sand better than higher frequencies.
The operation of GPR is restricted to construction, law enforcement, fire and rescue,
commercial mining, and scientific research. GPR is not seen as a severe source of
interference to other devices since the device is positioned close to the ground and
signal energy is directed into the ground.
Through-walls imaging is based on the same principle as GPR, however, signal
energy is now directed horizontally. Therefore, through-walls imaging has considerable
potential to interfere with existing systems, and the FCC restricts it to the public safety
sector for use by firefighters and law enforcement officials. Law enforcement is
particularly interested in using through-walls imaging to look through the double hulls
of boats for hidden compartments and concealed contraband. The military also has
significant interest in through-walls imaging for urban warfare situations. UWB can
provide resolution fine enough to identify the presence of humans through walls, and it
can even detect the small involuntary motions of respiration or heartbeats.
Finally, UWB offers promise for medical imaging for health care professionals
to look inside the body of a human or animal [122]. For example, UWB can detect
movements of the heart, lungs, vocal cords, vessels, bowels, chest, bladder, or a fetus.
Since UWB radar can resolve images with safe levels of radiation, it can be used even
in sensitive patients, such as mothers in the final stages of pregnancy. UWB has a
significant advantage over induced field devices such as magnetic resonance imaging
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(MRI), which confines the patient to a small space. With the radiated field of UWB, the
patient can be anywhere, and the imaging device moves while the patient remains in a
comfortable position. Since UWB radar may function a few meters from the target, it
can provide remote monitoring of patients through blankets and clothing. An initial
medical application of UWB radar is early detection of breast cancer with space-time
processing of UWB signals through an antenna array [123].

2.2.2 Communications
More recently, the high-speed communications capability of UWB has been
exploited for wireless personal area networks (WPANs) such IEEE 802.15.3a, which
provides a high data rate physical layer (PHY) for personal area multimedia
networking.
Because of potential interference to and from narrowband devices, early UWB
research was primarily for military communications applications. Most research was
performed quietly before the FCC opened the spectrum for UWB in February of 2002.
Thus, many military systems developed prior to 2002 provided long-range
communication capability with power levels that exceed current regulations [41].
Examples include aircraft-to-aircraft communications, augmentation of graphic display
plans (GDP) for instrument landing in inclement weather, communication and control
for unmanned aerial vehicles, sensors for monitoring aerospace structures, and secure
location and RF identification systems for soldiers in urban combat situations [41].
More recent applications focus on wireless personal area networks (WPANs),
which connect a limited number of devices in a small coverage area (within 10 m).
Current UWB radios for WPANs must meet the FCC power limits, and hence, they
radiate much less power than earlier systems. Taking full advantage of the high data
rate of UWB, the IEEE 802.15.3a standard endeavors to define medium access and
physical layers with the highest data rate possible for WPAN applications. UWB
promises to deliver extremely high data rates (up to Gbps range) for multimedia
applications and quick download times for large data files. To support these
applications, the UWB physical layer for IEEE 802.15.3a offers data rates of 110 Mbps
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at 10 meters, 200 Mbps at 4 meters, and, optionally, 480 Mbps or higher at a shorter
distance. Such data rates allow high-quality multimedia services and comfortable
download times (seconds as opposed to minutes) for large media files [124].
Currently, the most common application for UWB WPAN communications is
cable replacement for high-speed devices. Cabling is a bulky and aesthetically
displeasing means of connecting devices, and it also tethers devices together to limit
device mobility. XtremeSpectrum Inc.1 proposed cable replacement for home
networking [125], and Intel Corporation proposed cable replacement for office
environments [126]. In fact, there are proposals for wireless Universal Serial Bus
(USB) and wireless IEEE 1394 for consumer electronic (CE) devices [127]. These
standards would connect peripherals such as digital video players, projectors, MP3
players, portable disk drives, camcorders, high-resolution digital cameras, PDAs,
printers, scanners, web cams, home theaters, CD players, keyboards, or mice [128].
UWB could even provide a standard interface for wireless docking of laptops [126] or
wireless inter-chip connections.
Because cables are inconvenient in clothing, another cable replacement
proposal enables wearable peripherals for health, entertainment, military, or medical
purposes [129]. UWB could clean up the awkward clutter of cables within a wearable
computer system.
Time Domain Corporation has noted that environments for the proposed
applications would likely be shared among multiple families or multiple businesses
within a single building or confined space. Additionally, a large number of devices may
be networked, so most of these applications require a standard that exploits the spatial
reuse property of UWB. Operation of UWB communications in such an environment
requires high aggregate data rate, low cost, low power, and small size; so performance
can be measured as [125]

P=

1

SpatialCapacity  bps / m 2 


Power ⋅ Cost ⋅ Size  W ⋅ $ ⋅ m3 

(2.24) ,

Motorola bought Xtreme Spectrum in November 2003. Xtreme Spectrum made these proposals before then.
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where P is the performance metric, SpatialCapacity is in bits/second per square meter
of coverage, Power is in Watts, Cost is the cost of the device, and Size is the amount of
physical space the device occupies, in cubic meters.

2.2.3 Location/Communication/Low Power
I-UWB offers a unique blend of radar and communication applications known
as Location Aware Communications [96],[130]-[138]. The Cramer-Rao Lower Bound
(CRLB) provides a limit on the accuracy of the delay estimate (which reduces to the
ranging accuracy), that increases with the bandwidth and the signal-to-noise ratio
(SNR) of the received signal [139]. Even at low SNR, I-UWB can resolve distances
with sub-centimeter accuracy using simple signal processing. When nodes share
distance estimates, they can cooperatively calculate location information, which is an
important feature for many sensor network applications and network protocols
[32],[33]. Because I-UWB RF circuitry is shared for communications and ranging
purposes, I-UWB may provide low-cost, high-resolution ranging; and unlike GPS, IUWB’s location capabilities can function in indoor environments.
As an example of the potential for location aware communications, the
upcoming IEEE 802.15.4a standard will take advantage of a UWB physical layer that
emphasizes low data rate, low power, robustness to fading, flexible link distance, and
precision ranging. The goal of the standard is to provide simple, pervasive, and
seamless wireless connectivity among devices. Although this prospective standard is
still in the initial stages of development, it has generated tremendous interest and is
expected to move rapidly to publish a standard in early 2006. Suggested applications
spaces include sensors, controllers, and logistical devices. The following applications
are based on the response to the IEEE 802.15.4a Call for Applications [130],[131].
With the improved robustness, larger communication range, and precision
ranging ability, the standard targets such applications as building and home automation,
automated meter reading, industrial, safety, personnel monitoring, security, inventory
control, process control and logistic applications. The standards committee notes that
there will be broad demand for such applications in the near future.
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Many parties desire to use UWB to provide communications devices that can
locate people. Aetherwire & Location, Inc. and the city of Chicago propose a location
aware communication device for firefighters [131]. In a burning building, heavy smoke
and darkness impair both audio and visual communications. With a UWB
communications system,

firefighters may monitor environmental conditions,

communicate with each other, and locate injured personnel. Aetherwire proposes a
similar application for soldiers to positively and quickly identify friendly soldiers to
reduce accidental deaths and injuries [131]. Harris Corporation stipulates that military
communications should adopt a modulation scheme with low probability of detection
and

intercept

for

stealth

communications

[132].

Samsung

and

Staccato

Communications have proposed smart home applications that manage almost all
aspects of the home including doors, keys, TV, radio, or computers [131]. The system
would be aware of individual users and their preferences. As individuals move
throughout the smart home, a tracking system could automatically adjust room
temperatures and activate entertainment devices to a particular television channel or
website. General Atomics offers proximity sensors that provide security for cars,
computers, or homes, which automatically lock and unlock as the owner travels in and
out of range [131]. LB & J consulting suggests that UWB could be used to track
students and personnel in school buildings [131]. In schools, the tracking system could
control access to school buildings, conduct instant roll call, produce reports to analyze
incident patterns, monitor school bus transportation, and engage parents in student
supervision. Ubisense Ltd. proposes to increase productivity in office environments by
locating key personnel [131]. Privacy and security concerns, however, would have to
be addressed before such systems would be implemented.
Location aware communications capability can also be used to manage assets.
UWB expedites the inventory control process because the network can automatically
scan individual containers and report status information without physical examination
of the container’s contents. Further, UWB performs well in a densely packed
environment such as stacked pallets in trucks or stacked containers in ships. Aetherwire
has suggested precision asset location and autonomous manifesting applications for the
Department of Defense, which is the largest U.S. transporter of goods [131]. Inforange

46

offers a similar suggested application for tracking packages during shipment to reduce
the amount of lost and misrouted packages [131]. They propose a transmit-only device
to save power in the tags. General Atomics extends this idea to tracking for inventory
control in warehouses and retail shops [131]. A similar technology could be used as
small discrete security tags for high valued items such as leather jackets in retail stores
[131]. Both Ubisense and MSSI have suggested tracking life-saving equipment in
hospitals, as it is not always possible to locate equipment quickly in an emergency
[133].
Tracking mobile objects is another application that uses UWB’s radar
capability. One idea is a UWB network that provides a protective security “bubble”
around a geographic area. The radar capability of UWB would detect intruders and
track their motion. In a networked environment, this could provide accurate tracking
over a large geographic area. In outer space, UWB could automatically track an
astronaut outside of a spacecraft or track the position of two spacecraft that are
docking. Time Derivative and Q-Track suggest unique applications for professional
sports to track balls, athletes, or racecars [131]. On farms and wildlife sanctuaries, a
tracking system could automatically track the movement of cattle or wildlife.
In the proposed applications for IEEE 802.15.4a, several companies mention
sensor networks, which stand to derive huge benefits from the low power and location
aware properties of UWB [1],[134]. Position location capability aids in network
configuration and provides a service for the networking and application layers.
Aetherwire notes the demand for sensor networks to monitor industrial automation and
control [131]. They cite the high cost ($10 to $25 per foot) of wiring for pipe sensors,
which typically exceeds the cost of the sensors. Mobile nodes may take advantage of
UWB’s location capability to organize and perform tactical maneuvers [135]. Staccato
and Aetherwire suggest UWB for heating, ventilation, and air conditioning (HVAC)
control for home and office environments [131]. Extending this idea, Echelon
Corporation proposes to add UWB radios to water and gas meters to report readings
directly to the consumer and also to the utility company through power lines [136].
Another possibility is monitoring a human for early warning of seizures or heart beat
monitoring [137]. ST Microeletronics notes that the location aware capability allows
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such networks to configure themselves (so that they become ad-hoc networks)
circumventing installation by a technician [131]. Samsung and CUNY want to augment
the Global Positioning System (GPS), which is not usually receivable indoors, to
enable location assisted routing of network data. UWB is an excellent low power
physical layer for sensor networks [131]. The extremely low duty cycle of UWB allows
sensors to conserve energy and operate for many years without maintenance. Because
of its robust operation in harsh multipath environments and penetration capability,
UWB also supports sensor networks in warehouse and cargo hull environments and
even embedded in solid structures to provide a real-time non-invasive report on
structural integrity.

2.2.4 Ad Hoc and Sensor Networks
Many of the above location aware communications applications also qualify as
ad hoc or sensor networks. Most current research into ad hoc and sensor networks
concentrates on the Network Layer and above. However, the unique properties of IUWB affect the MAC and Physical Layer of ad hoc and sensor networks as well. This
section discusses some major characteristics of ad hoc and sensor networks and their
relationship to these bottom layers of the OSI model.
Ad hoc networks include any network without existing infrastructure, so the
network is responsible for self-configuration. This concept is especially useful
considering the recent proliferation of wireless communications – a network can be
anywhere, and the nodes within that network can be mobile. Wireless ad hoc networks
are useful in emergency situations, military applications, and other situations where
there is no existing network infrastructure. Generally, this entails multi-hop routing at
the Network Layer and also possibly some QoS guarantees. Nodes may be peers to one
another, i.e. any node may transmit to any other node; or there may be a hierarchy.
Such networks may be large – on the order of thousands of nodes or more – so
protocols should scale to a large number of nodes.
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Sensor networks are a type of ad hoc network with unique characteristics. They
consist of a few (for structural integrity monitoring) to thousands to millions (for
environmental monitoring) of sensors randomly deployed in an area of interest. The
sensors monitor physical phenomenon. Typical sensors require only limited sensing
and processing capabilities because wireless communication allows them to coordinate
among themselves. In this case, the whole is much greater than the sum of the parts.
The unique characteristics of sensor networks place special constraints on the
design of all layers in the OSI model. At the Application Layer, data are often
correlated in space and time because they represent physical measurements. Therefore,
data compression and aggregation are often useful. Additionally, sensor data is usually
not required frequently, and it often consists of only a few bytes of data. Therefore,
throughput can be sacrificed to meet the other constraints. Note that a high data rate is
still advantageous for saving power: a faster data rate means that radios transmit and
receive data faster, and hence are awake for a shorter period of time. Further, a faster
data rate means there is less probability of collision at a given offered load. At the
Routing Layer, the data flow from the sensor nodes to one or a few sinks instead of
peer-to-peer, so routing can be simplified. However, the routing protocol should not
favor certain sensors over others, causing them to drain their battery before the others
and possibly disconnecting the network. At the Link Layer, the data may also be
correlated in time, thus leading to collisions from multiple nodes reporting a similar
event. Further, energy efficiency is a huge priority not addressed in the OSI model.
Because devices may be in inhospitable areas such as industrial monitoring or war
zones, the nodes should last for a long period of time with limited energy resources
such as a battery or energy scavenging hardware. The energy constraints also constrain
protocols and algorithms to be as simple as possible to reduce processing overhead.
From the above, power consumption, cost, and QoS are important design
considerations for any layer of ad hoc and sensor networks, including the MAC and
Physical Layer. The MAC protocol and the radio play a crucial role in determining
both fairness and the amount of energy spent on a successful transmission [70]. The
radio dictates the energy efficiency and hardware complexity of the physical layer, and
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the MAC layer implements the collision avoidance strategy and also shapes the fairness
of the network.

2.3 MAC Protocols
In any broadcast network, the medium access control (MAC) protocol performs
the important function of controlling each node’s access to the channel to prevent
collisions. A common analogy is the protocol used by a group of people attempting to
talk in a room. In such a situation, people usually abide by rules such as
-

Don’t talk while someone else is talking. If two conversations occur
concurrently, then both parties’ words may be unintelligible.

-

Listen before speaking. This prevents most concurrent conversations.

-

If the intended listener does not understand the message, he requests the
speaker to repeat the message.

For the speakers, the conversations are transmitted via sound waves through the air. For
data networks, the messages may be transmitted via electromagnetic signals through
the air or through wires. The same types of rules that apply to people in a room can also
apply to data networks that share a common medium. In a data network, the MAC
protocol is simply a set of rules that every node should follow.
MAC protocols for data networks are usually characterized according to
throughput and delay. Throughput refers to the total amount of information that source
nodes successfully transfer to destination nodes. Delay refers to the average amount of
time that information waits before it successfully arrives at the destination.
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2.3.1 General
2.3.1.1 Wired Protocols

By far, the most common MAC protocol for wired networks is carrier sense
multiple access with collision detect (CSMA/CD) [90]. It is a distributed protocol, so
there is no central node to coordinate transmissions. The basic operation of CSMA/CD
is as follows. When a node has data to transmit, it first senses the state of the medium.
If the medium is idle, the node is free to transmit. If the medium is busy, the node waits
a short time period until after the medium becomes free. The short time period provides
a chance to finish any transmissions that belong to the current transaction. After a node
transmits its data, there is the possibility that another station has also transmitted data
simultaneously. Therefore, the node also listens to the medium while transmitting to
determine if the data matches its expected transmission. If the data does not match, the
node knows there has been a collision, so it stops transmitting and tries again after a
random backoff period. The random backoff period lowers the probability of the two
competing nodes retransmitting simultaneously. CSMA/CD performs well because a
node knows the status of its transmission during the transmission. Thus, nodes may
terminate a corrupted packet immediately instead wasting bandwidth with an
unsuccessful transmission.

2.3.1.2 Wireless Protocols

The wireless medium is fundamentally different from wired medium. First, not
every node is within range of each other. In a wired network, every node attached to the
wire can hear every other node attached to the wire, so each node has a similar picture
of the network. However, when radio signals propagate, they lose power according to
the inverse of xn, where x is the distance and n ranges between 2 and 4 [140]. The
received power decreases rapidly with distance, so each node has a different picture of
the network. Second, radio nodes cannot simultaneously receive and transmit. The
radiated power is many orders of magnitude greater than any incoming radiation, so
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any incoming signal in the same band would be undetectable. To simultaneously
transmit and receive, a transceiver must listen in one frequency bands while
transmitting in a second band. This is known as full duplexing, and it rarely
implemented in practice because of the hardware expense, the additional power
dissipation, the spectral inefficiency, and the reduced data rate. Half duplexing – or
receiving and transmitting at different times – is much more common.
Because of the characteristics of the wireless medium, wireless MAC protocols
may need to address the hidden terminal problem illustrated in Figure 2.21 [86]. The
dotted circles represent the radio ranges of nodes A, B, and C. Node B is within range
of both A and C. Due to rapid degradation in signal strength, nodes C and A are out of
each other’s range. The channel is initially clear, so node A transmits to node B. Some
time after node A starts transmitting, node C decides to transmit to node B. Node C is
out of range of node A, so it cannot hear node A’s transmission to node B. Further, due
to Node B’s half duplex radio, it cannot inform Node C that it is currently receiving a
packet. Node C thinks the channel is clear, so node C transmits and there is a collision
at node B, which corrupts the data from both A and C.
The wireless medium also leads to exposed nodes. In this case, consider an
ongoing transmission from Node B to Node A. If Node C has a packet to transmit to
Node D, it will wait until Node B finishes. This is not necessary, since Node C’s
transmission will not interfere with reception at Node A. The exposed node problem
results in a waste of bandwidth from inefficient spatial multiplexing.

A

B

C

D

Figure 2.21: Hidden and Exposed Terminal Problem
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Due to the hidden terminal problem, only the destination node is in a position to
identify if there has been a collision. Further, the transmitting nodes may not know of a
collision until after their unsuccessful packets have wasted bandwidth and transmit
power. Wireless MAC protocols are primarily built to solve the hidden node problem.
Figure 2.22 shows the design space for wireless MAC protocols, and this section
briefly reviews the characteristics of each type of protocol.
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Figure 2.22: Wireless MAC Protocols
Centralized protocols are generally suitable for small networks that place a
higher priority on performance than on power consumption or on hardware complexity.
Because they collect information about the state of the network, centralized protocols
offer high throughput, low delay, and firm QoS guarantees. They avoid hidden and
exposed nodes because the centralized control guarantees that only one transaction
occurs at a time. Some examples of centralized protocols include Bluetooth and IEEE
802.15.3a, which are designed to support multimedia devices and low latency computer
peripherals. QoS is the most important priority, and as a result, such networks are
typically limited to ten or fewer devices to reduce overhead and to maintain the
serviceability of the network. Centralized protocols may further be divided into
guaranteed access, random access, and hybrid access protocols.
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The guaranteed access protocols give each node a regular opportunity to be the
sole transmitter. Token passing protocols implement guaranteed access by passing
around a special “token” packet (through a central controller), and the owner of the
token is the only node allowed to transmit. Polling is similar, but a central node directly
queries each node, possibly in a round robin fashion [141]-[143]. Both token passing
and polling protocols require a central controller to prevent token loss, and the constant
querying incurs a large transmission overhead when the network is idle.
The centralized random access protocols partition the channel into mutually
orthogonal sub-channels according to codes, frequencies, time slots, or a combination
of these. The data rate of each channel is a fraction of the full channel data rate. A base
station has a special transceiver with the ability to receive and transmit on every
channel. In idle sense multiple access (ISMA), a central node broadcasts a signal when
the medium is busy [144],[145]. Performance is similar to CSMA/CD [146]. In code
division protocols, all traffic flows through the base station, which translates codes
between users. For example, in randomly addressed polling (RAP), the central node
notifies all the nodes of a free channel; each node responds on a different code channel;
and the central node picks a winner at random [147]-[149]. Frequency division operates
similarly to code division, but the central node requires additional RF circuitry and
signal processing.
Finally hybrid centralized protocols combine random access and guaranteed
access to improve performance. These protocols generally consist of three phases:
request, scheduling, and data transmission. Nodes first request a reservation with a
random access, contention-based protocol such as ALOHA. The controller either
schedules or denies the reservations that it receives. Any node with a confirmed
reservation then has guaranteed access, usually in the form of a a time slot. The
scheduling algorithm determines if the protocol is random reservation access (RRA) or
demand assignment. RRA protocols provide QoS guarantees for data and voice [150][154]. Demand assignment protocols are derived from ATM networks, and they
differentiate between classes of data. The controller provides different classes of
service depending on a strict hierarchy [155]-[157].
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If centralized protocols were applied to large ad hoc or sensor networks, the
centralized control traffic would significantly increase the amount of overhead bits,
thus wasting bandwidth, consuming excessive energy, and reducing the useful network
lifetime. Consider a network that detects intruders. Most of the time, there will be
nothing to report, and so the control traffic adds nothing but overhead. While idle,
nodes should instead conserve energy to extend the lifetime of the network.
Additionally, in a network of thousands of nodes, the centralized control does not scale
well. The amount of control traffic would be unwieldy and the scheduling algorithms
too complex. The central controller also needs to be within range of all nodes in the
network. Finally, because nodes may not be easily serviceable (e.g. battlefields or
industrial monitoring) a central failure would render useless thousands of deployed
nodes.
Distributed protocols offer no firm guarantees on latency, throughput, or
fairness. However, they are far less complex, and they scale to large ad hoc and sensor
networks. Further, distributed protocols avoid the centralized control and overhead of
centralized protocols.
The most basic MAC protocol is the ALOHA protocol. A node may transmit at
will. If the transmission is successful, the target node responds with an
acknowledgment (ACK). Otherwise, the source node waits a random period of time
and tries again. The protocol performs well for light traffic but poorly under heavy
traffic. An improvement over ALOHA is carrier sense multiple access (CSMA). It
operates similarly to ALOHA, but it requires a node to listen to the medium before
transmitting. If the medium is busy, the node defers its transmission until the medium
is free.
Carrier sense is more generally known as clear channel assessment (CCA),
which provides two important services. One role is to detect an incoming packet and
the other is to ensure that the channel is free before transmitting. In narrowband
systems, carrier sense performs the CCA function by detecting in-band energy. Wired
systems detect voltage transitions. I-UWB systems currently have no quick, reliable,
and efficient method to perform CCA.
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In wireless networks, distributed MAC protocols may also address collisions,
particularly from hidden terminals. To prevent collisions from hidden terminals, the
destination node must give feedback to its neighbors because it is the only node that
can definitively report a collision. The destination node informs its neighbors through a
feedback channel in time, frequency, or code.
The CSMA/CD protocol manages collisions through a form of code duplexing.
The receiver checks the received signal against its transmitted data, and a mismatched
signal encodes two simultaneous transmissions. The advantage of such duplexing is
that the source node immediately knows of a collision and does not waste energy
transmitting a corrupted packet. The disadvantage is that it requires full duplexing in
the same frequency band, and so it only works for wires networks, which uses different
pins to separate the received signal from the transmitted signal. Therefore, wireless
networks emulate CSMA/CD through other methods of duplexing.
Busy tone multiple access (BTMA) manages collisions through frequency
duplexing, and it is a distributed form of ISMA. BTMA differs from ISMA in that
BTMA does not require a central node to track and report the state of the medium.
Nodes involved in a transaction share this responsibility. During a transmission, the
target node (and possibly other neighbors of the source node) emits a busy tone to
prevent neighbors of the target from interfering [82]-[86]. The out-of-band busy tone is
frequency duplexed with the data transmission. BTMA maintains the immediate
feedback of CSMA/CD, and it works in the wireless channel. The disadvantage of
BTMA is that it requires two frequency bands. Therefore, all nodes require radio frontends, and the protocol is less efficient in hardware, spectral efficiency, and power.
To reduce cost and power, wireless ad hoc and sensor networks usually manage
collisions through time-duplexing [71]-[81]. An example is carrier sense multiple
access with collision avoidance (CSMA/CA), and it is illustrated in Figure 2.23 (a) for
the hidden terminal topology of Figure 2.21. The collision avoidance is implemented
with small request-to-send (RTS) and clear-to-send packets (CTS). With an RTS/CTS
exchange, node A first sends a short RTS to node B that contains the size of the
upcoming data packet form node A. Node B replies with a CTS that echoes the size of
the packet. All nodes within range of node B (including C) hear this CTS and know to
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refrain from transmitting for the duration of the transaction from node A to node B.
This handshaking implements a sort of virtual carrier sense, as all nodes within range
of the source and destination know the duration of the upcoming channel activity. The
ACK packet informs the source of a successful transmission. If the source does not
receive an ACK, it retransmits its data.
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(a) Short Preamble for Narrowband

(b) Long Preamble for UWB

Figure 2.23: CMSA/CA with RTS/CTS Data Exchange

In summary, centralized protocols perform well for smaller networks at the cost
of hardware and control overhead. Distributed protocols perform relatively worse, but
they are moderate in hardware complexity and scale to larger networks. The next
sections discuss wireless MAC protocols implemented specifically for ad hoc and
sensor networks and also MAC protocols implemented specifically for I-UWB.
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2.3.2 Ad Hoc and Sensor Networks
Ad hoc and sensor networks generally adopt a distributed MAC protocol to
scale to the large size. Further, there is no central point of failure and no central
synchronization. The simpler protocols save power and overhead, and sensor data can
tolerate the lack of strict QoS guarantees.
Collision avoidance protocols are widely used for wireless ad hoc networks, and
such protocols have their roots in MACA, MACAW, and floor acquisition multiple
access (FAMA) [71],[73]-[75]. With the right parameters, they can guarantee collisionfree transfer of data. The basic structure of the RTS-CTS-DATA-ACK exchange also
forms the foundation for medium access in the distributed foundation wireless MAC
(DFWMAC) of the popular IEEE 802.11 standard [75]-[77].
Because of their collaborative operation, unique data flow, and more limited
resources, sensor networks impose additional constraints on MAC protocols. For a tree
topology, in which branch nodes report events to their parents and eventually to the
base, hidden node problems exist on every other layer. An RTS/CTS exchange adds
excessive overhead considering the small packet sizes. Further, neighboring nodes may
sense a common phenomenon and their simultaneous transmissions may collide.
Researchers at UC Berkeley start with CSMA as the basic MAC protocol, and
they custom tailor the protocol for sensor networks [70]. A reduced carrier sensing
period as compared to 802.11 saves receiver power. Instead of performing handshaking
to avoid collisions, the UC Berkeley protocol controls collisions by adaptively
controlling its injected traffic according to the amount of through traffic. This
eliminates the overhead energy of sending RTS and CTS packets. The network
leverages the tree topology to eliminate ACKs; instead of an ACK, each node knows of
a successful transmission when its parent node passes the message on to the
grandparent [79]. Because nodes often transmit in a correlated manner, the MAC
protocol injects a random pre-transmit delay before any transmission [80]. Finally, data
aggregation effectively transmits many small packets with the overhead of just one
packet. Such modifications to the basic CSMA MAC support sensor network traffic
and achieve high energy efficiency per successfully transmitted bit [79].

58

The IEEE 802.15.4 standard defines a MAC protocol and a narrowband
Physical Layer for large ad hoc and sensor networks [78],[158]. The upcoming IEEE
802.15.4a protocol will include a UWB Physical Layer to extend the capabilities of
IEEE 802.15.4 to include precision ranging, extended link distances, and robust
operation [131]. The protocol is ideal for low power networks because it provides a low
power mode that cycles devices through sleep and awake modes.
IEEE 802.15.4 also adopts carrier sense multiple access (CSMA) as its base
MAC protocol. The 802.15.4 MAC requires the following methods of CCA [78]:
(1) Detect in-band energy above threshold
(2) Detect 802.15.4-like modulation & spreading
(3) Detect 802.15.4-like modulation & spreading above threshold
The narrowband radios of 802.15.4 perform method (1) reliably, quickly, and
efficiently by detecting energy in a certain frequency band. The remaining methods
require acquisition and synchronization with the signal. All three methods are difficult
in I-UWB systems. Because of this difficulty, the IEEE 802.15.4 MAC layer does not
yet apply to UWB, and a partial aim of this thesis is to address the above challenges.

2.3.3 I-UWB
The above MAC protocols for ad hoc and sensor networks encounter
difficulties with I-UWB radios. The low probability of detecting and intercepting a
UWB signal now becomes a liability when implementing a MAC protocol for ad hoc
and sensor networks.
Consider a handshaking protocol. For the narrowband system in Figure 2.24,
the RTS and CTS packets are relatively short compared to the data packet, so the
control packets contribute modest overhead. The control packets and the link layer
preambles (which include acquisition overhead) are short. For example, in IEEE
802.11, the preamble length for the DSSS radio interface is 144 bits long, and the RTS
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and CTS packets are 320 – 352 bits long. The data packets may be up to 4096 bytes
long. In I-UWB, the long acquisition time creates significant overhead for the RTS and
CTS packets. For current I-UWB receivers, the preamble is on the order of 1000 bits
[28],[21],[94]. Thus, the length of the handshaking packets significantly increases as
compared to a narrowband system. Figure 2.24 shows the overhead graphically. Simply
amortizing the cost of the control packets over the length of a longer data packet cannot
resolve this problem because large data packets incur more bit errors. Although
CSMA/CA helps narrowband ad hoc networks, I-UWB incurs severe performance
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degradation due to the increased control packet overhead [159].
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Figure 2.24: Handshaking Overhead in UWB and Narrowband Systems
Furthermore, in I-UWB, the narrow pulses and low radiated power make CCA
difficult. Currently there is no reliable, quick, and efficient method for CCA for I-UWB
as in narrowband systems. Because I-UWB systems cannot simply detect energy in a
certain frequency band, they instead provide CCA with the synchronization and
acquisition functions of the receiver. The synchronization and acquisition are
performed during the preamble, and the 1000 symbol latency results in useless channel
information and poor performance [160].
Figure 2.25 and Figure 2.26 show through simulation that long CCA and
acquisition times degrade throughput. Both figures consider a simple linear network of
three nodes A-B-C. In Figure 2.25, all nodes are within range of each other, and nodes
A and C both transmit to B with a 1 Mbps data rate. The time between packets is
determined by a Poisson distribution with a mean time between packets given by
(offered load / 2). As the CCA takes a longer amount of time, the throughput
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diminishes at all offered loads. With no coding, the systems transmit 1 Mpps, so a
reasonable CCA time for I-UWB is between 800 µs and 1600 µs (800 to 1600
symbols). At these long CCA times, the throughput is reduced by 50% or more as
compared to the ideal case. Further, the network is unstable, i.e. the throughput
decreases with increasing offered load.
The results in Figure 2.26 consider the same node configuration as Figure 2.25
with the exception that nodes A and C are outside of one another’s radio range, so they
are hidden from one another. Figure 2.26 shows that the handshaking with CSMA/CA
is much more efficient than CSMA for a topology with hidden nodes. However, as the
acquisition time increases, the throughput decreases. The decrease is mainly due to the
added acquisition overhead from the RTS and CTS packets. Note that the CSMA/CA
protocol is much more stable than CSMA due to the virtual carrier sense provided by
the handshaking packets. However performance for I-UWB is still severely degraded
for acquisition (CCA) times of between 800 µs and 1600 µs.
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Figure 2.25: Throughput for CSMA as CCA Time Increases. All Nodes Are Within
Radio Range.
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Figure 2.26: Throughput for CSMA/CA as CCA Time Increases. The Transmitting
Nodes Are Hidden w.r.t. to One Another.

Due to the problems with implementing a distributed MAC protocol for IUWB, current MAC protocols target small wireless personal area networks (WPANs)
and cellular networks. These centralized protocols do not require handshaking packets
or CCA capability to prevent collisions [34]-[69]. Instead, a central controller assigns
concurrently transmitting nodes to different time slots or code channels. For a network
of I-UWB systems, the received signal at a node with K neighbors is given by
K

r (t ) = ∑ s (k ) (t ) ∗ h (k ) (t ) + n(t ) (2.25) ,
i =1

where h(k)(t) is the channel impulse response between the kth user and the receiver, K is
the number of neighbors, and n(t) is AWGN.
The next two sections review the most popular methods of implementing MAC
protocols for I-UWB. IEEE 802.15.3/3a is a centralized hybrid protocol, where nodes
compete for time slots, and it is proposed for WPANs. Code division MAC protocols
are also very popular for UWB networks with a cellular topology.
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2.3.3.1 IEEE 802.15.3/3a

The IEEE 802.15.3a standard [95] is currently under development, and it is
based on the narrowband IEEE 802.15.3 standard [55],[56]. The IEEE 802.15.3 MAC
protocol was designed with foresight for an I-UWB Physical Layer.
Although commonly called a TDMA protocol, IEEE 802.15.3/3a is, more
strictly, a hybrid protocol according to Figure 2.22. This is because nodes contend for a
time slot with random access using slotted ALOHA (in 802.15.3a) or CSMA/CA (in
802.15.3), and then a central controller assigns available time slots for data
transmissions. The centralized approach provides QoS guarantees for applications with
heavy traffic such as video data. Due to the overhead of the control traffic and the
limited number of slots, the IEEE 802.15.3/3a MAC is a good strategy for small
networks (typically ten devices or less) [55]. The TDMA approach for data
transmissions prevents collisions of data packets that would otherwise result from
hidden terminals and simultaneous transmissions. This is because the central controller
permits only one node in a piconet to transmit at a time. The central controller notifies
nodes of the nodes and timing involved in upcoming transmissions, so nodes may
disable their radios during time slots in which they are inactive. This is a good strategy
for I-UWB because an I-UWB device may dissipate more power receiving than
transmitting [95]. The data signal model for the system is equivalent to that of (2.25),
since only one node may transmit data at one time.
The IEEE 802.15.3/3a protocol operates in a small group of nodes called a
piconet. A piconet coordinator (PNC) node assumes the responsibility of assigning
guaranteed time slots (GTS) to each requesting node. A data transmission sequence
within a piconet follows the structure of a superframe as shown in Figure 2.27.
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Figure 2.27: Superframe Structure for IEEE 802.15.3/3a

The first part of the superframe is the beacon, which transmits control
information from a PNC. This information may include the number and timing of
available GTS slots. Next, the contention access period (CAP) provides nodes a chance
to send short data packets, channel requests, and other commands. During the CAP,
nodes access the medium using slotted ALOHA. Finally, there is a contention free
period, where each node may send data during a reserved time slot in which no other
node is allowed to transmit. The timing and number of slots may shift from superframe
to superframe. The PNC guarantees QoS by admitting or denying new traffic
depending on the available bandwidth.
IEEE 802.15.3/3a is targeted for small WPANs, and it is not suited to managing
traffic in large ad hoc and sensor networks. IEEE 802.15.3/3a requires that all nodes
have the capability of coordinating a piconet. This eliminates the central point of
failure, but it greatly increases node cost and complexity. Further, power consumption
is of secondary concern for IEEE 802.15.3/3a because the user can easily replace the
batteries of a home device. In low data rate applications, the overhead from the beacon
and CAP periods significantly increases the number of transmitted bits and thus
reduces the useful lifetime of the network. The contention free period eliminates
collisions from hidden terminals, but it prevents spatial multiplexing within a piconet.
Finally, multihop transmission becomes especially difficult in the context of IEEE
802.15.3/3a because piconets must be connected to each other through the special
parent/child relationship shown in Figure 2.28. The gateway node (the large blue node
in the figure) is a normal node in the parent piconet and a PNC in the child piconet. The
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child piconet operates on the same channel as the parent, and it is synchronized to
avoid interference to parent piconet. The child piconet must complete its entire
superframe during one GTS of the parent piconet, and this severely degrades the
bandwidth of the child piconet. A more common is case in IEEE 802.15.3/3a is when
piconets are co-located with each other, like the orange and red piconets in the figure.
These piconets cannot communicate with each other because they operate on different
channels.

Node in Child
Piconet (Channel 1)
PNC for Child
Piconet (Channel 1)
Node in Parent
Piconet (Channel 1)
PNC for Parent
Piconet (Channel 1)
Node in Co-located
Piconet (Channel 2)
PNC for Co-located
Piconet (Channel 2)
Beacon
Data

Figure 2.28: Piconet Structure for 802.15.3/3a

2.3.3.2 Code Division

Code division multiple access (CDMA) is generally used in cellular networks
where a base station has a multi-user receiver with the capability to simultaneously
listen and transmit on each channel. The multi-user receiver allows the base station to
translate signals from one user’s code to another user’s code, but it is complex in
hardware. The base station also has the responsibility to assign codes to each user,
which requires some handshaking overhead and a control channel. Different code
channels, ideally orthogonal to each other, allow nodes to transmit simultaneously.
Without the possibility of collisions, nodes avoid the overhead of handshaking and
detecting medium activity for I-UWB systems.
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Code division protocols can be modified for distributive medium access, but
they incur penalties in hardware and in overhead. Consider an ad hoc network with
mobile nodes. The code space is finite and probably much smaller than the number of
nodes, which could be thousands or more. To avoid central control, a transmitting node
may choose a code at random. Thus, the target node should be listening on all channels
simultaneously. This requires every node to adopt a complex multi-user receiver.
Further, resistance to near-far effects and multi-user interference increases hardware
complexity. Distributed code division protocols incur a penalty in hardware
complexity, cost, and power because each node must listen to and decode all code
channels concurrently. Nodes could also use a control channel to signal their intent to
send data, as in CSMA/CA; but the small control packets add excessive acquisition and
synchronization overhead in I-UWB. Hence, most code division MAC protocols for IUWB are centralized.
In I-UWB, the channel may be divided into code spaces via time hopping codes
[34]-[54], direct sequence codes [57]-[62], or frequency hopping codes [21],[65]-[69].
By far, the most popular form of code division for I-UWB is via time-hopping.
The time-hopping code is most often combined with PPM modulation, so the user k
transmits the signal

s ( k ) (t ) =
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with time-hopping code ci(k) and fundamental hopping granularity Tc. Figure 2.29
shows a visual representation of time hopping for a length-3 short code, which could
support up to eight users (sub-optimally). Note that short codes repeat every symbol
such that ci = ci+Ns, and long codes repeat over a longer period. In the figure, User 1
transmits a data ‘1’ and User 2 transmits a data ‘0’, which are spread over the
respective time-hopping codes. The time hopping code determines the slot number and
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the data determines the pulse position within that slot. Note that pulses from two
different users may interfere with each other in the same slot (as in the second chip),
but spreading multiple data chips over a code mitigates such multi-user interference.

Slot 0
0 1

Slot 1
0 1

Slot 0
0 1

Slot 1
0 1

Slot 0
0 1

Slot 1
0 1

User 1: TH Code = 111, Data = 0, Chips = 111
User 2: TH Code = 010, Data = 0, Chips = 000
Figure 2.29: Time Hopping
Direct sequence UWB (DS-UWB) is similar to well-known narrowband direct
sequence spread spectrum (DS/SS) techniques, but UWB communication systems
spread the signal in time as opposed to frequency. Figure 2.30 shows a baseband DSUWB waveform. A node transmits a continuous train of data with the amplitudes of the
chips modulated by the spreading code. Multiple access is provided by assigning
different users different spreading codes. The DS-UWB waveform for user k with
spreading code cj(k) for the jth pulse in a length Nc code is represented as

s k (t ) =

∞

Nc

∑∑ A (t − iT
p

i = −∞ j =1

f

− jT p )(c (jk ) )d i (t )

(2.27) .

A DS-UWB waveform may also be modulated onto a carrier frequency, as is in
the DS-UWB proposal for IEEE 802.15.3a [20],[21]. In this case, the chip rate Fchip and
center frequency fc of each piconet are harmonically related as fc = 3Fchip. The offset
chip rates reduce the correlation between data streams and also help to identify
piconets. The data rate Rd for DS-UWB is represented as
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Rd =

1
NT f

(2.28)

where:
is the pulse repetition time (inverse of the PRF) [seconds]

Tf

Tc

Spreading Code = 111000
Data = 010 Chips = 111000 000111 111000
Figure 2.30: Direct Sequence Spreading for UWB
Finally, frequency hopping codes also provide multiple channels, as in the MBOFDM proposal for IEEE 802.15.3a [28],[29]. An MB-OFDM waveform with N tones
and symbol duration of Ts = NTb is written as

N

s(t ) = d ∑ d i (t )e

 iT

j 2π  + f c ( t )T 
 Ts


(2.29) .

i =1

The symbol steam di(t) modulates the ith tone, and fc(t) gives the carrier frequency of
the current band. In Figure 2.31, a 3-band MB-OFDM system supports simultaneously
operating piconets by assigning the length-6 time-frequency codes (TFC) {1, 2, 3, 1, 2,
3} across three different frequency bands.
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Figure 2.31: MB-OFDM Frequency Hopping
Whether through time hopping, DS-UWB or frequency hopping, centralized
CDMA works well for cellular networks with centralized control. Assigning codes
requires some handshaking overhead and a control channel (which may be time
duplexed with the data channel). Further, the data rate of each flow is fixed by the
spreading factor, which is determined a priori, based upon the expected level of
interference. Therefore, the worst-case scenario, which is unknown in an ad hoc
network, restricts the data rate of each node. Code division systems inherently suffer
from multiple access interference, and the harsh multipath environment of I-UWB
complicates this effect. Distributed versions of code division protocols are not suitable
for I-UWB because they require expensive multi-user receivers. Due to the hardware
complexity and overhead, centralized CDMA MAC protocols are not suitable for large,
low cost, ad hoc networks.
Some recent work examines more distributed approaches to time-hopping MAC
protocols in more depth. The code channel may be determined by the address of either
the receiver [191], or the sender [192]. To overcome multi-user interference, timehopping alone is ineffective for close interferers, so other techniques such as additional
coding or ignoring corrupted chips are required [191]. To handle simultaneous
transmissions to the same node, the protocols require the overhead of control packets to
establish a link. Further, the above protocols assume a topology that places every node
within range of each other. In a multihop network topology, each node transmits to just
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enough neighbors to ensure a connected network, so there is no need to coordinate a
large set of code channels. Thus, ad hoc and sensor networks should not rely on code
channels.
In summary, current I-UWB MAC protocols target small WPANs and cellular
networks, but they are not suitable for large ad hoc and sensor networks. The
centralized approaches of TDMA and code division are good strategies for a small
network with heavy traffic and strict Quality of Service (QoS) requirements. However,
in larger ad hoc and sensor networks, the central coordination increases complexity and
overhead, and it also leads to a central point of failure. Instead, large ad hoc and sensor
networks should take a simpler, distributed approach to medium access.

2.4 Applying I-UWB to Ad Hoc and Sensor Networks
Current ad hoc and sensor networks use narrowband radios and MAC protocols
tailored to narrowband radios [70],[77]-[80],[97],[98]. However, little effort has been
dedicated to the application of either I-UWB radios or their apposite MAC protocols to
large-scale ad hoc and sensor networks. An I-UWB radio can provide such benefits as
precision ranging, high data rate, robust operation, flexible link distance, and low
radiated power. Further, the unique signaling may result in a novel MAC protocol.
Note that (i) MAC protocols for large ad and sensor networks are distributed
protocols and (ii) the current MAC protocols for I-UWB are all centralized protocols
for smaller networks. This leads to the goals of designing MAC protocols to enable IUWB radios for ad hoc and sensor networks. The next chapter of this work addresses
the unique signaling challenges of I-UWB required to enable a distributed MAC
protocol. Distributed protocols are based on CCA functionality, so the chapter studies
methods to perform CCA with I-UWB signaling. Subsequent chapters attempt to
leverage the unique signaling of I-UWB for a novel MAC protocol not attainable with
narrowband radios. Handshaking packets degrade performance in both sensor networks
and in I-UWB radios, so the proposed MAC protocols are further constrained to
eliminate or mitigate the handshaking overhead of RTS and CTS packets.
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The duality between narrowband systems and I-UWB forms a basic guide for
solving the above design challenges in I-UWB. As shown in Figure 2.32, an I-UWB
signal can be considered the dual of a traditional narrowband signal. For a narrowband
signal, the time domain representation has constant power over a long time period,
whereas the frequency domain representation concentrates all the power in a narrow
spectral band. These assumptions are inherent in the design of existing narrowband
radios and MAC protocols (e.g., carrier sense is taken for granted in narrowband
systems). For an I-UWB signal in the frequency domain, the power spectral density is
spread over a large spectrum, whereas the time domain representation contains power
only during a narrow time window. Thus, novel MAC protocols may result from new
assumptions.

Power

UWB in Time Domain
NB in Frequency Domain

UWB in Frequency Domain
NB in Time Domain

Figure 2.32: Duality of I-UWB and Narrowband Signals
Table 2.6 shows some existing areas in which I-UWB takes advantage of the
duality. Table 2.7 shows the areas in which we intend to exploit the duality of I-UWB
to develop a MAC for I-UWB in ad hoc and sensor networks.
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Table 2.6: Existing Dual Techniques in Narrowband and I-UWB
NB Technique

UWB Technique

References

Frequency hopping

Time hopping

[34]-[54]

Direct Sequence Spread
Spectrum

DS-UWB

[57]-[62]

FSK

PPM

[107],[108]

Time domain receiver

Frequency domain
receiver

[100],[101]

Table 2.7: Proposed Dual Techniques Narrowband and I-UWB
NB Technique

UWB Technique

Chapter

Carrier Sense

Pulse Sense

3

Frequency Duplexing

Time Duplexing

4, 5

Frequency Agility to Mitigate
Interference

Time Agility to Mitigate
Interference

6
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Chapter 3:

Pulse Sense: A Method to Quickly,
Reliably, and Efficiently Detect Medium
Activity in I-UWB

Ad hoc and sensor networks must manage a large number of inexpensive, low
power nodes. UWB is an attractive technology for such networks due to its high data
rate, low radiated power, and accurate ranging capability. For ad hoc and sensor
networks, I-UWB has several advantages over other forms of UWB due to its
robustness to multipath fading and simple, low power hardware. Existing MAC
protocols for I-UWB systems are centralized, so they are unsuitable for sensor and ad
hoc networks. In large ad hoc networks, the central coordination increases complexity
and overhead, and it also leads to a central point of failure. Large ad hoc and sensor
networks with narrowband radios implement distributed MACs, which generally
realize random access and require CCA, or the ability to detect a busy medium.
The narrow pulses and low radiated power of I-UWB present difficulties in
CCA, which is fundamental to random, distributed MAC protocols. Narrowband
systems provide CCA by detecting the energy from a carrier, but I-UWB has no carrier.
Currently there is no reliable, quick, and efficient method for CCA in I-UWB networks.
This chapter proposes a method for CCA in I-UWB networks. The method is called
pulse sense because it detects a busy medium in the presence of I-UWB traffic just as
carrier sense detects signals in a certain frequency band. Pulse sense enables a
distributed, random access MAC for I-UWB, and in turn, enables ad hoc networks to
realize the benefits of I-UWB radios.
The key idea is to examine the spectral power components of the received
signal, which are always present, to avoid searching for narrow I-UWB pulses in the
time domain. Simulations show that the proposed pulse sense circuit detects the
presence of I-UWB pulses in a short time period in various channel conditions, and it is
moderate in circuit complexity.
This chapter is organized as follows. Section 3.1 reviews existing methods for
CCA in I-UWB. Section 3.2 presents the proposed pulse sense architecture, and
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Section 3.3 discusses the operation. Section 3.4 presents simulation results, and Section
3.5 summarizes the chapter.

3.1 Existing Methods for CCA in I-UWB
As compared to a receiver circuit, a CCA circuit should cost much less in terms
of hardware and dissipate much less power. Further, a CCA circuit should detect
activity reliably in a short amount of time. Otherwise, the receiver could be used for the
purpose of CCA. If the power is low as compared to the receiver, a CCA circuit will
save significant power because a node usually listens for activity far more often than it
receives data.
Existing methods of detecting I-UWB traffic do not meet the above goals. The
methods include peak detection, matched filtering, sliding correlation, and interleaved
periodic correlation processing (IPCP) [162]. Table 3.1 lists the disadvantages of these
methods in performing CCA in I-UWB. Most of these methods are designed for the
purpose of signal acquisition or reception, so they perform poorly for the purpose of
CCA.

Table 3.1: Existing CCA Methods in I-UWB
Method
Peak Detector
Analog Matched Filter
Digital Matched Filter
Sliding Correlation
Parallel Correlation
Integrated Periodic
Correlation Processing

Comment
Susceptible to false alarms from narrowband signals and
noise spikes.
Complex; not adaptable to changing channel conditions and
distorted signals.
Complex ADC; large number of taps; long training period.
Requires a long time – several hundred to a thousand
symbols; requires a template; multipaths, ISI, and frequency
selective fading degrade performance.
High circuit complexity; requires a template; multipaths,
ISI, and frequency selective fading degrade performance
More useful for a radar signal; sharp correlation peak; ISI,
co-channel interference, modulation, and timing jitter
degrade performance.
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A peak detector is a simple method, and it holds the peak value of the signals
received within a designated time period [163]. In narrowband systems, a peak detector
follows the front-end circuitry, which filters out-of-band interference [164]. However,
an I-UWB receiver operates over a wide bandwidth, so a peak detector is incapable of
separating an I-UWB signal from a (probably much stronger) narrowband signal [165].
This is a problem since UWB is meant to coexist with narrowband devices.
Furthermore, noise spikes and narrowband signals cause false alarms. Several I-UWB
receivers employ a peak detector for reception, but the peak detector operates after
synchronization and conditioning of the received signal [166],[167].
A matched filter seems like an ideal method to detect an impulse signal, as it
does not require synchronization to detect the signal energy [94]. In fact, several UWB
receiver designs are based on matched filters [168]-[176]. However an I-UWB signal
presents some severe challenges for matched filter design. An analog matched filter is
not adaptable to dynamic channel conditions and pulse shapes, and it is complex in
hardware design. To sample the received signal, a digital matched filter requires a fast
ADC with wide dynamic range, which dissipates a large amount of power. The digital
matched filter requires a long training period to adapt to the current unknown channel
conditions. Further, a digital matched filter requires a large number of taps to handle
the dense multipath environment of I-UWB. Although suitable for reception, the
complexity and inflexibility of a matched filter makes it unsuitable for the purpose of
CCA.
Correlation with a sliding window can also be used to detect low duty cycle IUWB pulses [94],[177]. In existing I-UWB systems, correlation is used to detect and
synchronize the receiver to an incoming transmission [178]-[185]. Correlation may
consider either a serial or a parallel search for signal detection. In terms of hardware
complexity, a serial correlation provides the simplest circuit for detection. However,
serial correlation results in a long sensing time (possibly in excess of 1000 symbols) for
I-UWB pulses, so it is unsuitable for CCA purposes.
A sampling bridge circuit operates similarly to a serial correlation. The
architecture is used in sampling oscilloscopes, and it can also be used to detect I-UWB
pulses. As shown in Figure 3.1, the receiver takes individual samples at random,
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interleaved intervals at a low rate (much lower than the required Nyquist rate). It then
combines the multiple samples into a single picture. The sampling bridge circuit
requires a large number of pulses to reconstruct a single I-UWB pulse, so it is not
practical for CCA.
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Figure 3.1: Operation of a Sampling Bridge Circuit. [161]
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An Integration and Averaging receiver is another implementation that is similar
to a sliding correlation [140],[188]. The receiver compresses samples from N high-rate
pulses into a single pulse. For a sliding correlator implementation, the time
compression is related to the slide factor k [161]:

k=

T f TX

(3.1)

T f TX − T f RX

(3.2)

TdOUT = kTd IN

where:
T f TX
T f RX
k
TdOUT
Td IN

is the pulse repetition time for the transmitted pulses

[seconds]

is the pulse repetition time for the receiver pulse generator
[seconds]
is the slide factor
is the time duration of the pulse output from the sliding correlator
[seconds]
is the time duration of the pulse input to the sliding correlator
[seconds]

Several methods exist to speed up the search process. A parallel correlation
improves acquisition speed but at the cost of high circuit complexity, so it is not
suitable for CCA. Non-linear searches also improve detection time, but the
improvement is still quite inadequate for the purpose of CCA. A random search
improves search times marginally [186]. A hierarchical sliding correlation with
successively finer time steps [187] also improves search time. For example, consider an
I-UWB pulse train with pulse rate of 10 MHz. The receiver produces template pulse
trains at rates of 10.01 MHz, 10.006 MHz, and 10.00 MHz.

First, the coarse

acquisition process performs a sliding correlation with the receiver operating at 10.01
MHz. After detecting a sufficient amount of energy, the receiver then operates at
10.006 MHz for fine synchronization. The receiver then operates at 10.0 MHz.
Although faster, the process may encounter more false alarms due to the coarse time
step, and it may also increase the standard deviation of search times.
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A Template Match Detection receiver is similar in implementation to parallel
correlation. As shown in Figure 3.2, the receiver correlates the received signal with
multiple stored waveform templates offset in time with respect to each other. The
receiver adds significant hardware complexity for each additional correlation.

Combining &
Decision
Processing

Template Waveforms

Figure 3.2: A Basic Block Diagram of a Template Match Detection UWB Receiver
[161]
An interleaved periodic correlation processing (IPCP) pulse detection system is
especially useful for harvesting the combined energy of all multipaths. The IPCP
operates by correlating the received signal with samples of itself delayed by one pulse
repetition interval (PRI) as in Figure 3.3 [162]. IPCP is mostly useful for detecting
homogenous radar signals in the absence of inter symbol interference (ISI), co-channel
interference, and modulation, which all produce differences between successive
symbols. These differences cause the received signal to be less correlated with a
delayed version of itself, which degrades the performance. Additionally, timing jitter
causes further degradation due to the long integration period and sharp correlation
peak.
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Figure 3.3: IPCP Detection of UWB Impulses.

Pulse sense is designed to be robust to the weaknesses of the above systems. It
meets the goals of low power dissipation, simple circuitry, reliable detection, and short
detection time. Pulse sense enables I-UWB systems to adopt a distributed MAC
protocol for use in ad hoc and sensor networks.

3.2 Architecture
The key idea of pulse sense is to examine the power spectral components of an
I-UWB pulse train, instead of searching for a narrow pulse in a large time window. For
an I-UWB signal, the frequency domain representation spreads the power spectral
density over a large spectrum, whereas the time domain representation contains power
only during a narrow time window. Current methods of detecting I-UWB activity rely
on searching for the narrow pulse in the time domain, so they are impractical for the
purpose of CCA. Pulse sense examines the spectral components – which are always
present – of the received signal to avoid the problems associated with searching for a
signal in the time domain.
There are many possible implementations of a circuit to perform frequency
domain CCA for I-UWB pulses. This section reviews one method, which is much
simpler in hardware complexity as compared to a full receiver. Figure 3.4 shows the
proposed implementation integrated with the receiver in Figure 2.20. With this
receiver, the pulse block may share an LNA, antenna, and filters to simplify front-end
design.
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Figure 3.4: UWB Receiver with a Pulse Sense Block

The antenna receives I-UWB signals and passes them to a wideband low-noise
amplifier (LNA) that operates over the bandwidth of the I-UWB signal. The amplified
signal is fed to a filter bank of typical resonator filters. As shown in Figure 3.5, a filter
realizes the second order transfer function 1/(s2+(kωo)2), and it captures an in-band
spectral component of the received signal at frequency fi, where fi = kF0 for an integer k
and observation period Tp, such that F0=1/Tp.
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( kω 0 )
1
s 2 + (kω 0 ) 2

x(t )

fbi

Figure 3.5: Resonator Filter Structure

As shown in Figure 3.6, pulse sense captures spectral coefficients, so it does not
require the flat-top bandpass filters used in many I-UWB receivers. Therefore, the
associated receiver does not incur an aliasing problem. The flat-top filters are often
used to reduce the required sampling speed of an analog-to-digital converter (ADC) in
a receiver [189],[190]. Note that pulse sense itself does not require ADC processing, so
aliasing is not an issue in the pulse sense circuit.

Bandwidth

H0

H1

HM-1
f

(a) Flat top filters

Bandwidth

H0

H1

HM-1

f

(b) Resonator filters
Figure 3.6: Characteristics of Bandpass Filters for (a) Existing Method and (b) Our
Method
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Pulse sense further constrains the locations of the filter banks to multiples of the
PRF. The top line in Figure 3.7 shows the spectrum of one I-UWB pulse, and the
spectral lines represent the spectrum of a train of those pulses. The spectral lines of the
pulse train are maximum for integer multiples of the PRF (the slight deviation from
exact multiples is due to the FDFT). The amplitude of the spectral lines relative to the
average power increases with decreasing PRF. When the power spectral components
are multiples of the PRF, the filter banks capture larger spectral power components to
induce larger oscillations. Therefore, fi = kF0 for an integer k, and also fi = nPRF for an
integer n.
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Figure 3.7: Frequency Spectra of Pulse and Pulse Train

After the filters capture the power spectral components of the received signal,
the circuit performs CCA with three additional operations: energy detection, threshold
detection, and combination. The energy detector detects the presence of the I-UWB
spectral energy components. The combiner ensures that several frequency bands are
active in a correlated manner to avoid false alarms from narrowband interference. The
level of threshold detector sets the probability of detection Pd and the probability of
false alarm Pfa. The interaction of these blocks is described below.
The energy detectors of the pulse sense block detect the spectral power
components captured by the filters. When there is pulse activity at the PRF, the filters
oscillate. Figure 3.8 (a) shows a maximum likelihood detector for a signal of unknown
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phase at frequency fi. The fbi signal is from a filter bank, and the sine and cosine terms
are the basis functions. The remaining blocks compute and combine the energy at
frequency fi. Because a maximum likelihood detector is relatively complex requiring
mixers and oscillators, it may not be power efficient. An alternative circuit is an
envelope detector followed by an integrator as shown in Figure 3.8 (b).

sin(fi)

T

∫ dt
0

fbi

T

∫ dt
0

(•)2

∑

edi

(•)2

cos(fi)

(a) Maximum Likelihood Detector

fbi

Envelope
Detector

Integrator

edi

(b) Envelope Detector
Figure 3.8: Energy Detectors
Each energy detector reports the presence or absence of spectral power
component at a frequency fi. These spectral power components now need to be
combined with the purpose of detecting the presence of an I-UWB signal while
rejecting false alarms from narrowband signals. To this end, the circuit ensures that the
majority of spectral components match the low power footprint of an I-UWB signal.
The implementation considers two possible methods of combining the spectral power
components. The first option performs threshold detection on the output of each energy
detector and combines the outputs of the threshold detectors. This is analogous to a
hard decision, so it is termed a hard combination. The second option combines the
outputs of the energy detectors and then performs threshold detection on the sum. This
is analogous to a soft decision, so it is termed a soft combination.
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Figure 3.9 (a) shows the hard combination scheme. The filter outputs are
applied to threshold detectors, which generate binary values. If the sum of binary
values exceeds a threshold value X, then a pulse is detected. This operation is robust to
a strong narrowband interferer, as high energy in one frequency band will not exceed
the threshold value X. Because the threshold detectors produce binary values, the sum
and comparator blocks may be implemented efficiently with digital circuits.
Figure 3.9 (b) shows the soft combination scheme. The outputs of the energy
detectors pass through limiters, so that a strong narrowband interferer does not dictate
the final decision. The analog limiter outputs are summed, and then the sum is
compared to a threshold. The soft combination is resilient to frequency selective fading,
as the soft decision gives more weight to strong spectral components. Soft combination
requires only one threshold detector, but the limiter and the adder circuits are analog to
avoid ADC’s at the detector input.

ed0

Threshold
Detector

.
.
.
edn-1

∑

>X?

PS

Threshold
Detector

(a) Hard Combination
ed0

Limiter

.
.
.
edn-1

∑

Threshold
Detector

PS

Limiter

(b) Soft Combination
Figure 3.9: Combination and Threshold Block
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3.3 Design Considerations
A CCA circuit should have a short sensing period (e.g., the IEEE 802.15.4
MAC specifies an eight symbol maximum) and report a high detection probability Pd
and low false alarm probability Pfa. The time limit is necessary to prevent the pulse
sense block from reporting stale, useless information, as well as to reduce the power
dissipation. Design considerations for the sensing period are described next.
The main consideration of the LC tank circuit is the RC time constant, which
determines the resonant energy loss over time. The RC constant of the filter can be
derived from the quality factor Q of the filter circuit. An implementation of the circuit
is discussed in [193]. Although an infinite Q is desirable for both the inductor and the
capacitor in an LC tank circuit, finite Q is inevitable in an integrated circuit. Since
integrated capacitors generally provide a much higher quality factor compared to
integrated inductors, our implementation concentrates on the inductor implementation.
We measure a Q of up to 14 in TSMC 0.18 µm CMOS technology, and this limits the
performance of the LC tank circuit.
A high quality factor in an inductor means a small resistor in series with the
inductor, which can be interpreted as a large parallel resistance in an equivalent parallel
RLC model. Figure 3.10 shows the equivalent parallel circuit, where C the nominal
capacitor value, Ls is nominal inductor value, Rs is the resistance of the inductor, Lp is
the equivalent parallel inductance of Ls, and Rs is the equivalent parallel resistance of
Rp. In Figure 3.10, the series and parallel values of R are related as follows.

(

)

R p = Rs Q 2 + 1

(3.3)

 Q2 +1

L p = Ls 
2
 Q 

(3.4)

From (3.3), a high Q value results in a large series resistance value and thus a large
RC time constant. Note that the RC time constant drops with the square of the quality
factor. From (3.4), the parallel inductance does not significantly differ from the series
inductance.
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(b) Equivalent Parallel Resistance
Figure 3.10: Equivalent Series Resistance of LC Tank Circuit

Therefore, a high Q provides a long RC time constant, which results in low
energy loss over time. In contrast, a low Q provides a short RC time constant and
attenuates the oscillation energy. Note that the circuit will achieve its maximum
amplitude quickly and independently of the RC time constant, because the circuit
implementation stores initial energy in the inductors. Figure 3.11 shows the impulse
response of the circuit implementation [193]. The figure illustrates the fast rise time
compared to the fall time, which is determined by the RC time constant.

87

Figure 3.11: Impulse Response of a Filter Circuit

The circuit can accommodate shorter and longer RC constants depending on the
achievable Q of the circuit. Higher Q results in a longer RC time constant, but if the
technology does not allow for higher Q, we can also design the circuit with a lower RC
constant. We have measured a Q of up to 14 in our TSMC 0.13 µm library, which is
sufficient to provide a long RC time constant at practical PRI values. Next, we explain
two designs targeted for short or long RC time constants (measured relative to the PRI),
depending on the achievable Q of the circuit.
We first describe the design procedure for a short RC time constant, defined as
τ < PRI. Note that time is measured relative to the pulse repetition interval (PRI), and
practical values of the PRI range from a few nanoseconds to a few microseconds [100].
Figure 3.12 shows the response of filters with a short time constant. The top graph
shows the incoming pulse train, and the remaining graphs underneath show the
response of resonator filters as the center frequency f0 increases. Note that all filters
have the same RC constant, because the inductor value sets f0 while the RC value
remains constant. Figure 3.12 shows that an integrator should integrate the energy from
one pulse over one full PRI with a short time constant. This is because the pulse sense
circuit is unsynchronized, and integrating over one full PRI guarantees that the circuit
captures the major portion of the oscillation energy. One advantages of a short time
constant is that successive pulses cannot interfere with each other destructively because
the energy from a pulse is dissipated by the time the next pulse arrives.
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Another advantage of a short time constant is that output of the filters may be
used as an aid to synchronization. The filter response has a sharp rise time and the
energy from the previous pulse has mostly dissipated, so a clock signal can be extracted
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Figure 3.12: Filter Responses with Short (τ < PRI) RC Time Constants
Next, we describe an implementation with a long RC constant, defined as τ >
PRI. Note that the following considerations are only necessary if the achievable Q of
the implementation technology allows a sufficiently long RC constant as compared to
the PRI. Figure 3.13 shows a design challenge that emerges with a longer RC time
constant. In the figure, the top graph shows the incoming pulse train, and the remaining
graphs below show the oscillations of the filters with successively increasing f0. Note
the pulse polarity changes between the first and second pulses, between the second and
third pulses, and between the fifth and sixth pulses. The challenge is that successive
pulses with opposite polarity may trigger oscillations 180 degrees out of phase with
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each other. The challenge is limited to pulses with opposite polarity because the center
frequency of each filter is harmonically related to the PRI. These oscillations will
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combine destructively with one another to reduce the captured energy.
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Figure 3.13: Filter Responses with Long (τ > PRI) RC Time Constants
Fortunately, there are several solutions to prevent the destructive combination
issue in Figure 3.13. The first solution is to use a modulation scheme other than BPSK.
Good candidates include PPM or OOK. In the case of OOK, successive pulses will
either be in phase with each other or a successive pulse will be non-existent. In the
frequency domain, µi in (2.11) is non-zero for OOK and this guarantees the presence of
discrete spectral components. To ensure detection, the preamble could include a
successive string of identical pulses. In the case of PPM, the time difference between
pulse positions can be adjusted such that every pulse creates in-phase oscillation
regardless of the pulse position in which it arrives. The condition for this constrains δ
in (2.8) such that
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δ = n⋅

1
fi

(3.5) ,

where δ is the time difference between pulse positions, n is an integer, and f1 is the
center frequency of the filter with the lowest center frequency. Also, note that (2.17)
guarantees the existence of spectral lines at multiples of the PRF.
The second solution, which is targeted for BPSK modulation, adds a squaring
circuit at the inputs of the resonator filters. Figure 3.14 shows the new pulse sense
circuit with the squaring circuit. Note that the squaring circuit can be bypassed for
normal operation. When the pulse train passes through the squaring circuit, successive
pulses in BPSK will arrive with the same polarity and the oscillations will be in phase.
Figure 3.15 shows that the oscillations increase in amplitude as successive pulses
arrive. The amplitude increases until the circuit reaches its steady state value. The
squaring circuit prevents the destructive combination of oscillations as seen in Figure
3.13. Further, note that the oscillations last well into successive PRIs, which is different
from the case in Figure 3.12 with a short RC time constant. After the circuit reaches a
steady state, the oscillations are approximately the same amplitude during the entire
PRI. This suggests that a circuit with a long RC constant need not integrate for a full
PRI, Further, integration over the full PRI should result in better performance as
compared a short RC time constant.
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Figure 3.15: Filter Responses with Long (τ > PRI) RC Time Constants and a Squaring
Circuit
Next, the energy detectors in Figure 3.8 require a suitable time period for
integration. The integration should be at least 1/f0 to capture the energy of at least one
full oscillation in each filter. The time period 1/f0 is well within the period of one PRI
because the maximum 1/f0 as mandated by FCC regulations is 0.32 ns (1 / 3.1 GHz),
and an extremely fast PRI would be 1 ns (1 / 1 GHz). Longer periods of integration
harvest more signal energy but also more noise. Further, a longer time period also
increases power dissipation, so the integration period should result in acceptable
compromise between receiver characteristics and power dissipation.
Finally, the pulse sense circuit may decide that a signal is present or not present
with a probability distribution of pr(x). In addition, the signal may be actually be
present or not present with a probability distribution of ps(y). Thus the pulse sense
circuit makes a decision with joint probability distribution for x ∈ [present, not
present].
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P ( p r ( x) p s ( y ) ) =

P( p r ( x ), p s ( y ) )
ps ( y )

(3.6)

Of particular interest is the case that the circuit decides a signal is present when, in fact,
a signal is not present, and this called the probability of false alarm Pfa.
Pfa = P( p r ( x = present) p s ( y = not present) ) =

P( p r ( x), p s ( y ) )
p s ( y)

(3.7)

The probability distribution ps(y) is unknown a priori, and the circuit makes a decision
based only a fixed threshold level. Thus a false alarm occurs due to noise energy only.
For a given threshold, the false alarm probability Pfa is constant
Likewise, detection occurs when the pulse sense circuit reports a signal when
there is signal energy present. For a given threshold and signal power, the probability
of detection Pd is constant.

Pd = P( p r ( x = present) p s ( y = present) ) =

P( p r ( x ), p s ( y ) )
ps ( y )

(3.8)

The number of “looks” refers to the number of times that the circuit performs
the combination and threshold operations. Note that these operations take place at
discrete points in time, unlike the continuous time operations of the filter bank and the
energy detector. Taking more than one look will increase Pd and decrease Pfa at the
expense of some additional operating time and power dissipation. Assuming each look
is independent, the binomial distribution describes the probability that N occurrences of
either a false alarm or a detection occurs within M looks.

M  N
M −N
P( N False Alarms) =   Pfa (1 − Pfa )
N

(3.9)
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M  N
M −N
P( N Detections ) =   Pd (1 − Pd )
N

(3.10)

We make the following decision rule: a signal is present if it is detected at least N times
within M looks. With this decision rule, the cumulative probability distributions are
M

Pfacum = ∑ P (i False Alarms)

(3.11) and

i= N
M

Pdcum = ∑ P(i Detections)

(3.12) .

i=N

Considering a practical number of looks to be M = 3, 5, or 7, we require that
M 
N = 
2

(3.13)

for a signal detection. Figure 3.16 shows Pcum versus p for probabilities ranging from 0
to 1 for [M=3, N=2],

[M=5, N=3], and [M=7, N=4]. The x-axis represents the

probability of detection or false alarm that a circuit achieves with one look. The y-axis
shows the corresponding cumulative probability from (3.11) and (3.12)over multiple
looks. Thus, the straight line p=p designates the probability for one look.
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Figure 3.16: Cumulative Probability Distribution
For a useful system, we expect Pd > 0.5 and Pfa < 0.5, otherwise the system
performance is worse than guessing. Figure 3.16 shows that for Pd > 0.5 and Pfa < 0.5,
the cumulative decision always increases Pd and decreases Pfa because the curves
intersect the line p=p at p=0.5. Smaller values of N move the intersection to the left and
larger values of N move it to the right. Also note that greater M results in better
performance, but increases sensing time and power.
A designer may determine specific trade offs among Pd, Pfa, sensing time, and
power dissipation for a given application. For either hard or soft combination, the
threshold detection level sets the probability of detection Pd and the probability of false
alarm Pfa.

3.4 Results
In general, a CCA circuit should report a low false alarm rate Pfa, and a high
probability of detection Pd. The total time of operation, after which the circuit outputs a
decision, should be a few symbols (e.g. eight symbols in IEEE 802.15.4). These three
factors are dependant upon one another. A designer may determine trade offs among
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Pd, Pfa, sensing time, and power dissipation for a given application to meet such criteria

as latency or power per successful transmission.
The CCA circuit in Figure 3.4 was modeled in Matlab to simulate its
performance. In the implementation, there are seven filter banks with center
frequencies f0 = 4 GHz, f1= 5 GHz, f2= 6 GHz, …, f6 = 10 GHz. The pulse repetition
interval (PRI) is 5 ns to result in a pulse rate of 200 MHz, and a rate ½ forward error
correcting code results in a 100 Mbps data rate with binary phase shift keying (BPSK)
modulation. We considered two channel models separated into line-of-sight (CM1) and
extreme non-LOS (CM4) conditions [109]. Note that the 5 ns PRI can incur significant
inter-symbol interference (ISI) because the RMS delay spread can be up to 25 ns for
the NLOS channel model. We vary the Eb/N0 from 12 dB to 20 dB, which corresponds
to transmitter-receiver distances from 10 m to 4 m for an 11 dB noise figure at the
antenna terminal. The receiver can demodulate the coded data with a bit error rate
(BER) of approximately 2×10-4 at the worst-case Eb/N0 of 12 dB in the NLOS channel.
All simulations and analysis use a short time constant, because it performs worse than a
longer time constant and we would like to show the practicality of the circuit in the
worst case.
Table 3.2 summarizes the link budget we used to obtain the SNR values for
each distance. We choose 5 ns as the fastest PRI required in an ad or sensor network,
and a longer PRI, PRI’, would improve the link budget by 10 log10(PRI’ / 5 ns).
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Table 3.2: Link Budget
Parameter
Pulse Rate
Avg. Tx Power (Pt)
Center Frequency (Fc)
Path loss at 1 m (L1)
Additional Path loss at 4 m (L4)
Additional Path loss at 8 m (L6)
Additional Path loss at 10 m (L10)
Rx Antenna Gain (Gr)
Tx Antenna Gain (Gt)
Rx Power @ 4 m (Pr4 = Pt+Gt+Gr-L1-L4)
Rx Power @ 6 m (Pr4 = Pt+Gt+Gr-L1-L6)
Rx Power @ 10 m (Pr10= Pt+Gt+Gr-L1-L10)
Avg. Noise Power per Pulse (N)
Rx Noise Figure @ Antenna Terminal (Nf)
Avg. Antenna Noise Power per Pulse (Pn)
SNR @ 4 m
SNR @ 6 m
SNR @ 10 m

Value
200 MHz
-2.5 dBm
5.7 GHz
47.6 dB
12.0 dB
18.0 dB
20.0 dB
0.0 dBi
0.0 dBi
-62.1 dBm
-65.7 dBm
-70.1 dBm
-94.0 dBm
8 dB
-83 dBm
20.9 dB
14.9 dB
12.9 dB

We first derive theoretical bounds for the performance of the above system in
Additive White Gaussian Noise (AWGN) described by

p(v ) =

−v2

1
2πσ 2

e 2σ

2

(3.14) ,

where p(v) is the probability distribution function of the noise voltage with variance σ2.
When passed through a narrowband filter (bandwidth << center frequency) such as the
ones in Figure 3.5, the noise output takes the form of a Rayleigh distribution function
[199].
p( R ) =

R

σ

2

e

−

Rr
2σ 2

(3.15)

For a threshold voltage VT, the probability that the noise exceeds the threshold is
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p( N > VT ) =

∞

R

∫σ

e

2

−

Rr

2σ

2

dR = e

 Vt 2
−
 2σ 2







(3.16) .

VT

When the filters resonate with a sine wave of amplitude A, the output of the filters has
a probability density function that includes both the noise and the sine wave.

p s (R ) =

R

σ

2

e

−

R r + A2

2σ 2

 RA 
I0 2 
σ 

(3.17)

The function I0 is a modified Bessel function of zero order. Because of the resistance
and capacitance of the filters, the output signal takes some time to reach it maximum
value as each pulse arrives. After each pulse, the output will decay according to the RC
constant. In the architecture shown in Figure 3.4, the filters have equal RC constants
because the center frequency is determined by an inductor. Some time after the
beginning of a pulse train, the system will reach a steady state response (i.e., the filter
output attains the same Vmax = A after the arrival of every pulse) with respect to the
filters. At the steady state, the effective average amplitude of the signal is as follows.

Tp

Aeff =

−t
∫0 A1 − e RC  +

PRI

∫ Ae

−t

RC

Tp

(3.18)

PRI

Thus, from (3.17) and (3.18), the probability of detecting a signal is

p s (S + N > VT ) =

∞

R

∫σ

VT

2

e

−

R r + Aeff 2
2σ 2

 RAeff
I 0  2
 σ


 dR


(3.19)

Figure 3.17, Figure 3.18, and Figure 3.19 demonstrate the proof-of-concept for
pulse sense. In the figures, the energy detector takes one look at the filter bank outputs
and integrates for a half-bit period of 1 PRI or, equivalently, 20/f0. The combination
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scheme is soft combination. Figure 3.17 shows the analytical performance of (3.16) and
(3.19) as numerically evaluated in Matlab. Figure 3.18 shows the simulated
performance in AWGN, and Figure 3.19 shows the simulated performance under the
multipath conditions of CM1 (LOS) and CM4 (extreme NLOS).
Note that the addition of the channel model does not significantly degrade
performance from the AWGN case. This is because the circuit considers the total
spectral energy in the channel, so spreading the total energy over the multipaths does
not significantly affect performance. This is a considerable advantage in the harsh
multipath environment of I-UWB. Pulse sense performs slightly better in CM1 than
CM4, and this is because CM4 may contain multipaths with a large gain as compared
to the first path. These multipaths contribute to spectral power at frequencies other than
fi, so there is some loss in the spectral energy at each fi.
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Figure 3.17: Analytical Pd versus Pfa for AWGN
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Figure 3.18: Simulated Pd versus Pfa AWGN
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Figure 3.19: Pd versus Pfa for CM1 and CM4
With one look and an integration time of one PRI, the circuit is practical in all
channel conditions for distances less than 6 m (Eb/N0 = 15 dB). For greater distances,
the pulse sense circuit can lengthen its sensing time to significantly improve
performance. Figure 3.20 shows that detection probability Pd and false alarm
probability Pfa can be improved with additional sensing time. Figure 3.20 considers the
worst-case channel model of CM4 and SNR of 12 dB. The sensing time may be
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lengthened via the integration time or the number of looks. As the listening time
extends from 1⋅PRI to 2⋅PRI for one look, performance does not significantly improve.
This is because of the long baseline integration time (as compared to 1/f0), and this
suggests that the listening time can be reduced to save power. Then, for a listening time
of 1⋅PRI, the number of looks extends to 3, 5, and 7; the decision is based on the result
of the majority of looks (e.g. 4 out of 7 looks) as in (3.13). Increasing the number of
looks improves performance much more significantly than increasing the already long
integration time. Figure 3.20 shows that the proposed circuit can detect medium
activity with near 100% Pd and extremely low Pfa within 7 symbols.
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Figure 3.20: Pd versus Pfa with Additional Sensing Time, CM4, SNR = 12 dB
Next, Figure 3.21 presents the ability of the hard combination and soft
combination schemes to reject a strong narrowband interferer. We choose a tone
interferer because it should have more of an effect on a resonator filter than a
modulated signal. Further, because the bandwidth of any narrowband interferer is much
less than the UWB bandwidth, a narrowband interferer may be modeled as tone. The
interferer takes the form of the generic in-band tone interferer of the IEEE 802.15.3a
task group [207]
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I (t ) = 2 PI cos(ω 0 t + θ )

(3.20) ,

where PI is the average received power, ω0=2πf0 is the carrier frequency, and θ is a
random phase of the carrier uniformly distributed in [0,2π]. The interferer is placed in
the 5.1 GHz ISM band to activate filter f1. Further, the IEEE 802.15.3a task group
specifies that the tone should have a minimum power such that PI – Pd > 3 dB, where
Pd is 6 dB above the receiver sensitivity level. Thus, for the link budget in Table 3.2,

the interferer power should be at least -77 dBm. For a greater safety margin, we set the
interferer’s power level such that the I-UWB signal to narrowband interference ratio is
–10 dB. This corresponds to [207], which models a UMTS in-band interferer as a tone
10 dB above the received signal power.
In Figure 3.21, the multipath channel model is the LOS CM1 and the SNR is 15
dB. The hard decision block requires 4 of the 7 spectral components to be present, and
the threshold levels are ideal for each Pfa. The soft decision block also considers ideal
threshold levels, and the limiters have a maximum output of 1.8 dB above the average
UWB signal level. For both soft and hard combinations, the presence of a narrowband
signal does not cause significantly more false alarms.
The hard combination method performs best when the Pfa is relatively high,
whereas the soft combination method performs best when the Pfa is relatively low. The
crossover point is around Pfa = 5×10-3. Therefore, for low power applications, the hard
combination method is preferable to maximize Pd and avoid retransmissions
The reason that hard combination performs best for high Pfa is that the threshold
value is low, so the narrowband signal may add up to 1.8 dB of energy into the soft
combination block, depending on the threshold value. This energy alone may be
enough to trigger false alarms and has the effect of moving the curves in Figure 3.19 to
the right. However, for the hard combination, the narrowband energy does not add any
extra energy to the hard combination block because the block receives binary input
values.
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At low Pfa the threshold value is high, so the narrowband signal cannot add as
much energy to the soft combination block. Thus, soft combination yields a better
decision. However, at low Pfa, the hard combination block continues to weight all
inputs – including the interferer – equally, so it does not perform as well as the soft
combination block.
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Figure 3.21: Pd versus Pfa with Strong Narrowband Interferer, CM1, SNR = 15dB
Next, we separately consider the effects of timing jitter and multiple
transmissions in the channel. Both simulations consider a 10 m link distance (12 dB
Eb/N0) in CM1, use soft combination, take one look, and integrate over 1 PRI. The
distribution of the jitter ε is
1 / (2∆ ), − ∆ < x < ∆
pε ( x) = 
otherwise
0,

(3.21) ,

where ∆ = 3 * RMSavg. A value of 5 ps for the RMS average jitter is consistent with
current technology of timing chips [4]. In Figure 3.22, the performance with jitter
shows no visible difference from the performance without jitter in Figure 3.19. This is
because the filters capture approximately the same amount of energy as for the case
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with no jitter. Next, we simulate the performance in the presence of multiple
transmissions. The pulse sense circuit sees two transmissions, and one transmission is
delayed by a half-PRI with respect to the other. The performance is similar to that in
Figure 3.19 at 15 dB Eb/N0, because the energy in the channel is doubled.
The next set of simulations provides some insight into the performance of pulse
sense at different distances, PRIs, and modulation schemes. As the PRI decreases, the
energy of each pulse can increase while the pulse train maintains the same average
power for the pulse train. This allows systems to increase either the Eb/N0 or the range
by decreasing the PRI. The simulations use soft combination, integrate over 1 PRI, and
operate in CM4. Figure 3.23 shows the results of extending the PRI to 20 ns. This
increases the Eb/N0 by a factor of 10 log10( 20 ns / 5 ns) = 6 dB, so the resulting Eb/N0
is 18 dB at 10 m. Note that performance for this longer PRI improves as compared to
Figure 3.19, which has the same average power. Note also that performance does not
improve as if the Eb/N0 had been increased by 6 dB for the 5 ns PRI. This is because the
filters use the same RC time constant as the 5 ns PRI, so it is important to optimize (in
this case lengthen) the RC time constant for operation at different PRIs. Reducing the
pulse rate improves the performance of pulse sense or allows pulse sense to operate at
extended ranges.
We then change the modulation scheme to binary PPM with orthogonal pulse
positions offset by 1 ns. From (2.17), this should create spectral lines at multiples of 1
GHz (1 / 1 ns) to improve performance. The simulation conditions are the same as
above. Figure 3.23 shows that the performance of binary PPM closely matches that of
BPSK. This is because performance depends more heavily on total energy than on
modulation scheme.
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Figure 3.22: Pd versus Pfa with Jitter and Multiple Transmissions, CM1, Eb/N0 = 12 dB
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Figure 3.23: Pd versus Pfa for longer PRI, CM4. Also with PPM modulation
Finally, we simulate the pulse sense circuit with various RC time constants, and
the parameters are extracted from Spice simulations [193]. Figure 3.24 compares the
performance of the circuit implementation to the analytical performance from (3.16)
and (3.19) and also the system-level simulations in AWGN. The energy detector takes
one look at the filter banks and integrates for 1 PRI. The combination scheme is soft
combination. Figure 3.24 shows a short RC time constant for consistent comparison
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with the above simulations. The implementation performs as well as the system-level
simulations, and both simulations match the expected performance from analysis. We
also show the performance with the addition of channel model CM1 to show that the
channel model does not significantly deteriorate performance. This is because the pulse
sense circuit is essentially an energy detector, and the channel model disperses energy
but does not cause any loss of energy.
Figure 3.25 also shows the performance of the system with an RC time constant
twice as long as in Figure 3.24 and a squaring circuit. The implementation matches
expectations, and the performance improves as compared to a shorter RC time constant
at the expense of some additional hardware.

Probability of Detection (Pd)

100%

90%

80%

Analytical AWGN
Circuit Implementation AWGN
System Implementation AWGN
System Implementation CM1
70%

-2

-1

10
10
Probability of False Alarm (Pfa)

0

10

Figure 3.24: Performance Comparison of Circuit-Level Implementation, Analytical
Expression, and System-Level Implementation for Short Time Constant.
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Figure 3.25: Performance Comparison of Circuit-Level Implementation, Analytical
Expression, and System-Level Implementation for Long Time Constant.

3.5 Chapter Summary
Impulse-based ultra wideband (I-UWB) is an attractive radio technology for
large ad hoc and sensor networks due to its robustness to harmful multipath effects,
sub-centimeter ranging ability, simple hardware, and low radiated power.
Current MAC protocols for I-UWB target small WPANs and cellular networks.
The centralized approach is a good strategy for a small network with heavy traffic and
strict QoS requirements. However, in large ad hoc and sensor networks, the central
coordination increases complexity and overhead, and it also leads to a central point of
failure. Therefore, large ad hoc and sensor networks usually implement distributed
MAC protocols.
This chapter investigates pulse sense as a method to implement a distributed
MAC protocol for I-UWB radios. Distributed MAC protocols for ad hoc and sensor
networks generally realize random access and require a method of CCA. The low duty
cycle, low power, spectral lines, and harsh channel conditions of I-UWB present
difficulties in CCA. Existing methods of CCA are either inaccurate or require a
prohibitive amount of time or hardware complexity to search for a narrow, low-power
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pulse within a large time window. We propose pulse sense to overcome the challenges
of quickly, reliably, and efficiently sensing medium activity in an I-UWB network. The
key idea of pulse sense is to examine the spectral power components of the received
signal, which are always present, to avoid searching for narrow I-UWB pulses in the
time domain.
The proposed pulse sense circuit meets the design goals for CCA, and
simulations and analysis of our proposed architecture show that it is practical. It detects
medium activity within a short time because the filters start oscillation within the first
few pulses of a transmission and the energy detectors reach their maximum values well
within one PRI. The detection time is shorter than existing methods by orders of
magnitude, and it does not require synchronization.
The circuit considers the total spectral energy in the channel, so the in-band
multipath components, which repeat at the PRF, do not significantly affect
performance. For the same reason, the proposed method is insensitive to timing jitter,
inter-symbol interference (ISI), in-band interference, varying channel conditions, and
nonlinear distortion of pulses. If channel conditions change or the pulse shape is
distorted, it does not have to dynamically adapt to the change. Further, narrowband
interferers do not significantly degrade performance, so the system can coexist with
narrowband systems.
The proposed implementation is much less complex than a receiver, and it does
not require any sampling of the signal. Because there is no stored template signal, the
circuit does not have to dynamically adapt to changing channel conditions and
distortions of the pulse shape. Even in a CMOS implementation, the circuit can achieve
a quality factor Q for sufficient performance over a range of PRIs. Designers may
customize the performance depending required range, SNR, power dissipation, and
pulse rate.
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Chapter 4:

Multi-channel I-UWB MAC

The previous chapter presented a method to enable a distributed MAC protocol
for I-UWB ad hoc and sensor networks. This chapter explores a unique benefit that IUWB signaling may add to a distributed MAC protocol.
In Section 2.3.3, the centralized MAC protocols for I-UWB subdivide the
channel into time slots or code channels, so they are also called multichannel protocols.
Each sub-channel’s data rate is W/N, where W is the full channel data rate and N is the
spreading rate or the number of time slots. Although multichannel protocols reduce the
link data rate, they increase network throughput at high offered load [81]. This is
because the (ideally) orthogonal channels reduce collisions from hidden terminals and
concurrently transmitting terminals. At low offered load, the reduced sub-channel
bandwidth increases delay. These centralized MAC protocols mainly target smaller
networks, and they become complex and inefficient for large networks. The central
coordination also leads to a central point of failure. Further, the complex multichannel
receiver and/or central timing control conflict with the simple, decentralized design
goals of ad hoc and sensor networks.
This chapter proposes a distributed multichannel MAC protocol for I-UWB ad
hoc and sensor networks. The proposed I-UWB MAC is based on the ALOHA and
CSMA MAC protocols in narrowband systems. The multichannel protocol based on
ALOHA is referred to simply as multichannel ALOHA. The proposed multichannel
MAC based on CSMA relies on pulse sense instead of carrier sense, so it is called pulse
sense multiple access (PSMA).
The low duty cycle of I-UWB allows multichannel implementations of PSMA
and ALOHA without centralized control and without modifications to a basic, singlechannel I-UWB receiver. Even with the multipath delay spread, I-UWB signals contain
a large amount of “dead time” between pulses at moderate pulse rates. The dead time
allows several concurrent transmissions to be time-interleaved without incurring the
delay penalty of other multichannel protocols.
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This chapter also proposes a multi-user I-UWB receiver to receive multiple
time-interleaved transmissions concurrently, and it further improves performance with
moderate hardware complexity.
The chapter is organized as follows. Section 4.1 examines multichannel MAC
protocols, and Section 4.2 explains the proposed multichannel protocol for I-UWB.
Section 4.3 details the architecture for the multi-user transceiver. Section 4.4 develops
Physical Layer design considerations, and Section 4.5 presents network simulation
results. Section 4.6 concludes the chapter.

4.1 Multichannel MACs
In wireless networks, corrupt packets result from collisions, interference,
fading, and noise. Collisions may result from many conditions, including nodes
transmitting close together in time and hidden terminals. Protocols such as FAMA
implement a virtual carrier sense using a request-to-send/clear-to-send (RTS/CTS)
exchange [71] to reduce collisions and mitigate the hidden terminal problem. However
RTS and CTS packets are still vulnerable to collisions and hidden terminal problems.
Further, the long acquisition time of I-UWB makes an RTS/CTS exchange undesirable.
One possible solution is a multichannel MAC, which reduces collisions and hidden
terminal effects. Compared to a single channel MAC, the multichannel MAC increases
throughput and reduces delays without the overhead of RTS/CTS packets.
A multichannel MAC divides a channel of bandwidth W into N channels of
bandwidth W/N. Dividing the channel decreases the probability of collisions because it
decreases the normalized propagation delay [81]. The normalized propagation delay is
defined as the propagation time over the transmission time. The normalized
propagation delay is decreased by a factor of N, so each channel is busy for a longer
proportion of time. Because a node may select from a greater number of channels, there
is a smaller probability of collisions. However, each sub-channel has a reduced data
rate to incur a delay penalty at low offered load.
Note that the centralized MAC protocols in Chapter 2 subdivide the channel
into time slots or code channels, so these protocols are multichannel protocols. In these
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traditional multichannel networks, a base station assigns a sub-channel to each node. In
ad hoc networks, a base station introduces a central point of failure. Alternatively, each
node could assume the capabilities of a base station (e.g. multi-user receiver), but this
would make the cost of deploying a large network prohibitive.
It is also possible to assign sub-channels distributively. For example, each node
may transmit (or receive) on a code channel determined by a pseudo-noise (PN)
sequence seeded by the node address [191],[192]. When the channel is divided
according to codes, the medium access is considered non-exclusive since the
transmissions may occur in the same frequency band at the same time. Non-exclusive
MAC protocols incur multiple access interference because they do not result in
perfectly orthogonal channels. Further, there is no near-far power control, so close-by
nodes significantly interfere with a long-distance reception. This problem may be
overcome with adaptable coding or through ignoring corrupted chips [192]. These nonexclusive protocols also must prevent two nodes from simultaneously transmitting to
the same receiver because multiple user receivers are expensive. This problem may be
overcome with the re-introduction of handshaking packets that establish an exclusive
link [191],[192].
When the channel is divided by frequency bands or time slots, the medium
access is exclusive because the channels are orthogonal. Multi-channel protocols may
also assign time slots or frequency bands distributively. However, both are also
problematic for ad hoc and sensor networks. Multiple frequency bands require a
complex front end because each frequency band requires its own RF block.
Coordinating multiple time slots requires centralized timing control, which leads to
control overhead and a central point of failure.

4.2 Proposed Multichannel Protocols
Due to problems with traditional multichannel protocols in I-UWB ad hoc and
sensor networks, this chapter proposes a method to exploit the low duty cycle of IUWB to allow concurrent transmissions. Even with the multipath delay spread, I-UWB
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contains a large amount of dead time between pulses at moderate pulse rates. This dead
time is used to time-interleave additional sub-channels. Under the proposed
multichannel protocols, an I-UWB network maintains the full data rate for each subchannel, so the network increases throughput without increasing delay. Further, for
multichannel operation, a PSMA or ALOHA MAC requires neither centralized control
nor modification to a single channel I-UWB receiver. Finally, multichannel ALOHA
and PSMA maintain a random, distributed MAC approach.
In multichannel PSMA, nodes may transmit any time they sense an idle
channel. If a node senses any activity, it waits until the after medium is free to
retransmit after a random period. A source node also waits for a random period of time
to retransmit if it does not receive an acknowledgement. In the proposed
implementation, the random period is bounded by a binary exponential, in which a
node chooses a number between [1,2n], where n is the number of times the node has
sensed a busy channel. The operation of ALOHA is similar, but it does not check for an
idle channel before transmitting.
The proposed multichannel protocols provide multiple, time-interleaved
channels by allowing concurrent transmissions of non-overlapping pulse trains. During
an initial reception, the receiver may synchronize with (for a multi-user receiver) or
ignore (for a single-user receiver) other concurrent, non-overlapping transmissions. For
example, in Figure 4.1, two nodes sense an idle channel at time T0, so they
simultaneously start transmitting at time T1 to the same receiver. The receiver detects
an incoming transmission through pulse sense. Transmitter2 is closer, so its first pulse
arrives at T2, while Transmitter1’s first pulse arrives at T3. After some time, a single
synchronization circuit detects the arrival time of the two pulse trains within each PRI.
If the receiver is a multi-user receiver, two clock recovery circuits track Transmitter2’s
pulse train starting at T4 and Transmitter1’s pulse train starting at T5. The receiver
time-shares a single demodulator to decode the incoming signals. If the transmissions
were to target different nodes, the receiver would track and decode only the
transmission addressed to itself. If the receiver is a single-user receiver, the receiver
would track only Transmitter2’s pulse train and ignore Transmitter1’s pulse train
because Transmitter2’s pulse train precedes Transmitter1’s.
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Figure 4.1: Multichannel MAC operation.

At low pulse repetition intervals (PRIs), it is probable that two concurrent
transmissions (possibly from a hidden node or two simultaneously starting
transmissions) do not overlap in time at a receiver. The probability of overlap increases
if more than two nodes transmit concurrently, but it also becomes increasingly less
probable that additional (more than two) nodes within the vicinity of any given receiver
transmit concurrently. To illustrate this phenomenon, we consider an example network
that realizes multichannel ALOHA, and nodes transmit with a Poisson distribution. The
mean packet rate is G packets per Packet Time (Packet Time = Packet Size / Data
Rate), and the probability PT of X nodes transmitting during a Packet Time is
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G X e −G
P( X nodes transmit ) = PT =
X!

(4.1) .

In Figure 4.2, the dashed line shows PT for an offered load with a mean of G =
1.0 packets per packet time. The figure shows that the probability of more than two
nodes transmitting decreases rapidly for X ≥ 2. In multichannel ALOHA, if more than
two nodes transmit simultaneously, a collision occurs only if the pulses (including
multipaths) overlap within a PRI. We assume a version of the protocol that allows up to
D non-overlapping pulse positions per PRI, so there may be maximum of D
simultaneous transmissions that do not share any slots. For X nodes transmitting, the
probability PS that none of the X nodes share a slot is

 D − 1  D − 2  D − 3   D − X 
P(no nodes share a slot) = PS = 


L

 D  D  D   D 

(4.2) .

In terms of factorials, (4.2) becomes

PS =

D!
(( D − X )! D X )

(4.3) ,

so the probability that two or more nodes share a slot is

P(at least two nodes share a slot ) = 1 − PS = 1 −

D!
((D − X )! D X )

(4.4) .

Figure 4.2 shows that (4.4) is low when the number of transmitting nodes X is small,
and it gradually approaches 100% as X increases to D. The graph considers a total of D
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= 40 slots because a long multipath delay spread is 25 ns [109], a 1 Mpps pulse rate has
a PRI of 1000 ns, and 1000 / 25 = 40.
Because the number of nodes transmitting is independent of the time arrival
within a PRI (the time of arrival depends on the time of the transmission and link
distance), (4.2) and (4.4) are independent. Therefore, the probability of collision PC for
X simultaneous transmissions with D available slots is

P(collision) = PC = PT (1 − PS ) =

G X e −G
X!


D!
 1 −
( D − X )! D X


(

)

 G X e −G
D!G X e − G
 =
−
X!
( D − X )! X ! D X


(

)

(4.5) .

Thus from (4.5), even as X grows larger with respect to D, the actual probability of a
collision becomes exponentially smaller. The Poisson distribution PT approaches zero
as X increases, and the probability of sharing a slot (1 - PS) must be bounded by 0 ≤ (1 PS) ≤ 1. Therefore, the overall probability of collision is bounded by the Poisson
distribution, which is small for small X and approaches zero for large X. The
probability of collision from (4.5) is also plotted in Figure 4.2 for G=1.0. The multiple
channels are huge benefit compared to a traditional single channel protocol in which
the probability of collision is 100% if two or more nodes transmit simultaneously.
Figure 4.3 shows the probability of collision for different values of the mean
offered load G. Note that the probability of a collision remains low even when G is
greater than the number of packets per packet time, i.e. the protocol can offer a
throughput higher than the data rate!
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Figure 4.3: Overall Probability of Collision for Different Offered Loads.
Thus, from Figure 4.2 and Figure 4.3, one function of the multichannel ALOHA
protocol is to mitigate the reduction in throughput caused by collisions. The
multichannel PSMA protocol should result in even fewer collisions because nodes
refrain from transmitting if the channel is busy. In multichannel PSMA, the multiple
channels prevent collisions from hidden terminals. For example, with G = 2.0, the
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proposed multichannel system has a 95% chance of a successful transmission, whereas
a single channel protocol has only a 4% chance of success. Thus, the protocol performs
a similar function as RTS and CTS packets, but without the acquisition overhead.

4.3 Multi-user Receiver Architecture
Multi-user receivers, which can receive on several sub-channels concurrently,
improve performance for multichannel MACs [81]. However, traditional multi-user
receivers are not suitable for ad hoc and sensor networks. In TDMA, the receiver is
inherently multi-user but requires centralized control. A multi-user DS-UWB receiver
requires separate correlators for each channel, and a multi-user FDMA receiver
requires a separate front-end for each channel.
This section proposes a multi-user I-UWB receiver, which is capable of
receiving multiple time-interleaved transmissions concurrently. The multi-user receiver
further improves performance with moderate hardware complexity. The multi-user
receiver is based on the I-UWB receiver architecture in Section 2.1.3 and the pulse
sense circuit in Chapter 3 [100],[101],[103],[104]. Under the proposed multichannel
PSMA and ALOHA protocols, I-UWB can implement a multi-user receiver with
moderate hardware complexity and no central control. The multi-user receiver in
Figure 4.4 only requires an additional clock recovery circuit for each channel.
The receiver may sleep until the pulse sense block detects an incoming packet. Then,
the receiver starts the synchronization process. During synchronization, the receiver
may detect more than one incoming transmission. If this is the case, it assigns an
available clock recovery circuit to each non-overlapping incoming transmission. After
synchronization, the synchronization circuit continues to look for non-overlapping
transmissions from hidden terminals. Because the incoming transmissions do not
overlap, all channels share a single front end and decision block, which are time-shared
among the incoming transmissions.

118

Front End
LNA

Pulse Sense Block

Filter
f0

Energy
Detector 0

Filter
f1

Energy
Detector 1

Filter
f n−1

Energy
Detector n-1

Threshold
and
Combine

Pulse
Sense

Frequency Domain Receiver

Data

Decision
From
ADC

ADC
Bank

Clock
Recovery
& Synch.

ℜ(ωk , t 0 )

Noise
Reduction
Filter

e− jωk t0 Phase
Phase
Detector
Compensator

To Decision
Loop
Filter

VCO

ℜ(ωk )

To ADC

Figure 4.4: I-UWB Receiver with Multiuser Timing Recovery.

4.4 Design Considerations
This section develops design considerations for a multichannel PSMA MAC.
When two interleaved pulse trains appear close in time to each other, they begin to
interfere with each other due to the multipath spread. As the transmission become
closer to each other in time, the interference becomes worse. The receiver must
separate the intended signal from its received signal R(t), which is described as
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R(t ) = ∑ s i (t − t i ) ∗ hi (t ) + ∑ s j (t − t j ) ∗ h j (t ) + ∑ s k (t − t k ) ∗ hk (t ) + n(t )
i∈I

j∈J

k∈K

(4.6) ,

where
I
J
K

si(t)
sj(t)
sk(t)
ti,
tj
tk
hi(t)
hj(t)
hk(t)
n(t)

the set of all transmissions that collide with another transmission
the set of all transmissions do not collide but interfere with another
transmission
the set of all transmissions that do not interfere or collide with any other
transmission
a data signal that collides with another data signal
a data signal that does not collide but interferes with another data signal
a data signal that does not collide or interfere with any other data signal
time offset of arrival within a PRI of signal from node i. ∀ i∈ I, ∃ n∈ I s.t.
|tj – tn| ≤ 1 / F0 for i ≠ n and receiver time window 1 / F0
time offset of arrival within a PRI of signal from node j. ∀ j∈ J, ∃ n∈ J
s.t. |tj – tn| ≤ D for j ≠ n. Also, ∀ j,n∈ J, 1/F0 < |tj – tn| for j ≠ n, where D is
the multipath delay spread
time offset of arrival within a PRI of signal from node k. ∀ k,n∈ K, D < |tk
– tn| for k ≠ n
channel response from node i to the receiver
channel response from node j to the receiver
channel response from node k to the receiver
the noise at the receiver

Further, the receiver has a template signal for each transmission of interest, and
it performs a correlation with result

Cn = ∫ R(t ) ⋅ Tn (t ) dt

(4.7) .

As implied by (4.6), the received signal can be broken into three separate
components plus noise. First consider the case with all transmissions s∈ I. With the
receiver architecture in Figure 4.4, the receiver cannot differentiate between signals
that arrive within one time window (1 / F0) of each other. If two signals arrive within a
time window, then the receiver drops both of the transmissions.
Next consider the case with all transmissions s∈ K. No part of the signal sk
overlaps with any other transmission sl, l ≠ k, so the correlation result will follow that
of normal correlations receiver in AWGN.
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Finally, consider the case with all transmissions s∈ J. In this case, the first
signal arrives at least one time window earlier than the second signal, but the second
signal arrives within the multipath delay spread of the first signal. In this case, some
multipaths from the first signal interfere with the second signal. The interference
becomes more severe as the inter-arrival time shortens from the multipath delay spread
D to the time window 1 / F0. Because we have applied a constraint to leave the receiver
architecture unchanged, the receiver can equalize the ISI within a transmission (for
PRIs less than D), but not the interference from the additional transmissions.
Agilent’s Advanced Design System (ADS) simulates the physical layer to help
characterize the noise added to transmissions in groups I, J, and K. The simulations use
BPSK modulation and the Cassioli channel model. The received signal is 6 dB over the
minimum sensitivity level. Because interfering nodes may be at various distances
relative to a transmission, the simulations consider interference over a 20 dB range of
signal to interference (S/I) levels from -10 dB to + 10 dB. The range corresponds to a
10 meter radius. Although the S/I level of +10 dB places the average interference
power below the sensitivity level, the instantaneous power of the interfering signal still
affects the transmission.
Starting in group I, the interfering signal arrives within one time window, or 3
ns, of the signal of interest. In this case, the receiver cannot time share its hardware, so
the transmissions are discarded.
Next, Figure 4.5 shows the results of nodes in group J. The figure shows the
noise added to the transmission of interest as the interfering transmissions arrive closer
to the transmission of interest. The noise increases as the interfering transmission
arrives closer in time to the transmission of interest. Further, the noise increases as the
interference level increases.
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Figure 4.5: Interference from Overlapping Transmissions
For network level simulations, we consider the relative signal strengths and
arrival times of signals in group J to determine if the transmissions can coexist. For a
successful transmission, we require that the interfering signal add less than 1 dB of
noise. When the signal power is greater than the noise power, no pair of signals in
group J interferes with each other. For signal power less than or equal to the noise, the
interfering signal should arrive from 1 to 3 RMS delays earlier than the signal of
interest for a successful transmission. Otherwise, the second-arriving packet will be
corrupted.
Finally, no multipath signals overlap the transmission of interest in group K.
From Figure 4.5, there is no added interference for any S/I level beyond 5 RMS delays.
Therefore a transmission is in group K if it arrives later than 5 RMS delays beyond the
signal of interest.

122

4.5 Network Level Results
Network level simulations in the popular ns-2 simulator evaluate the
performance of the multichannel MAC protocols and the multi-user I-UWB receiver.
We characterize the network level performance in terms of throughput, delay, and
energy efficiency. The throughput is defined as sum of the rates (bps) of traffic the
Physical Layer offers to the MAC Layer of each destination node. The delay is defined
as the average time a successful packet spends between the source MAC Layer and
destination MAC Layer. The energy efficiency is defined as the energy expended for a
successful transmission divided by the total energy expended for all transmitted and
received packets, including dropped packets and collisions. The energy includes all
energy dissipated in the Physical Layer. Note that, unlike narrowband systems, the
baseband processing energy of I-UWB systems is comparable to the transmission
energy. These quantities are plotted against the offered load, which is defined as the
sum of the rates (bps) of traffic that the Network Layer offers to the Link Layer over all
nodes.
The I-UWB Physical Layer, channel model, and multichannel PSMA protocol
are implemented as custom blocks in ns-2. When receiving multiple transmissions, the
receiver characteristics are determined by Figure 4.5. Table 4.1 describes the
simulation environment.

Table 4.1: Simulation Environment
Topology
Packet
Format
Traffic
Pulse Rate
Channel
Model
Receiver

Grid of 225 stationary nodes. Maximum of 12 neighbors.
4095 byte packets with format from [21]. The header is approximately
900 bits.
Poisson traffic with a random source and a random destination.
1 Mpps - 100 Mpps. 1 bit per pulse.
CM4 channel model with 25 ns RMS delay spread [109]. Channel may
vary between packets but not during a packet.
No equalization. Receiver behaves according results in Sections II and
III
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First, the simulations evaluate the throughput of the multichannel ALOHA and
PSMA MAC protocols as the number of users in a multi-user receiver increases. Figure
4.6 varies the number of users M from M = 1 to M = 16 for a 1 Mpps pulse rate. Two
transmissions overlap if they occur within the delays specified in Figure 4.5. The 1000
ns PRI is much longer than an RMS delay, so there is a low probability that two
simultaneous transmissions overlap.
In all cases, multichannel PSMA achieves a higher throughput than
multichannel ALOHA. Additionally, multichannel PSMA is more stable at higher
offered load. As a multi-user receiver supports more users, performance improves for
both protocols, but it reaches a limit around M = 4 for PSMA and M = 8 for ALOHA.
This is because it is highly improbable that a node under PSMA receives more than
four simultaneous transmissions. In ALOHA, nodes do not check for a busy the
medium before transmitting. Thus, ALOHA reaches a limit at M = 8 because it is
unlikely that a node has more than eight neighbors. Eight neighbors ensure a fully
connected network topology, and the remaining nodes in the vicinity can sleep to save
energy [2].
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Figure 4.7 shows that the benefits of multichannel PSMA and ALOHA
diminish as the pulse rate increases. For a clearer comparison, the simulations assume
that the hardware scales in proportion to the pulse rate. For example, at 100 Mpps, the
switching times and inter-frame times are all 100 times faster than at 1 Mpps. However,
the multipath delay spread remains the same, so overlap is more probable. For
multichannel PSMA, the throughput starts to decrease rapidly at around 8 Mpps and
reaches a floor at 16 Mpps. Beyond the throughput floor, multichannel PSMA operates
similarly to a single channel narrowband system where simultaneous transmissions
always overlap. The ALOHA network transitions more gradually, but it also reaches a
floor around 16 Mpps.
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Figure 4.7: Normalized Throughput for Different PRIs in Multichannel PSMA and
ALOHA
Next, the simulations evaluate the energy efficiency for multichannel PSMA
and ALOHA. Figure 4.8 varies the number of users M from M = 1 to M = 16 for 1
Mpps. For all M, PSMA achieves greater energy efficiency than ALOHA.
Additionally, PSMA is stable at higher offered loads, whereas the energy efficiency for
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ALOHA approaches 0% as the offered load increases for all M. Again, performance
reaches a limit around M = 4 for PSMA and M = 8 for ALOHA.
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Figure 4.8: Energy Efficiency for PSMA and ALOHA with Multi-user Receivers

Figure 4.9 shows that energy efficiency decreases for multichannel PSMA and
ALOHA as the PRI decreases. As the PRI decreases, the reduced number of time slots
cause more collisions. For multichannel PSMA, the energy efficiency starts to decrease
rapidly at around 8 Mpps and reaches a floor at 16 Mpps. The ALOHA network
transitions more gradually with pulse rate, but it also reaches a floor in energy
efficiency around 16 Mpps.
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Figure 4.9: Energy Efficiency for PSMA and ALOHA at Different PRIs
Disregarding propagation time, the average packet transmission delay D is [81]

D = (G S − 1) × ( N + δ ) + N

(4.8) ,

where G is the offered load, S is the throughput at G, N is the reduction in link
bandwidth, δ is the average retransmission delay computed from the simulations, and N
+ δ is the normalized average delay between successive retransmissions. Figure 4.10
compares the delay of a 1 Mpps PSMA system to a hypothetical 1 Mpps TDMA
system that can achieve the same throughput at each M. The PSMA delay is plotted
with solid lines and the TDMA delay with dotted lines.
Note that the TDMA MAC incurs longer delay for low offered load (i.e. when
G/S is close to 1) as compared to the PSMA MAC. This is because each channel’s
bandwidth degrades by a factor of 1/N, so it takes N times longer to transmit a packet
on an empty channel. For the proposed PSMA MAC, N is always one because each
successful transmission uses the full bandwidth.
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4.6 Chapter Summary
Distributed protocols require some method of mitigating collisions to improve
performance. However, the long synchronization time of I-UWB adds significant
overhead to protocols such as CSMA/CA that use handshaking packets to avoid
collisions. Therefore, this chapter investigates distributed MAC protocols custom
tailored to both I-UWB and to ad hoc and sensor networks. We propose two
multichannel MAC protocols for I-UWB:

multichannel PSMA and multichannel

ALOHA. The proposed protocols permit distributed, random access for large ad hoc
and sensor networks.
At low pulse rates, the low duty cycle of I-UWB reduces the probability of
collisions similarly to a multichannel MAC. In contrast to previous multichannel MAC
protocols and to handshaking MAC protocols, the proposed MAC protocols improve
performance without reducing link bandwidth, increasing delay, adding hardware
complexity, or adding overhead.
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In I-UWB, the probability of a collision depends on the PRI and the channel.
Hence, it is important to treat I-UWB differently than narrowband systems, where
simultaneous transmissions always result in collisions. We simulate the noise that
concurrent transmissions add to a transmission of interest, and we find that several
transmissions can coexist with no added noise if they arrive later than 5 RMS multipath
spread delays beyond the transmission of interest. Transmissions that arrive closer in
time to the transmission of interest may also allow concurrent transmissions, depending
on the link distance and the exact time of arrival.
We find that the multichannel PSMA protocols outperforms multichannel
ALOHA in terms of energy efficiency and throughput. A multi-user I-UWB receiver
improves throughput and energy efficiency for both protocols with moderate additional
hardware, but the number of supported users and the network traffic profile limits the
improvement. The topology simulated in this chapter reaches at limit at M = 4 users for
multichannel PSMA and M = 8 users for multichannel ALOHA. In addition, collisions
become more likely in I-UWB for both protocols as the pulse rate increases, and IUWB behaves more like a single channel narrowband system at high pulse rates.
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Chapter 5:

Busy Signal MAC for I-UWB

The medium access control (MAC) protocol and the radio play a crucial role in
determining the energy dissipation and cost of ad hoc and sensor networks [70]. The
radio dictates the energy efficiency and hardware complexity of the physical layer, and
the MAC protocol implements the collision avoidance strategy. Collisions and corrupt
packets waste energy when packets must be retransmitted. Collisions result from
hidden terminals and correlated bursts of traffic. Harsh channel conditions, such as the
inside of a ship’s metal hull, also corrupt packets.
In narrowband systems, nodes rely on collision detection or collision avoidance
to reduce the energy wasted on collisions. However, collision detection normally
requires the hardware expense of a full-duplex transceiver operating in a two different
frequency bands. Due to the tight constraints on cost and power, ad hoc and sensor
nodes usually adopt a single transceiver approach. A single transceiver cannot assess
the status of existing transmissions, so protocols such as CSMA/CA prevent collisions
with handshaking packets. Collision avoidance requires only a single transceiver, but
the handshaking packets add excessive overhead in I-UWB.
In the previous chapter, multichannel MAC protocols for I-UWB, improve
throughput in ad hoc and sensor networks. However, the protocols treat the energy cost
of collisions as a secondary concern. Nodes must a re-transmit an entire packet after a
collision, and nodes do not know about the collision until transmitting the entire
corrupted packet and receiving a negative acknowledgement.
This chapter proposes an I-UWB radio interface with a single transceiver and a
companion MAC protocol that avoids both collisions and handshaking overhead. The
MAC protocol, busy signal multiple access (BSMA), provides the immediate feedback
of CSMA/CD or BTMA, but it avoids wasting energy on corrupt packets [82]. The
unique signaling of I-UWB enables a MAC protocol with performance similar to fullduplex protocols like BTMA, but with only a single transceiver and a single band.
The proposed single transceiver leverages the inherently low duty cycle of an IUWB pulse train to detect collisions and corrupted packets through transmission of a
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busy signal. The busy signal eliminates handshaking packets such as request-to-send
(RTS), clear-to-send (CTS), and acknowledgment (ACK), which add significant
overhead from the long acquisition time of I-UWB [159]. Further, because I-UWB
systems dissipate far less power transmitting than receiving, the transmission of a busy
signal has insignificant impact on the power dissipated in a transaction [95]. The
proposed BSMA MAC protocol permits random, distributed medium access with no
central point of failure, so it is appropriate for any large ad hoc and sensor network.
This chapter is organized as follows. Section 5.1 describes methods of
duplexing for traditional narrowband systems and for I-UWB. Section 5.2 explains the
proposed system architecture, and Section 5.3 explains the BSMA MAC protocol.
Section 5.4 establishes the design goals, and Section 5.6 presents simulation results.

5.1 Methods of Duplexing
To implement a busy signal MAC protocol, a transceiver must be capable of
full duplex operation [194]. Narrowband radios implement full duplex operation with
frequency division duplexing (FDD), which requires two transceivers in different
frequency bands. Because this is expensive, narrowband systems usually implement
half duplex operation with time domain duplexing (TDD), which requires handshaking
overhead as in CSMA/CA. The proposed I-UWB duplexing requires only a single
transceiver, and it achieves the performance of full duplex through a fine-grained half
duplex. This is possible because an I-UWB signal is not continuously transmitted like a
narrowband signal. The proposed I-UWB radio exploits the idle time between pulses to
assess the state of its transmission.
Figure 5.1 compares TDD, FDD, and fine-grained half duplex with I-UWB.
The TDD system in Figure 5.1 (a) cannot simultaneously transmit and receive, so it
incurs penalties in latency and data rate. The TDD system also adds a small delay from
the propagation time and from the turnaround time, or the time to switch from transmit
mode to receive mode. This small delay is insignificant compared to the packet
transmission time.
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The FDD system in Figure 5.1 (b) can transmit and receive simultaneously.
However, FDD requires an additional frequency band for the feedback channel, so it is
inefficient in hardware complexity, power dissipation, and spectral usage. Further, it is
difficult to obtain sufficient separation to prevent the two bands from interfering with
each other.
The I-UWB system in Figure 5.1 (c) achieves full duplex operation without the
latency or speed penalty of the TDD system and without the additional frequency band
of the FDD system. An I-UWB system performs the following operations for the finegrained half duplex. Starting in the receive mode, it receives a single pulse. Then, it
switches from receive mode to transmit mode and transmits a pulse. After transmitting,
it switches back to receive mode, and it is ready to receive the next pulse. The finegrained half duplex of I-UWB switches between modes on a symbol level, whereas half
duplex narrowband systems switch between modes at a packet level.
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Figure 5.1: Types of Duplexing
At the MAC level, the fine-grained half duplex appears to be full duplex.
Ignoring the propagation time, the amount of duplexing D for a system can be
measured as

D = NTxRx / 2 * NTx

(5.1)

,

where
NTx – the total number of bits a transceiver can transmit at full speed over Tpacket
NTxRx – the total number of bits a transceiver can both transmit and receive over Tpacket
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Thus from (5.1), TDD has D = 0.5, FDD has D ≈ 1, and fine grained halfduplex with I-UWB has D ≈ 1. Assuming binary antipodal modulation with no
spreading or coding, an I-UWB system with BPSK will then have the following
parameters for a packet with Npacket bits.

NTx = Npacket

(5.2)

NTxRx = (Npacket – 1) + Npacket = 2*Npacket –1

(5.3)

DI-UWB = (2*Npacket –1) /(2*Npacket) ≈ 1, Npacket >> 1 (5.4)

Typical values of Npacket are around several thousand bytes, so the I-UWB
system performs practically as well as an FDD system. However, as seen in the next
section, the I-UWB system is less complex in hardware than the narrowband FDD
system.
The amount of duplexing also measures the energy wasted by a packet error.
Note that packet errors may result from collisions, fading, or bit errors. For a half
duplex system, the source node has no way of detecting a packet error until after the
complete packet is sent. The loss ratio due to a collision is as follows.


 2t prop + t detect
LR = 1 −  2 D − 1 − 

t packet








(5.5)

where
tprop (propagation time) = Link Distance / c
tdetect (detection time) = Ndetect / Rate
tpacket (packet time) = Npacket / Rate
c = speed of light
Ndetect = number of bits to detect an error
Npacket = number of bits in a packet
Rate = physical layer data rate
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From (5.5), half duplex protocols have a high loss ratio that exceeds 100% due
to the overhead to detect packet loss. The half duplex operation prevents the destination
node from notifying the source node until the packet is completely sent. The energy
required per transmission increases by the loss ratio multiplied by the probability of a
packet loss. From (5.1) and (5.5), the high loss ratio of a half duplex system makes it
especially unattractive in harsh channel conditions.
However, for full duplex and fine grained half duplex in I-UWB, the loss ratio
is quite low because it depends mostly on the propagation time and the time to detect
the loss. For example, consider a network where every node has a range of 10 m and a
data rate of 1 Mbps. Then the maximum round trip propagation time is around 65 ns,
the detection time is 7 µs, and a typical packet time is around 9 ms to result in a loss
ratio of less than 1%.
In summary, I-UWB can operate similarly to full duplex, which is necessary for
a busy signal MAC, without the overhead in hardware or throughput required of
narrowband systems.

5.2 System Architecture
Narrowband radios implement full duplex operation with two transceivers in
two different frequency bands. The proposed system requires a single transceiver
because it leverages the fine-grained half duplex capability of I-UWB to interleave a
busy signal with the data signal. The proposed I-UWB system saves hardware
complexity and power dissipation because it requires only a single transceiver that
operates in a single band. Figure 5.2 compares FDD architectures to the proposed finegrained half duplex I-UWB architecture.
Figure 5.2 (a) shows a system architecture for narrowband FDD full duplex
radios in ad hoc networks. Nodes cannot simultaneously receive and transmit in a
single frequency band because this requires too large of a dynamic range. The
transmitted signal energy is many orders of magnitude greater than the received signal,
so any received signal would be lost. Further, an ad hoc network has no base station to
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translate between frequency bands for inter-node communication. Therefore, each node
must be able to receive and transmit in either band, depending if it is a source node or a
destination node. The dual operation requires two transceivers and circulators for the
two different frequency bands. The additional hardware results in a radio that consumes
more than twice the power and incurs more than twice the cost of a single transceiver.
The feedback channel also degrades spectral efficiency.
Figure 5.2 (b) shows a slightly more efficient method of achieving full duplex
by inserting frequency nulls into the transmitted data signal [82]-[84]. The busy tone
occupies a frequency null. Because the null frequencies are orthogonal to the
transmitted signal, they create minimal interference. While the source node transmits
data, it listens for the busy tone signal in the null bands of the transmitted signal.
Conversely, the destination node receives data while transmitting a busy tone in the
null bands of its matched filter. The system structure does not require two full
transceivers for the data and the busy signal. However, non-linear effects of the channel
and RF hardware will result in imperfect separation of the signals. In addition, the
system still must separate the two channels with an echo canceller and circulator, and it
requires transmit and receive hardware for each channel. The source node transceiver
requires a full transmitter but only a tone detector; likewise the destination node
transceiver requires a full receiver but only a tone generator. Further, a matched filter is
necessary, and the echo canceller must also be trained. The feedback signal also
interferes with clock recovery and uses a significant portion of bandwidth (the signal
must be within 6 dB of the data signal, so assuming equal power it occupies at least
20% of the signal bandwidth with perfect isolation) to be detected reliably. In
summary, the proposed architecture in [82]-[84] is slightly more efficient than full
duplex, but the extra hardware cost is still significant, and performance can be
improved.
Figure 5.2 (c) shows the proposed architecture for I-UWB with fine-grained
half duplex. The low duty cycle allows a single transceiver to access a feedback
channel in the same frequency band as the transmitted data. Because the data signal and
the busy signal are in the same band, they share the same RF circuitry. The switching
time between transmit and receive modes determines the minimum pulse repetition
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interval. Instead of using a typical T/R switch, the system switches the disable inputs to
the PA and the LNA. This scheme improves the switching time to 250 ps and avoids
the additional insertion noise of a T/R switch [103],[104]. It also provides the necessary
isolation in time, and there is very little leakage into the PA and LNA when they are
disabled. The fine-grained half duplex I-UWB transceiver significantly reduces circuit
cost and increases spectral efficiency as compared to a narrowband FDD transceiver.

137

Transmitter
PA

Echo
Canceller

Circulator
SN

LNA

-

Receiver

Transmitter
PA

Echo
Canceller

Circulator
DN

LNA

-

Receiver

(a) Frequency Division Full Duplex

Transmitter
SN

Busy Tone

PA
DN

Circulator

Echo
Canceller
Receiver
DN

LNA
SN

Busy Tone
Detector

(b) Improved Frequency Division Duplex

Transmitter
Enable/
Disable

PA

Receiver
LNA

(c) Fine-Grained Time Domain Half Duplex with I-UWB
Figure 5.2: Full Duplex System Architectures for Ad Hoc Radios

138

5.3 Busy Signal Protocol
To manage collisions, MAC protocols for ad hoc and sensor networks normally
time-multiplex handshaking packets with data packets as in CSMA/CA. For I-UWB,
the overhead of the handshaking packets is significant [81]. A more efficient approach
in terms of channel utilization is to provide feedback during data transmission. The
proposed BSMA MAC protocol provides feedback through a busy signal with fine
grained I-UWB half duplex operation. Figure 5.3 compares the overhead of CSMA/CA
with that of BSMA. In Figure 5.3 (a), the longer acquisition time of UWB adds
significant overhead to each of three handshaking packets. In Figure 5.3 (b), there is
only one feedback signal, and it immediately informs the source node of a collision and
also prevents collisions from hidden terminals. Thus, it performs the function of RTS,
CTS and ACK packets without the acquisition overhead. Compared to CSMA/CA,
BSMA reduces control traffic overhead, increases throughput, and more efficiently
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Figure 5.3: Handshaking Overhead in CSMA/CA and BSMA
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A busy signal provides three services.
(1) It prevents nodes within range of the destination node from initiating a
transmission.
(2) It informs the source node of a successful transmission.
(3) It requests the source node to terminate transmission of a corrupted packet.
The busy signal prevents hidden terminals without control packets such as RTS
and CTS, so the protocol does not incur synchronization overhead or require interframe spacing between control transmissions. This increases throughput as compared to
a handshaking protocol. In addition to providing collision avoidance, the busy signal
also serves as a real-time acknowledgment. The busy signal immediately alerts the
source node to a dropped packet or a collision, so the source node does not waste
energy transmitting a corrupted packet.
The destination node asserts a busy signal throughout a successful transmission.
The absence of this busy signal immediately informs the transmitter of a corrupted
packet. The source node need only detect the presence or absence of a busy signal. It
does not need to acquire and demodulate data from control packets as in handshaking
protocols. In this sense, the protocol is similar to CSMA/CD.
We now review some varieties of BSMA supported by the system architecture
in Figure 5.2 (c). The BSMA protocols all permit random, distributed medium access
with no central point of failure, so they are appropriate for any large ad hoc and sensor
network. The following varieties of BSMA leverage the low transmit power of I-UWB
by transmitting the busy signal for the duration of the transaction, while the source
node only periodically checks for a busy signal. As before, a node always checks for
medium activity with pulse sense before transmitting. If a node detects a busy signal or
a busy medium, it defers until after the current transmission. Collisions result in binary
exponentially increasing backoff delays.
In basic BSMA, any node that detects a transmission emits a busy signal to
prevent nodes within 2R range (where R is the transmit range of a node) of the source
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node from transmitting. This eliminates hidden nodes but increases the number of
exposed nodes [86].
In receiver initiated BSMA (RI-BSMA), the destination node emits a busy
signal after it decodes its address. Therefore, the busy signal only prevents nodes
within radius R of the destination from transmitting, resulting in no exposed nodes [85].
However, this results in a long vulnerable period before the address is decoded. A node
(NH) hidden from the source node (NS) could start a transmission that interferes with the
destination node (ND) while ND acquires the signal. The long acquisition time results in
more possible collisions than basic BSMA. However, RI-BSMA provides more
accurate information about corrupted packets because the destination node is the only
node that can faithfully report this information.
A hybrid of RI-BSMA and BSMA combines the best features of both protocols
[82]. During the preamble, all nodes within radius 2R of the source node emit a busy
signal. After the destination node decodes its address, the other nodes terminate their
busy signals, and only the destination node emits a busy signal. This allows exposed
nodes to transmit as in RI-BSMA, but without the long vulnerable period. The protocol
eliminates hidden nodes, improves spatial multiplexing, and also provides immediate
feedback for corrupted packets.

5.4 Design Considerations
This section develops two important design goals to support a busy signal.
(1) The busy signal should not degrade data reception at the destination node.
(2) The busy signal should be easily detectable.
Self-interference complicates the above design goals. After the destination node
transmits a busy signal, the multipath channel causes a long ring down time, and some
of the reflected busy signal multipaths could interfere with data reception. Likewise,
the source node may encounter self-interference from its data transmission while it
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searches for a busy signal. Further, when multiple receivers emit a busy signal, the
aggregate signal may interfere with data reception at the destination node and busy
signal detection at the source node.
The phenomenon of overlap may also degrade performance [194]. Figure 5.4
illustrates the occurrence of overlap as link distance changes. At Time 1, the source
node transmits a pulse, which arrives one propagation time, Tprop, later at the
destination node at Time 2. At Time 3, the destination node sends a busy signal pulse
exactly 0.5xPRI after the arrival of the first data pulse. Finally, at Time 4, the source
node receives the busy signal pulse from the destination node.
In Figure 5.4 (a), the destination node is distance d = cxPRI meters (e.g., for a
PRI of 100 ns, this distance is 30 meters) from the source node, so the round trip
propagation time is 2xPRI. Therefore, a busy signal pulse arrives exactly 2.5xPRI after
the corresponding data pulse. In Figure 5.4 (b), the busy signal pulse overlaps the data
transmission. The destination node is distance d = 0.75xcxPRI meters from the source
node; the round trip propagation time is 1.5xPRI; and the busy signal pulse arrives
exactly 2xPRI after the corresponding data pulse. Because the source node is
transmitting at the time, it loses some energy from the busy signal. Note that Figure 5.4
shows only the first multipath of a received pulse. In real-world situations, a receiver
could detect a significant portion of the multipath energy.
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Figure 5.4: Overlap Effect
Depending on the flight time, a busy signal pulse may overlap a data pulse at
either the source node or the destination node. For clarity, we now assume the overlap
occurs at the source node, and the destination node is free to transmit the busy signal so
as to avoid overlap. Thus, depending on the link distance, a portion of the busy signal
(including multipaths) may arrive while the source node transmits a data pulse.
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In an AWGN channel without multipath effects, the occurrence of overlap is
constrained to a certain range of link distances. AWGN analysis is useful to predict the
efficacy of busy signal strategies, and simulations incorporate the full channel effects.
In AWGN, the range of distances (d) where overlap occurs depends on the pulse width
(Tp), the switching time (Ts), and the PRI. Overlap occurs if either
PRI − 0.5 ⋅ T p − Ts < (2 ⋅ d / c + 0.5 ⋅ PRI ) mod PRI

(5.6) or

(2 ⋅ d / c + 0.5 ⋅ PRI ) mod

(5.7) .

PRI < 0.5 ⋅ T p + Ts

In a multipath channel, (5.6) and (5.7) change as follows for a multipath channel spread
of Tc.
PRI − 0.5 ⋅ T p − Ts − Tc < (2 ⋅ d / c + 0.5 ⋅ PRI ) mod PRI

(5.8)

(2 ⋅ d / c + 0.5 ⋅ PRI ) mod

(5.9)

PRI < 0.5 ⋅ T p + Ts + Tc

Although the multipath channel increases the probability of overlap, it also decreases
the amount of energy lost through overlap. This is because a transmitter is active only
for the pulse width and not the full multipath delay spread. Thus, the multipath channel
actually helps the source node detect a busy signal. A receiver captures a proportion of
energy Er(t) equal to energy contained in the set of multipaths R, that do not overlap
with transmission, divided by the total energy contained in all multipaths.

E r (t ) =

∑β
i∈R
Np

i

∑ βi

(5.10)

i =1

The proportion of non-overlapping multipath energy can be significant, and
usually ranges from 50% - 90% depending upon channel conditions. The next two
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sections present design goals from the perspectives of the source node and the
destination node, considering sources of interference.

5.4.1 Source Node

The goal of transceiver design from the source node perspective is to detect a
busy signal while rejecting noise, other data transmissions, and its own selfinterference from the received signal RSN(t).



RSN (t ) = xiˆ (t ) ∗ ∑ b j (t − t j , SN ) ∗ h j , SN (t ) + ∑ sk (t − t k , SN ) ∗ hk , SN (t ) + n(t ) + xi (t ) ∗ sSN (t − t d )
(5.11)
k
 j


where
bj(t)

busy signal from node j, including destination node, j ≠ source node, j ≠
k

hj,SN(t) channel response node j to the source node
xi(t)

impulse response of the switch in state i∈(Rx, Tx) including ringing

sSN(t)

data signal from the source node

td

delay to the switch

tj,SN

propagation delay from node j to the source node

tk,SN

propagation delay from node k to the source node

sk(t)

data transmission from node k, including source node, k ≠ destination
node, k ≠ j

hk,SN(t) channel response from node k to the source node
n(t)

the noise at the destination node receiver

The source may perform a sliding correlation with result
Cm = ∫ RSN (t ) ⋅ b(t − t m ) dt

(5.12) ,
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where tm ∈ [0,PRI+Tp], and it is changing uniformly each PRI by (PRI+Tp) / k, with k
the number of sliding correlations. To optimally detect a busy signal in noise,
conditions (5.13), (5.14), and (5.15) should be true.

∫ x (t ) ∗ s (t − t ) ⋅ b(t − t
i

SN

d

m

) dt = 0



∫  x (t ) ∗ ∑ s (t ) ∗ h (t ) ⋅ b(t − t
iˆ

k

k , SN

) dt = 0

(5.14)

k

∫ x (t ) ∗ ∑ b (t ) ∗ h (t ) ⋅ b(t − t
iˆ

m

(5.13)

j

j , SN

j

m

) dt = Cmax

(5.15)

Condition (5.13) is satisfied if either: (i) the data transmission does not overlap
in time with the receiver operation or (ii) the switch can perfectly separate the
transmitted pulse from the receiver chain. Because I-UWB signals are not continuous,
they can satisfy condition (5.13) with one transceiver if they do not overlap in time the
receiver operation. This is not possible in a narrowband system, which requires
separation (likely through full duplex operation) of the received busy signal from the
transmitted data pulses. Condition (5.14) requires data from other transmitters and
multipaths from the source node data arrive at a different time than the busy signal at
the source node. Because this is difficult to control, the busy signal should be separated
from the data signal. This can be achieved with an orthogonal pulse shape or through
spreading techniques such as direct sequence UWB (DS-UWB). Condition (5.15)
means that the transceiver should capture as much busy signal energy as possible.
Further, in the case of multiple busy signals, the multiple busy signals should not
combine destructively with each other.

5.4.2 Destination Node

The goal of transceiver design from the destination node perspective is to
demodulate the data signal, while rejecting noise, other busy signal transmissions, and
self-interference from the received signal RDN(t).
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R DN (t ) = xiˆ (t ) ∗  s SN (t − t SN , DN ) ∗ hSN , DN (t ) + ∑ b j (t − t j , DN ) ∗ h j , DN (t ) + n(t ) + xi (t ) ∗ b DN (t − t d )
j



(5.16)

where
bj(t)

busy signal from node j, including destination node, j ≠ source node,
within range of destination node

bDN(t)

busy signal from the destination node

hj,DN(t)

channel response from node j to the destination node

xi(t)

impulse response of the switch in state i∈(Rx, Tx) including ringing

sSN(t)

data signal from the source node

td

delay to the switch

tSN,DN

propagation delay from the source node to the destination node

tj,DN

propagation delay from node j to the destination node

hSN,DN(t) channel response from the source node to the destination node
n(t)

the noise at the destination node receiver

Assuming coherent detection, the destination node performs the following
correlation on the received signal, where sn is the nth basis function of the signal set.

Cn = ∫ RDN (t ) ⋅ sn (t ) dt

(5.17)

To optimally detect the data in noise, conditions (5.18), (5.19), and (5.20)
should be true.

∫ x (t ) ∗ b (t − t ) ⋅ s
i

DN

d


∫  x (t ) ∗ ∑ b (t ) ∗ h
iˆ

j

iˆ

SN

(t ) dt = 0


j , DN

j

∫ x (t ) ∗ s (t ) ∗ h

n

SN , DN

(t ) ⋅ s n (t ) dt = 0


(t ) ⋅ sn (t ) dt = Cmax

(5.18)
(5.19)
(5.20)
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To satisfy condition (5.18), the destination node’s busy signal should not
interfere with reception of the data signal. The low duty cycle of I-UWB satisfies this
condition by allowing separation of the signals in time. Condition (5.19) requires the
busy signal pulses from other nodes to not interfere with reception, so busy signal
pulses should be separated from data pulses as for the source node. Condition (5.20)
means that the transceiver should capture as much of the received data signal energy as
accurately as possible.
Finally, a node that is neither the source nor the destination must accurately
detect a busy signal. This situation is similar to that of a source node detecting a busy
signal without overlap.

5.5 Design Approach
This section compares the performance of the following methods to meet the
criteria in Section 5.4.

1) Use different PRIs for the data signal and the busy signal. If PRIdata

signal

is

n*PRIbusy signal, for an integer n, then the source node can detect either n or n-1
busy signal pulses, each having an energy of 1/n of the data signal. Alternately,
if PRIbusy

signal

is slightly less than the PRIdata

signal,

then the pulses will only

overlap at some small beat frequency [194].
2) Use different waveforms for the data signal and the busy signal, e.g. DS-UWB
and I-UWB. Also, orthogonal pulse shapes can differentiate the busy signal
from the data, e.g. a Gaussian monopulse and the first derivative of a Gaussian
monopulse are orthogonal. The transmitter can generate both of these pulses
with no modifications.
3) Rely on multipath effects to detect the busy signal. The multipath spread of an
I-UWB signal can be quite significant compared to the pulse length. The source
receiver is disabled during transmission, but energy from busy signal multipaths
arrives for a period much longer than the data pulse width.
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4) Estimate and equalize the channel. A destination node can estimate and subtract
its own busy signal reflections and the busy signal of other nodes from the
received data. A source node can also estimate the reflections from its own data,
but this is slightly more complicated in hardware due to the modulation. In
either case, the hardware complexity is much simpler than equalization of
unknown data.
5) Use a PRI at least twice the maximum propagation time (Rmax/c) plus twice the
multipath delay spread (Dmultipath). After receiving a data pulse, the destination
node waits for a period of time equal to the multipath delay spread before
transmitting a busy signal pulse. Likewise, after detecting a busy signal pulse,
the source node waits for a multipath delay spread before transmitting data. If
the PRI is such that PRI ≥ 2x(Rmax/c + Dmultipath), then the system avoids
interference. For example, a range Rmax of 10 m and multipath delay spread
Dmultipath of 200 ns results in a minimum PRI of 466 ns. The maximum pulse
rate becomes 2.14 Mpps.

To show the feasibility of the proposed I-UWB transceiver for a busy signal
protocol, we compare the above methods from the perspective of a source node and the
perspective of a destination node. For simulation, the network topology is random with
multihop connections. Each node has an average of about six neighbors with a
maximum link distance of 10 m. The channel model is based on the Cassioli channel
model for indoor UWB propagation [110], and it considers statistical variations in
small scale and large scale fading and shadowing. Each transaction results in a
different, random instance of the channel model and the topology. The average of 100
simulations results in each data point. The source node performance is measured by the
probability of false alarm (PFA) versus the probability of detecting the busy signal (PD).
The destination node performance is measured by the noise that the busy signal adds to
the received data signal. Table 5.1 describes the signals used in simulation.

149

Table 5.1: Signals Used in the Simulations
Name

Description

Data

The data signal. BPSK modulation. Uncoded.

1 Pulse

A busy signal with the same PRI and energy as the data signal.

Divided PRI

A busy signal. Each pulse has 1/nth the energy and 1/nth PRI of a data
pulse.
Divided PRI busy signal with n=2.
Divided PRI busy signal with n=4.

2 Pulses
4 Pulses

Different PRI A busy signal. Each pulse has the same energy as a data pulse, but the
PRI is 99.5% of the data signal PRI to result in a beat frequency of
200/PRI.
DS-UWB

A busy signal with spreading factor = SF. Each pulse has 1/SF the
energy of a data pulse. The chips are transmitted back to back and each
bit is separated by the PRI of the data signal.

8 DS-UWB DS-UWB with SF=8.
16 DS-UWB DS-UWB with SF=16.
32 DS-UWB DS-UWB with SF=32.

5.5.1 Source Node Results

To show the accuracy of the proposed system in detecting a busy signal without
constraining the PRI (as in Method 5), the probability of detection versus the
probability of false alarm is plotted for a data rate of 100 Mbps under various
conditions of interference. Assuming an 11 dB noise figure at the receiver, the
destination node adjusts the busy signal power so that the strongest received multipath
has a maximum SNR of 4 dB. This is the maximum SNR allowed at a 10 m link
distance under the FCC limits. In real networks, better performance may be achieved
with multiple “looks,” lower data rates, and shorter distances. The figures are meant to
compare the relative performance of the different methods.
For the ideal case of Method 5, Figure 5.5 (a) shows the performance of the
busy signal detection with the line labeled Clear Channel, which serves as a reference
line in the remaining graphs. The other lines show the performance for a busy signal
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that arrives with 3 dB less power than the data signal reflections. Additionally, there is
no overlap in Figure 5.5. This situation also corresponds to that of an idle node.
Figure 5.5 (a) does not include the Different PRI busy signal because it is
guaranteed to overlap the transmission periodically. The best performing busy signal is
the 4 Pulse because it spreads four pulses evenly over the PRI. In the worst case, only
one pulse out of four experiences severe interference. The 2 Pulse busy signal performs
next best, as it also spreads its pulses over the PRI; but now half the pulses may
experience severe interference. Next, the DS-UWB signals (all spreading factors
performed similarly) perform almost as well as the 2 Pulse and 4 Pulse signals because
the spreading code combats interference from the data signal reflections. However,
because the chips are sent consecutively, the data signal interferes with all the chips
when it does interfere. Hence, the DS-UWB performance is not as good a 2 Pulse or 4
Pulse. Finally, the 1 Pulse busy signal performs the worst because it has no method to
combat interference. All busy signals result in little performance degradation as
compared to the ideal case because the receiver only needs to detect the presence of a
busy signal.
Nonlinear effects from the antenna, channel, and RF circuitry may cause the
busy signal and the data signal to lose orthogonality. Figure 5.5 (b) shows that
performance degradation is still mild even when the data signal and the busy signal
have identical pulse shapes.
Finally, Figure 5.5 (c) shows the simulated the performance of each busy signal
when the receiver estimates its self-interference from the data signal and equalizes it.
The hardware complexity increases but the performance is indistinguishable from the
ideal Clear Channel case as shown in Figure 5.5 (c).
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(c) Data Signal Orthogonal to Busy Signal, Equalization
Figure 5.5: PD versus PFA for Busy Signals with Interference
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Figure 5.6 shows the analytical performance of each busy signal in an AWGN
channel. These analytical performance evaluations give a general idea of the
performance of each technique in Table 5.1 under the worst case conditions of the busy
signal completely overlapping the data transmission. Compared to a multipath channel,
the AWGN channel includes factors that both degrade and improve performance. First,
the busy signal will have no multipath reflections. Hence, a channel model with
multipath reflections should improve performance because not all of the reflections will
overlap the transmission. However, the data signal will also lack multipath reflections.
Therefore, a channel model with multipath reflections will degrade performance since
the reflections act as interference.
In the AWGN channel, the performance depends only upon the busy signal
energy that the source node can capture. The destination node transmits signal s1 for a
busy signal and signal s0 otherwise. The receiver uses the correlation in (5.12) to decide
whether the busy signal is present, where the received signal is r and the threshold
voltage is Vt. The probability of false alarm and probability of detection are evaluated
numerically in Matlab.

Vt

Pfa = P (r = s1 | s 0 ) =

∫ p(r = s

1

| s 0 ) (5.21)

−∞

Pd = P(r = s1 | s1 ) =

∞

∫ p(r = s

1

| s1 )

(5.22)

Vt

The Different PRI busy signal performs best because it overlaps the data signal
transmission only periodically. The next best signal is the 32 DS-UWB because the
source node receiver loses a maximum of 1/32nd of energy due to overlap. The 16 DSUWB signal loses a maximum of 1/16th of its energy due to overlap, and so on down to
the 2 Pulse signal, which loses up to half of its energy. The 1 Pulse signal is
undetectable because all of its energy arrives during data transmission. Hence, higher
spreading gain improves performance under the conditions of overlap.
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Figure 5.6: Calculated PD versus PFA Busy Signal with Overlap in AWGN Channel.
Figure 5.7 shows the performance of each busy signal when the strongest
multipaths overlap the data signal transmission. The overlap consists of a 1 ns
transmission, two 0.25 ns T/R switches, and an additional 0.5 ns of settling time for a
total of 2 ns. The busy signal arrives with 3 dB less power than the data signal
reflections, and the overlap causes an average loss of about 10% of the total busy signal
energy.
Figure 5.7 (a) shows the performance without channel estimation and
equalization. The Different PRI busy signal performs best in these conditions because it
overlaps the data signal transmission only periodically. The next best signal is the 32
DS-UWB signal because the spreading code is long, and the source node receiver loses
a smaller portion of energy due to overlap. The 16 DS-UWB signal loses twice as much
energy as compared to the 32 DS-UWB signal, and the 8 DS-UWB signal loses four
times as much energy. Hence, higher spreading gain improves performance under the
conditions of overlap. The 4 Pulse busy signal performs similarly to 32 DS-UWB
because it spreads four pulses evenly over the data PRI. The receiver loses energy from
only one the pulses due to overlap. The 2 Pulse busy signal suffers more degradation
than the 4 Pulse case because the overlapped pulse loses twice as much energy. Finally,
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the 1 Pulse busy signal performs the worst because it has no method to offset the
effects of overlap. The Different PRI, Divided PRI with larger n, and the DS-UWB with
larger SF result in mild performance degradation as compared to the ideal Clear
Channel case. The spreading combats the effects of overlap.
Figure 5.7 (b) displays the performance of each busy signal when the receiver
estimates its self-reflected channel and equalizes the interference. As compared to
Figure 5.7 (a), the performance improves slightly at the cost of increased hardware
complexity and power. The performance gain is limited because the busy signal that
overlaps with data transmission is unrecoverable.
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(b) Equalization
Figure 5.7: PD versus PFA for Orthogonal Busy Signals with Interference and Overlap

Figure 5.8 shows the performance when multiple nodes emit busy signals. Six
of the source’s neighbors emit the same type of busy signal, and they are uniformly
distributed around the source node. The busy signals interfere with each other, and they
may combine destructively or constructively. The received busy signal also overlaps
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the data transmission and is corrupted by the data signal multipaths. The total
interference results in a busy signal to interference ratio of –7 dB, and the overlap loss
averages about 10% of busy signal energy.
The performance of the Different PRI busy signal is worse than the single busy
signal case because all of the busy signals experience overlap and interference
periodically. The 4 Pulse and 2 Pulse busy signals improve performance as compared
to the single busy signal. Additional energy from one of the other busy signals may
experience more favorable channel conditions. The 1 Pulse busy signal improves
performance the most as compared to a single busy signal. The pulses appear in a
narrower time window and are less likely to combine destructively. Of the DS-UWB
signals, the best performing signal is the 32 DS-UWB busy signal because the spreading
code is long, and it combats both overlap and destructive combination. The Different
PRI, Divided PRI with larger n, and the DS-UWB with larger SF all combat the
interference from multiple busy signals.
For DS-UWB, the spreading code should be chosen to minimize autocorrelation
because since the busy signals may overlap and combine destructively. Figure 5.8
shows simulation results in which an m-sequence code is used. Figure 5.8 also shows
the performance degradation for 32 DS-UWB with a random, rather than an m-sequence
code. Without orthogonal sequences, degradation increases for longer codes, as busy
tones are more likely to overlap.
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Figure 5.8: PD versus PFA for Multiple Busy Signals

5.5.2 Destination Node Results

This section presents simulation results for the busy signals in Table 5.1 to
determine their impact on data reception as the PRI decreases. Each simulation
considers three representative topologies that result in SINRs of 3 dB, 0 dB, and -3 dB
as the link distance changes in relation to the distance the reflection travels. The results
report the noise that each busy signal adds to data reception, and the effect on BER will
depend on various factors including link distance, receiver type, and coding. For
reference, in the worst case 10 m link distance, 1 dB of noise increases the BER from
2×10-4 to 8×10-4, and 0.5 dB of noise increases the BER to 3×10-4.
Figure 5.9 shows the noise that each busy signal adds to the data signal for the
three topologies. The Different PRI busy signal performs the worst because its pulses
are guaranteed to periodically occur close in time to the beginning of a receive cycle.
The 1 Pulse busy signal results in the least additional noise because it transmits all busy
signal energy immediately after a receive cycle (recall the destination node is free to
transmit so as to minimize interference from overlap and interference to itself), thus
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allowing the most ring down time before the next receive cycle. The 2 Pulse busy
signal performs slightly worse than the 1 Pulse case for short PRI because the reduced
power of the second pulse does not offset the fact that it appears closer to the beginning
of the next receive cycle. Finally 8 DS-UWB performs similarly to 1 Pulse because it is
also transmitted immediately following a receive cycle. All busy signals add noise to
the received signal at short PRIs, so a designer may need to adjust the PRI to meet link
budget constraints.

6
Different PRI

Busy Signal Noise (dB)

3
0
6

1 Pulse

3
0
6

2 Pulses

3
0
6

8 DS-UWB

3
0
10

50

High Interference
Medium Interference
Low Interference

100
150
Pulse Repetition Interval (ns)

200

Figure 5.9: Busy Signal Noise for Different Levels of Interference

Figure 5.10 shows the effect of increasing the spreading factor for both Divided
PRI and DS-UWB. The Divided PRI signal adds noise as the number of pulses n
increases. Although the signal power decreases with increasing n, more busy signal
energy occurs near the beginning of the next receive cycle. The DS-UWB signal does
not incur as much noise penalty as compared to the 1 Pulse case for any spreading
factor. This is because the destination node transmits the chips of the DS-UWB busy
signal immediately after the receive cycle, so it contributes less interference to the next
receive cycle.
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Figure 5.10: Busy Signal Noise for Different Spreading Factors
Because the antenna, channel, and transceiver front-end may introduce nonlinear effects into the received signal, the busy signal and data signal pulses may lose
orthogonality. Figure 5.11 shows the simulation results for a busy signal pulse shape
that is identical to the data pulse shape under the highest level of self-interference. The
Different PRI busy signal adds from 0.5 dB to 1 dB of noise. The 1 Pulse busy signal
adds noise at shorter PRIs because longer PRIs allow the multipath reflections to ring
down. The 2 Pulses busy signal adds slightly more noise than the 1 Pulse busy signal
due to the closer proximity of the second busy signal pulse to the beginning of the next
receive cycle. Finally, the 8 DS-UWB signal incurs negligible additional interference
due to the spreading gain. In all cases, the effects of non-orthogonal signals are
moderate, and the total energy in the channel has a greater impact on performance.

160

6
Different PRI

Busy Signal Noise (dB)

3
0
6

1 Pulse

3
0
6

2 Pulses

3
0
6

8 DS-UWB

3
0
10

Orthogonal
Not Orthogonal

50

100
150
Pulse Repetition Interval (ns)

200

Figure 5.11: Busy Signal Noise for Different Pulse Shapes

Figure 5.12 shows the effects of multiple nodes emitting a busy signal. Six
neighbors are situated around the destination node with a uniform, random distribution
of distances. The six nodes each emit the same type of busy signal. Each graph
compares a single busy signal with low self-interference to multiple busy signals with
low self-interference. For all cases, the multiple busy signals add significantly more
noise than a single busy signal. This is because the destination node cannot control the
time at which it receives the busy signals from other nodes. For the three cases of
Different PRI, 1 Pulse, and 2 Pulses, the loss of orthogonality is more significant than
the case with just one node. However, the DS-UWB busy signal still performs as well
as the orthogonal case.
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Figure 5.12: Busy Signal Noise for Different Busy Signal Protocols

Finally, for busy signals, the estimation and equalization process is relatively
simple because the busy signal is known and it never changes. The simulation uses 8bit quantization of seven frequency domain samples. Equalization dramatically reduces
noise at shorter PRIs but adds small quantization noise at longer PRIs. Figure 5.13
shows that the quantization noise averages about 0.2 dB for both single and multiple
busy tones. The channel estimation scheme improves performance at the expense of
additional hardware and power.
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Figure 5.13: Busy Signal Noise with Equalization Scheme

We apply the above results to network level simulations. A data signal is
corrupted if the busy signal reflections add enough noise to reduce the link budget
below the safety margin. The probability of detecting a busy signal is taken from
curves in Section 5.5.1.

5.6 Network Results
We characterize the network level performance through the same metrics as in
Chapter 4, throughput, delay, and energy efficiency. To review, the throughput is
defined as sum of the rates (bps) of traffic the Physical Layer offers to the MAC Layer
of each destination node. The delay is defined as the average time a successful packet
spends between the source MAC Layer and destination MAC Layer. The energy
efficiency is defined as the energy expended for a successful transmission divided by
the total energy expended for all transmitted and received packets, including dropped
packets and collisions. The energy includes all energy dissipated in the Physical Layer.
Note that, unlike narrowband systems, the baseband processing energy of I-UWB
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systems is comparable to the transmission energy. These quantities are plotted against
the offered load, which is defined as the sum of the rates (bps) of traffic that the
Network Layer offers to the Link Layer over all nodes.
The I-UWB Physical Layer, channel model, and MAC protocols are
implemented as custom blocks in ns-2. Table 5.2 describes the simulation environment.

Table 5.2: Simulation Environment
Topology
Packet Format
Traffic
Pulse Rate
Channel Model
Receiver

Grid of 225 stationary nodes. Maximum of 12 neighbors.
4095 byte packets with format from [21]. The header is
approximately 900 bits.
Poisson traffic with a random source and a random destination.
1 Mpps - 100 Mpps. 1 bit per pulse.
CM4 channel model with 25 ns RMS delay spread [109]. Channel
may vary between packets but not during a packet.
No equalization. Receiver behaves according results in Chapter 3,
Chapter 4, and Section 5.4.

Figure 5.14 compares the throughput of multichannel PSMA, multichannel
PSMA with collision avoidance (PSMA/CA), multichannel ALOHA, BSMA, and
TDMA at 1 Mpps. The number of users is M = 1 except for TDMA, which is inherently
M = 8. In TDMA, an omniscient central controller perfectly schedules time slots for
exclusive channel access and spatial multiplexing. In an actual network, the centralized
control and single point of failure would be undesirable, so we implement TDMA as a
baseline reference system.
We briefly describe the operation of PSMA/CA below, as it has not been
explained previously. Narrowband systems resolve most hidden terminal conditions by
implementing CSMA with collision avoidance (CSMA/CA). Like narrowband CSMA,
PSMA for I-UWB can also be augmented with collision avoidance in the form of CTS
and RTS packets. PSMA/CA takes a more conservative approach than either
multichannel PSMA or multichannel ALOHA, and it prevents most hidden terminal
collisions. Because I-UWB requires a relatively longer acquisition time than
narrowband systems, the RTS and CTS packets add greater overhead than in
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narrowband systems [159]. Therefore, PSMA/CA may not be practical for most
systems.
Like multichannel ALOHA and multichannel PSMA, PSMA/CA also allows
for a time-interleaved multi-channel approach. However, RTS packets comprise the
vast majority of time-interleaved packets because the virtual CCA usually prevents
nodes from transmitting during the CTS, data, and ACK packets. The transmission of
RTS packets occurs similarly to multichannel PSMA data packets. The source node
first performs CCA to determine the status of the medium, and it transmits the RTS
packet if the medium is free. Note that two RTS packets can be corrupted by
simultaneous transmissions or a hidden terminal condition – the same two conditions
that corrupt packets for multichannel PSMA.
If two concurrent RTS packets do not collide, they can still cause corruption of
the subsequent CTS, data, or ACK packets because these packets are not synchronized
with respect to each other. Different link distances and packet sizes cause further desynchronization of the subsequent packets. If the RTS packets target the same
destination node, then the destination node must choose and respond to a single RTS. If
the RTS packets are directed to different destination nodes, then the CTS packets
collide if they overlap at either of the source nodes. If the CTS packets do not overlap,
the data packets may still overlap at either of the destination nodes. Finally, the ACK
packets may also overlap at either of the source nodes. Note the above events are
relatively rare because virtual CCA and pulse sense prevent most concurrent
transmissions.
In Figure 5.14, the multichannel PSMA system attains the highest throughput. It
outperforms TDMA, BSMA, and PSMA/CA because it allows channel interleaving;
and it outperforms multichannel ALOHA because it checks for a busy medium before
transmitting.
BSMA performs the next best. The random scheduling achieves a throughput
almost as high as the centralized TDMA system. The performance of BSMA is due to
its collision avoidance properties and its efficient handling of collisions when they do
occur.
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Next, PSMA/CA performs worse than BSMA due to the handshaking packets,
which add significant acquisition overhead. PSMA/CA performs worse than
multichannel PSMA because most transmissions do not have the benefit of channel
interleaving. Further, the virtual CCA prevents transmissions that may not result in
collisions, so it allows far less spatial multiplexing. However, unlike multichannel
ALOHA, PSMA/CA remains stable at high offered loads. Multichannel ALOHA
performs similarly to PSMA/CA at low offered loads, but it results in too many
collisions at high offered load.
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Figure 5.14: Throughput for PSMA, PSMA/CA, ALOHA, BSMA, and TDMA.
Figure 5.15 compares the energy efficiency of multichannel PSMA, PSMA/CA,
multichannel ALOHA, BSMA, and TDMA at 1 Mpps. From the perspective of energy
efficiency, the protocols rank much differently than from the perspective of throughput.
BSMA is the most energy efficient distributed protocol. It outperforms
PSMA/CA because RTS packets are still vulnerable to collisions. RTS packets may
directly collide with data packets, and they may also indirectly cause collisions by
interfering with control packets and corrupting the virtual carrier sense of affected
nodes. BSMA outperforms multichannel ALOHA and multichannel PSMA because
neither of them have mechanisms to detect or avoid collisions.
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Multichannel PSMA/CA attains the second highest energy efficiency because
the handshaking packets avoid most collisions. The multichannel PSMA system has
poor energy efficiency because it has no mechanism to avoid collisions. Multichannel
ALOHA performs the worst since it does not check for channel activity before
transmitting. At high offered load, the energy efficiency is close to 0% because most
transmissions collide with each other. Multichannel ALOHA and multichannel PSMA
have a single-user receiver, so some transmissions that arrive uncorrupted may be
dropped due to a busy receiver. However, even with multi-user receivers, the energy
efficiency is still worse than either PSMA/CA or BSMA.
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Figure 5.15: Energy efficiency for PSMA, PSMA/CA, ALOHA, BSMA, and TDMA.

5.7 Chapter Summary
For ad hoc and sensor networks, the MAC protocol and the radio play a crucial
role in determining both the node cost and the amount of energy spent on a successful
transmission. Therefore, this chapter investigates a bust signal MAC protocol, which is
specifically tailored to improve energy efficiency in I-UWB ad hoc and sensor
networks. Whereas narrowband systems require two transceivers to implement a busy
167

signal MAC protocol, the proposed I-UWB system requires only a single transceiver to
save cost, power, and circuit complexity. A busy signal MAC provides performance
similar to CSMA/CD, which is efficient in throughput, delay, and energy per successful
transmission [82]. The busy signal MAC provides superior performance because nodes
can assess the status of ongoing transmissions. It also permits random, distributed
medium access with no central point of failure, so it is appropriate for any large ad hoc
or sensor network.
The single transceiver leverages the inherently low duty cycle of an I-UWB
pulse train to detect collisions and corrupted packets through a busy signal. The busy
signal avoids the overhead of time-duplexed control packets, as in PSMA/CA. The
system finely multiplexes the busy signal channel with the data channel to re-use the
same frequency band and radio front end. Further, I-UWB systems dissipate far less
power transmitting than receiving, so the busy signal does not significantly increase
power.
Simulations show that the busy signal is easily detectable and does not interfere
with data reception. At the cost of lower data rate, the simplest and most effective
method of implementing the busy signal is to require a PRI that is long enough to avoid
any interference. At shorter PRIs, the simulations find that channel equalization at both
the source node and the destination node provides comparable performance to the ideal
case at the cost of moderate additional hardware. To implement the busy signal without
increased hardware complexity, an orthogonal DS-UWB signal with a high spreading
gain incurs only a slight degradation of BER at the destination node, and it is easily
detected at the source node. In addition, the transmitter in Figure 2.19 is capable of
transmitting orthogonal pulse shapes to further separate the data signal from the busy
signal. Finally, the multipath delay spread actually helps the source node detect busy
signals in the event of overlap.
At the network level, we compared the proposed BSMA protocol to three
distributed MAC protocols for I-UWB: multichannel ALOHA, multichannel PSMA,
and PSMA/CA. Additionally, we compared BSMA to a baseline, centralized TDMA
protocol. For an ad hoc network environment, none of the distributed protocols
significantly complicates hardware, adds control traffic overhead, or has a central point
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of failure. However, the throughput and energy efficiency characteristics of these
protocols are different than their narrowband counterparts because of the unique nature
of I-UWB signaling. In terms of energy efficiency, BSMA outperforms all other
distributed MAC protocols for I-UWB. Hence, it is a suitable protocol for energysensitive sensor networks. In terms of throughput and delay, BSMA performs as well
as centralized TDMA.
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Chapter 6:

Cross Layer Adaptation

I-UWB is an attractive technology for applications such as ad hoc and sensor
networks, and it offers flexibility in many dimensions. If an I-UWB radio adapts
various parameters, its performance may also change, and some configurations may be
optimal under certain channel conditions. As channel conditions change dynamically,
an application may want to optimize a specific performance metric. For example, data
rate may be traded to maintain a link in harsh channel conditions [21]. The effects of
adapting many Physical Layer parameters unique to I-UWB, such as modulation or
pulse shape, are unexplored. Further, these parameters are relatively easy to adapt, and
they may affect upper layers. Thus, this chapter proposes an adaptive I-UWB Physical
Layer, which is less complex in hardware than a traditional narrowband adaptive
system [195], to meet constraints set by ad hoc and sensor network applications.
Depending on the specific application and type of data, a communications
system must meet various quality of service (QoS) constraints – e.g., bit error rate
(BER), data rate, or energy dissipation – at different times. For example, a sensor
network may require a low BER for control data [87], a high data rate for real-time data
[88], or minimal energy dissipation for regular updates [89]. Typical communications
systems are built to meet these QoS constraints even under the worst channel
conditions. However, a communications system operates in the worst conditions
infrequently, so it wastes valuable resources as a result. Existing approaches to meet
QoS requirements in ad hoc and sensor networks focus on the medium access control
(MAC) layer and above, but these optimizations are often application dependant
[196],[197]. With a general interface to the Application Layer, an adaptive I-UWB
radio can meet such QoS requirements in the Physical Layer for any application.
The adaptive I-UWB system is motivated by the characteristics of m-ary pulse
position modulation (PPM), which is a common modulation scheme for I-UWB [198].
With m-ary PPM modulation, a UWB system can easily adapt its pulse repetition
interval (PRI) and/or the number of bits per symbol (log2m). Digital control circuitry
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can easily provide the discrete delays required by m-ary PPM. This chapter defines a
PPM modulation scheme as a combination of a PRI and an m. Thus, the modulation
scheme will affect the data rate and the required Eb/N0 ratio – where Eb is the bit energy
and N0 is the noise level – to meet a BER target. Channel conditions vary depending on
the transmitter-receiver distance and the level of interference, and QoS constraints
change depending on the type of data. We explore the effects of adapting the
modulation scheme under various channel conditions to meet QoS criteria. The goal is
to improve overall BER, energy efficiency, and data rate.
The chapter is organized as follows. Section 6.1 introduces the adaptive
resource allocation strategy, and Section 6.2 explains the system architecture that
implements the adaptive resource allocation. Section 6.3 describes a specific the PPM
modulation scheme that is suitable for an I-UWB adaptive system. Section 6.4 presents
simulation results in terms of data rate, energy, and bit error rate. Section 6.5 concludes
the chapter.

6.1 Adaptive Resource Allocation
Under the conditions of dynamic traffic, unpredictable signal propagation, and
frequent network topology changes, traditional communications systems with fixed
resources are inadequate to efficiently meet variable QoS requirements. A non-adaptive
system provides resources to meet the worst channel conditions and most demanding
QoS requirements at all times, so it wastes resources.
The resource allocation procedure in Figure 6.1 proposes a method to efficiently
meet QoS requirements by dynamically configuring an I-UWB radio. The first step in
the resource allocation procedure examines the current QoS requirements, the current
resources of each node, and the current channel conditions. The second step identifies a
suitable system configuration to meet the current requirements, resources, and channel
conditions through a cost function. The third step allocates available resources to
achieve the desired QoS.
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Figure 6.1: Proposed Approach for Resource Allocation

For the first step, the Physical Layer, Application Layer, and MAC Layer share
the current QoS requirements, resources, and channel conditions with each other via the
adaptive configuration block (ACB) in Figure 6.2. In this chapter, the QoS
requirements include data rate, BER, and energy dissipation; the channel conditions
include link distance and level of interference; and the resources are the possible values
of PRI and m. Note that QoS requirements, resources, and channel conditions can
include many more parameters, and the above parameters are representative for the IUWB system. This information is short relative to the length of a data packet, and the
source node sends the information during the configuration period of a transaction. For
a MAC protocol with handshaking such as PSMA/CA, the source node includes this
information in a request to send (RTS) message, which are transmitted with a common
modulation scheme. In a protocol such as BSMA or multichannel PSMA, the source
node includes this information in a header that is sent with a common modulation
scheme. For TDMA protocols such as IEEE 802.15.3, the source node sends the
information to the piconet coordinator (PNC) while requesting a time slot.
In the second step, the destination node selects the optimal modulation scheme,
so the systems must have a priori knowledge of the characteristics of each possible
configuration. This necessitates characterizing quantitative relationships among the
modulation schemes, the data rate, the channel conditions, and the Eb/No required to
meet a target BER. A cost function then allocates the appropriate resources. System
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characterization and resource allocation are the focuses of this paper, and they are
discussed in detail in Section 6.3.
In the third step, systems must allocate resources for the appropriate modulation
scheme. The destination node configures its modulation scheme after notifying the
source node of the chosen modulation scheme. For PSMA/CA, the source node extracts
the suggested modulation scheme from a CTS packet, which is sent with a common
modulation scheme. In TDMA, the central coordinator informs the source node of the
modulation scheme. The proposed BSMA protocol encodes the modulation scheme
onto the busy signal. The multichannel PSMA protocol piggybacks the chosen
modulation scheme onto every ACK packet, so that only the first transaction between
two nodes is sent with a common modulation scheme.
Note that nodes transmit control packets with a common modulation scheme.
However, nodes transmit data with the most efficient modulation scheme that is
supported. As channel conditions change, a transmitter and a receiver must determine
an appropriate method to reallocate their resources. Periodic updates result in no
improvement if no data is sent between updates. Updates prior to every transaction can
incur large overhead if the system topology and environmental conditions change
slowly with respect to the transaction rate. For simulation, a system changes its
configuration only when it has data to send. Each new allocation should exist long
enough to offset any overhead from the reallocation algorithm.
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Figure 6.2: Block Diagram of Adaptive I-UWB System

6.2 Adaptive System Architecture
Each adaptive system consists of a Physical Layer (transmitter and receiver),
MAC layer, Application Layer, and ACB as shown in Figure 6.2. Other network layers
that do not interact with the ACB are omitted from the figure. Note that Figure 6.2
modifies the ISO/OSI network model to include communication between non-adjacent
layers. This is a departure from established network design techniques, but it is well
suited to the unique characteristics of I-UWB. Although the inter-layer communication
complicates the design process, it meets the special demands of ad hoc and sensor
networks far better than traditional single-layer techniques [2].
In the Physical Layer, the transmitter is the energy efficient pulse generator of
Figure 2.19 [102]. The transmitter modulates an input bit stream into a train of
Gaussian monopulses with center frequency of 6.85 GHz and a bandwidth of 7.5 GHz.
Energy outside the 3.1 GHz to 10.6 GHz range is attenuated with a bandpass filter to
meet the FCC mask. We now briefly review PPM, and a PPM pulse train is described
as
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∞

s ( t ) = ∑ Ap ( t − iT f − δ di ( t ) )

(6.1) ,

i =−∞

where di(t) shifts the pulse in time by some multiple δ, which is larger than the pulse
width to assure an orthogonal signal set. Note that for PPM, a single pulse can
represent multiple bits or chips. If there are m time slots, then the signal may represent
log2m chips or bits. It is possible for δ to be less than the pulse width and still obtain an
orthogonal signal set, but this imposes impractical timing requirements on transceivers
[107],[108]. The function p(t) is a Gaussian monocycle pulse, A is the amplitude of the
pulse, and the parameter Tf is the duration of the PRI or the inverse of the symbol rate.
The system uses m different non-overlapping pulse positions. The combination of m
and Tf constitute a modulation scheme, which the ACB adjusts based on the
environmental conditions and QoS requirements.
Using the energy efficient pulse generator of Figure 2.19 [102] and the receiver
in Figure 2.20 [100],[101], PPM is particularly suited to an adaptive system. In the
transmitter, the various m-ary modulation schemes and PRI values are easily changed
through a programmable delay unit in digital logic. Thus, the generator can generate
different m-ary modulation schemes and different PRI values with no architectural
modifications.
The performance of a basic correlation receiver is rather poor, because the total
energy is spread over the multipaths, and the first multipath contains relatively little
energy compared with the total energy. The frequency domain receiver in Figure 2.20
receiver performs much better because it harvests the energy dispersed over the
multipaths [100],[101]. Compared to a conventional rake receiver, the proposed energy
harvester reduces power dissipation, captures more energy, and requires simpler
hardware. Because the receiver collects frequency domain samples, the circuit
complexity is independent of the number of multipaths and modulation type. Further,
the receiver demodulates PPM data based on the phase of the frequency components,
so it will not incur greater implementation complexity for larger values of m. To adjust
to different values of Tf, the receiver need only adjust the reference timing of the timing
recovery circuit. Finally, the sampling rate, which may be programmable, is based only
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on the PRI, so it is provides efficient implementation of a wide range of modulation
schemes.
The channel model includes AWGN, multipath effects, and also sources of cochannel interference. The multipath model is the Cassioli indoor UWB channel model
[110], which considers large-scale and small-scale effects. Multipath effects may last
up to 300 ns, although, on average, over 92% of energy is dissipated after 100 ns. The
channel is slow fading, so changes occur on a packet level.
Note that techniques such as coding and spreading would achieve better
performance in a practical system, but they are omitted from the model to focus on the
effects of the adaptive modulation scheme.
The MAC layer can be any of PSMA/CA, TDMA, multichannel PSMA, or
BSMA. In relation to the adaptive scheme, the function of the MAC protocol is internode communication of the current conditions, resources, and, QoS requirements. It
communicates these directly to and from the Physical Layer as header information. The
MAC is also responsible for tracking such Physical Layer conditions as channel
conditions and link distances [56]. The MAC layer provides these parameters to the
ACB.
The Application Layer provides pre-defined QoS constraints depending on the
specific data type. For example, control data may require the lowest possible BER
because it is typically not resilient to errors. An example of control data is a microcode
update to patch system operation or to change the function of a node. Real time data
may require the highest possible data rate. Consider an intruder detection network,
which will sacrifice energy (future operating time) and accept a margin of error in order
to track a current threat. Alternatively, when that intruder detection network monitors
normal system activity, it would desire to save energy to track a future intruder. In such
a situation, the error rate and data rate could be sacrificed to operate with minimal
energy dissipation. Still other applications may desire a trade-off that results in a
compromise between data rate, BER, and energy dissipation.
The ACB block provides a standard interface for the above blocks to
communicate. It gathers the channel, QoS, and resource information. Based on that
information, it calculates the cost function and determines the most appropriate
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modulation scheme. The ACB is also responsible for informing other layers of its
decision.

6.3 Adaptive Modulation Scheme
The overall strategy for choosing a modulation scheme is motivated by the
behavior of PPM in different environmental conditions. This section characterizes
some of this behavior.
For an I-UWB system with PPM, several types of interference are possible. Cochannel interference occurs in a network when the target system captures the intended
signal while one or more additional I-UWB systems transmit simultaneously. Intersymbol interference (ISI) is such that a delayed multipath from the previous symbol
interferes with the current symbol. In contrast, intra-symbol interference may cause a
multipath from a current symbol to provide a higher correlation than the first multipath,
which causes misinterpretation of the current symbol. ISI increases as PRI decreases,
while the effects of intra-symbol interference and co-channel interference increase as m
increases [198]. Thus, configurations with high m and a short PRI are more susceptible
to interference, which eventually limits the performance regardless of the Eb/N0. In
contrast, configurations with low m and a long PRI are less susceptible to interference,
and therefore the performance is more limited by the Eb/N0 ratio. Therefore, for low
Eb/N0 ratios, modulation schemes with high m are preferable. However, for higher
Eb/N0 ratios, the interference dominates the noise, and modulation schemes with low
values of m are preferable.
The local cost function, β, defines the cost of a transaction.

β=

(α ⋅ BER) ⋅ (β ⋅ Eb N 0 )
(χ ⋅ Data Rate)

(6.2)

In the local function, each performance parameter includes a weighting function
that shows the relative contribution of BER, energy, and data rate to the overall cost. In
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(6.2), α is the weighting function of the BER, β is the weighting function of the energy,
and χ is the weighting function of the data rate. The BER is a function W of m, PRI,

Eb/N0, channel impulse response h(x), and interference i(x). The Eb/N0 is a function Y of
the transmitter-receiver distance, the channel impulse response, and the maximum
radiated energy allowed by the FCC for a given data rate. The data rate depends only
on the PRI and m.

BER = W (Eb N 0 , PRI, m, h( x), i( x))

(6.3)

Eb N0 = Y (dist, m, PRI , h( x))

(6.4)

Data Rate = (log2 m) PRI

(6.5)

Thus, from (6.2) - (6.5), β(z) defines the local cost function, where z is a set of
environmental and QoS 6-tuples [Eb/N0, m, PRI, h(x), i(x), dist] within Z, the set of all
possible 6-tuples.

β (z) =

χ PRI ⋅ W (Eb N 0 , PRI , m, h( x), i ( x) ) ⋅ Y (dist , m, PRI , h( x ) )
⋅
αβ
log 2 m

(6.6)

When environmental conditions vary over several transactions, the local cost
function is described in terms of the local expected cost function

β=

∑ β ( z) ⋅ p( z)

∀z∈Z

(6.7)

where p(z) is the probability distribution of z ∈ Z, and p(z) is determined from
observation. The adaptive system chooses a modulation scheme by optimizing the local
expected cost function2. A configuration is said to be optimal if it costs less than any
other possible configuration for the given environmental and QoS parameters.
2
Note that there is also a global cost function, which is defined as the sum of all local cost functions in the network. This
calculation leads to overall network optimization, but it requires a centralized knowledge of all transactions. The local cost function
is a distributed calculation that can be computed locally at each node, so it is more suitable for ad hoc and sensor networks.
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Numerical gradient-based optimization techniques can be used to minimize or
maximize the cost function. However, gradient calculations can be costly for
implementation, and hence, calculation may consume more resources than it saves. To
reduce implementation complexity, the nodes use linear approximations to choose the
optimal modulation scheme for the current operating conditions.
Next, the cost function is considered from the perspective of three likely
scenarios that ad hoc and sensor nodes may encounter.

6.3.1 Minimum BER

Networks update microcode to provide patches or to change a node’s function
on the fly. The microcode must be transmitted error free and may traverse several hops,
thus increasing the probability of error. Therefore, the nodes involved in the transfer
attempt to minimize the cost function by minimizing BER with an appropriate
modulation scheme. FCC limitations constrain the radiated power level, and the
network sets an acceptable data rate.
Figure 6.3 plots BER versus Eb/N0 for different m-ary PPM modulation
schemes for a constant data rate of 25 Mbps and the maximum radiated power allowed
by the FCC. The different modulation schemes operate at different PRIs to maintain the
data rate. The 2-ary PPM operates at a PRI of 40 ns, 4-ary at 80 ns, 8-ary at 120 ns, 16ary at 160 ns, and 32-ary at 200 ns.
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Figure 6.3: BER versus Eb/N0 at a Data Rate of 25 Mbps
As the hop distance changes, the Eb/N0 also changes. For all m-ary modulation
schemes, the BER decreases as Eb/N0 increases, but the rate of BER decrease depends
on the modulation scheme. For the case marked “Interferer,” the source of errors is cochannel interference with an S/I ratio of 0 dB. Depending on the received power level
and the level of interference, each ACB pair chooses the modulation scheme that
minimizes BER. This minimizes the cost function for a microcode update, which
prioritizes BER over energy or data rate. From Figure 6.3, the ACB would choose 8ary PPM for Eb/N0 = 5 dB, 4-ary PPM for Eb/N0 = 10 dB or 2-ary PPM for strong
interference. Note that different modulation schemes are the best choice for different
environmental conditions. A fixed modulation scheme would only be optimal at one
distance.

6.3.2 Maximum Data Rate

Next, when an intruder detection network detects activity, throughput has
priority over BER and energy. If the network reports video data, some predefined
minimum BER results in acceptable video quality. The radiated power will be the
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maximum allowed under FCC limits. Therefore, depending on the channel condition,
the ACB chooses a system configuration to maximize data rate for a target BER and
given Eb/N0. For this type of application, maximizing data rate minimizes the cost
function.
Figure 6.4 shows the maximum data rate possible at each Eb/N0 compared to a
non-adaptive system operating at a data rate of 25 Mbps. When Eb/N0 = 5 dB, 8-ary
PPM provides the highest data rate of 100 Mbps and meets the target BER. When
conditions change to Eb/N0 = 15 dB, the ACB chooses 4-ary PPM to provide the
highest rate of 68 Mbps. A non-adaptive system is forced to maintain a 25 Mbps data
rate to meet the minimum BER in all channel conditions.
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Figure 6.4: Maximum Data Rate versus Eb/N0

6.3.3 Minimum Energy

For energy-constrained ad hoc and sensor networks, minimizing the transmitted
energy per bit is of significant interest. During routine operation, such networks often
adjust their radiated energy to meet only the minimum QoS requirements. The ACB
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further reduces energy consumption by choosing the modulation scheme that meets the
QoS requirements with minimum energy per bit.
Figure 6.5 shows the energy required in each configuration for two different
QoS scenarios. First, when the target BER is 5×10-3 and the data rate is 33 Mbps
(QoS1), the 4-ary PPM scheme requires the minimum Eb to meet the QoS
requirements. Likewise, if the QoS requirements change such that the target BER is
2×10-2 and the data rate is 80 Mbps (QoS2), then the ACB switches to 16-ary PPM. In
general, for low BER and data rates, the ACB chooses lower order m-ary PPM
schemes. For higher BER and data rates, the ACB chooses higher order m-ary PPM
schemes.
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Figure 6.5: Energy per Bit for Various QoS Requirements

For all of the above goals (minimum BER, maximum data rate, and minimum
energy), there is no single modulation scheme that performs best in all environmental
conditions. Further, a node may change its goal changes, for example, from minimum
BER to minimum energy in the event it is sensor node that just completed transmitting
a microcode update. In this case, no single modulation scheme performs best for
different QoS goals.
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6.4 Simulation Results
The adaptive I-UWB system in Figure 6.2 is modeled in ADS (Advanced
Design System) and compared to a non-adaptive I-UWB system for varying channel
conditions and QoS goals. The simulations consider five different values of m, which
are 2, 4, 8, 16, and 32 with a PRI that ranges from 10 to 210 ns.
The first case is a microcode transaction that requires the minimum BER, has a
fixed data rate, and radiates the maximum allowed Eb. The distances of each
transaction determine the Eb/N0 such that it varies from 0 dB to 15 dB in integer steps,
and the distribution is shown in (6.8).

0.0625, 0dB ≤ Eb N 0 ≤ 15dB
p (E b N 0 ) = 
else
 0,

(6.8)

Also, an interferer randomly interferes with the received signal, and it causes
the S/I ratio to be 0 dB 10% of the time. The channel impulse response is a random
instance of the Cassioli model for each transaction, and the ACB considers m and PRI
values that result in the minimum BER without regard without unacceptably high
energy dissipation or unacceptably low data rate.
Table 6.1 and Figure 6.6 compare the costs of five non-adaptive systems to the
costs of an adaptive system for a data rate of 50 Mbps and a data rate of 5 Mbps. The
costs are given in (6.7), and the non-adaptive systems cannot change m or PRI to
reduce the cost. The last column shows the decrease in BER of the adaptive system
compared to that of the worst performing non-adaptive system. The adaptive system
always performs better than the best performing non-adaptive system at a given data
rate, and it can approximately halve BER (or cost) as compared to 2-ary PPM. The
adaptive system performs even better if the data rate changes dynamically. This is
because the adaptive system chooses the configuration with minimum BER, whereas
the non-adaptive system always meets the BER for the worst case.
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Table 6.1: BER of Non-adaptive versus Adaptive System
Data Rate
(Mbps)

Non-Adaptive System BER
m=2

m=4

m=8

m=16

m=32

Adaptive
System
BER

Percentage
Decrease in
BER

50

0.0474 0.0310 0.0303 0.0289 0.0355

0.0263

44.7%
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Figure 6.6: BER of Adaptive versus Non-Adaptive System
Next, the adaptive system maximizes the data rate for a target BER in various
channel conditions. The environmental and QoS parameters are the same as above, but
now the adaptive system increases the data rate by choosing an appropriate system
configuration. Any non-adaptive system must operate at the fixed data rate of 25 Mbps
to meet the target BER even in the best channel conditions. Table 6.2 and Figure 6.7
compare simulation results of the adaptive UWB system and the non-adaptive UWB
system. In every case, the adaptive system provides a faster data rate than a non-
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adaptive scheme. The data rate (or cost) can be improved by up to 260 % for the data
rate of 25 Mbps. Generally, the improvement in data rate is larger at lower data rates
because the ACB can choose from a larger range of PRI values, whereas at higher data
rates, the ACB chooses from a much smaller range of PRI values. This results from the
fact the m-ary PPM require m different non-overlapping pulse positions within a PRI,
and hence lengthens the minimum PRI. For example, 32-ary PPM with 1 ns pulse
width cannot choose a 10 ns PRI, because it is constrained to choose a PRI greater than
32 ns.

Table 6.2: Data Rate of Non-adaptive versus Adaptive System
Non-Adaptive System Adaptive System
Data Rate
Data Rate

Percentage Increase
in Data Rate

50 Mbps

84.1 Mbps

68.2%

25 Mbps

90.4 Mbps

261%

3 00

2 50

Percent Improvement

2 00

1 50

1 00

50

0

25 M bp s

5 0 M b ps

Figure 6.7: Data Rate Maximization of Adaptive versus Non-Adaptive System
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Third, the adaptive system minimizes the radiated energy over various QoS
constraints. The first QoS constraint requires a BER of 5×10-3 and a data rate of 33
Mbps, and this represents the case of distributing microcode over several hops. The
second case requires a BER of 2×10-2 and a data rate of 80 Mbps, and this represents
the case of video data. Table 6.3 and Figure 6.8 show the normalized radiated energy
per bit for the two QoS goals. The last column shows the energy saved in adaptive
system as compared to the non adaptive system. Again, the adaptive scheme performs
best, and it consumes just 40% of the energy of a non-adaptive system with m=2.

Table 6.3: Normalized Energy Efficiency of Non-Adaptive versus Adaptive System
Non-Adaptive System
m=2

m=4

m=8

Adaptive System Energy Savings

m=16 m=32

1.00 0.415 0.443 0.477

0.964

0.395

61.5%
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Figure 6.8: Energy of Adaptive versus Non-Adaptive System

For the above three scenarios, the adaptive system always performs best, and
different fixed systems performed second best depending on the QoS goal. For
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example, the fixed system with m=16 achieved the second best BER when BER is the
goal, and the fixed system with m=4 achieved the best energy efficiency when energy
efficiency is goal. Thus, the adaptive system should be especially suitable for systems
that have changing QoS goals. For example, a sensor network may wish to minimize
energy dissipation during normal operation, minimize BER for control data, and
maximize data rate when it detects an event.
We now compare the performance of the adaptive system to the non-adaptive
systems as all three of the QoS goals change. The following results consider that the
goals of minimum BER, minimum energy, and maximum data rate all occur with equal
probability. Further, the network designer weights each performance parameter such
that α = β = χ = 1. Note that designers are free to change the weighting function to
result in optimal performance for specific applications. The results in Figure 6.9 and
Table 6.4 are normalized and obtained from the cost function of (6.7). The adaptive
system performs much better each of the non-adaptive systems. This is in contrast to
the previous results that concentrate on just one QoS parameter. In the previous results,
one non-adaptive system may have similar performance to the adaptive system. When
the QoS goals change, none of the non-adaptive systems has performance that comes
close to that of the adaptive system.
Table 6.4: Normalized Cost of Non-Adaptive versus Adaptive System
Adaptive System Cost Savings

Non-Adaptive System
m=2

m=4

m=8

m=16 m=32

1.00 0.677 0.681 0.695

0.907

0.436

56.4%
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Figure 6.9: Cost of Adaptive versus Non-Adaptive System

6.5 Chapter Summary
This chapter proposes an I-UWB system that adapts its resources to efficiently
meet QoS requirements in dynamic channel conditions. The system is particularly
suitable for applications such as ad hoc and sensor networks, which have demanding
QoS requirements that change for various types of data. The ACB block works across
the Application, MAC and Physical Layers, which is a departure from established
network design techniques. Although this complicates the design process, it meets the
special demands of ad hoc and sensor networks. The ACB configures the I-UWB radio
based on the current environmental conditions, resources, and QoS requirements.
Because the worst environmental conditions occur infrequently, the adaptive system
conserves resources that are typically wasted in a non-adaptive system.
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The adaptive I-UWB system is motivated by the characteristics of m-ary PPM
in various environmental conditions. In general, for low values of Eb/No, the noise
dominates the interference, and therefore, efficient modulation schemes with high m
are preferable. However, for larger values of Eb/No, the interference dominates the
noise and modulation schemes with low values of m are preferable. The choice of the
modulation scheme is based on optimizing a cost function that is defined in terms of
Eb/N0, BER, and data rate. An optimal solution to the cost function is prohibitively
costly, so it is necessary to use linear approximations to efficiently configure the
system.
Simulations of the adaptive system show that it improves performance
significantly as compared to a conventional, non-adaptive system under variable
environmental and QoS requirements. The adaptive system improves BER by 50%,
data rate by 260%, or energy by 60% without sacrificing performance of any other
parameter. The adaptive always outperforms the non-adaptive systems for a single,
static QoS goal. When the QoS goals change dynamically, the adaptive system
performs significantly better than for a static QoS goal.
The adaptive I-UWB system improves performance for ad hoc and sensor
networks by supplementing the MAC protocols in the previous chapters to improve
BER, energy efficiency, or data rate. Further, the adaptive system does not increase the
hardware cost or complexity of the I-UWB transceiver architecture in Chapter 2,
because it requires changes only to the digital control logic.
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Chapter 7:

Conclusion

Ad hoc and sensor networks enable exciting new applications from home
networking to structural integrity monitoring. Nodes rely on limited energy resources,
and the useful lifetime of the network depends on each node’s ability to conserve
energy. Because these networks may contain several thousand nodes or more, low node
cost is essential to contain the overall network cost. I-UWB is an attractive radio
technology for such networks due to its robustness to multipath fading, sub-centimeter
ranging ability, and low-cost, low-power hardware.
Current MAC protocols for I-UWB target small WPANs and cellular networks.
The centralized approach is a good strategy for a small network with heavy traffic and
strict QoS requirements. In large ad hoc and sensor networks, the central coordination
increases complexity and overhead, and it also leads to a central point of failure.
Therefore, large ad hoc and sensor networks implement distributed MAC protocols.
Because there are currently no distributed MAC protocols for I-UWB, large ad hoc and
sensor networks have thus far been unable to realize the benefits of I-UWB.
This dissertation investigates distributed MAC protocols custom tailored to both
I-UWB and to ad hoc and sensor networks.
First, Chapter 2 examines the effect of the unique signaling of I-UWB on ad
hoc and sensor networks. Distributed MAC protocols for ad hoc and sensor networks
generally realize random access and require a method to detect medium activity. The
low duty cycle and low power of I-UWB present difficulties in implementing a
distributed MAC protocol because there is no good method to detect medium activity.
Nodes are unsynchronized with each other, so it becomes a significant challenge to
search for a narrow, low-power pulse within a large time window. Existing methods are
either inaccurate or require a prohibitive amount of time or hardware complexity. The
channel spreads the signal power over multiple paths to further complicate detection of
I-UWB activity. In the frequency domain, the pulse train causes spectral lines, which
restrict the average power and cause even further difficulty in detecting activity.
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Distributed protocols also require some method of mitigating collisions. The long
synchronization time of I-UWB adds significant overhead to protocols such as
CSMA/CA that use handshaking packets to avoid collisions.
Next, Chapter 3 proposes a method to overcome the challenges of applying IUWB to ad hoc and sensor networks. The method to detect I-UWB activity is termed
pulse sense, as it is analogous to carrier sense in narrowband systems. The key idea of
pulse sense is to examine the spectral lines of the received signal, which are always
present, to avoid searching for narrow I-UWB pulses in the time domain. The circuit
considers the total spectral energy in the channel, so it is insensitive to multipath
interference, timing jitter, inter-symbol interference (ISI), co-channel interference,
varying channel conditions, and nonlinear distortion of pulses. Further, narrowband
interferers do not significantly degrade performance, so the system can coexist with
narrowband systems. The signaling of I-UWB allows a system to trade data rate for
link distance, and the circuit performs consistently as the PRI and link distances
change. The proposed implementation is much less complex than a receiver, and it does
not require any sampling or synchronous operation. In fact, the circuit may be used as
an aid to synchronization. Because there is no stored template signal, the circuit does
not have to dynamically adapt to changing channel conditions and distortions of the
pulse shape. Pulse sense enables distributed, random medium access for I-UWB, and in
turn, offers the advantages of I-UWB to ad hoc and sensor networks.
Chapter 4, Chapter 5, and Chapter 6 each provide a method to exploit the
unique signaling of I-UWB to benefit ad hoc and sensor networks. Chapter 4 builds
upon our pulse sensing method to create distributed multichannel MAC protocols for IUWB. The multichannel PSMA and ALOHA protocols do not require centralized
control, handshaking overhead, or modifications to a basic, single-channel I-UWB
receiver. The low duty cycle of I-UWB allows several concurrent transmissions to be
time-interleaved, so the probability of a collision depends on the PRI and the channel.
Hence, it is important to treat I-UWB differently than narrowband systems, where
simultaneous transmissions always result in collisions. At low pulse rates, the low duty
cycle of I-UWB reduces the probability of collisions similarly to a traditional
multichannel MAC. In contrast to traditional multichannel MACs and handshaking

191

schemes, the multichannel PSMA MAC improves throughput without reducing link
bandwidth, increasing delay, adding hardware complexity, or adding overhead. A
multi-user I-UWB receiver, which can receive several time-interleaved transmissions
concurrently, further improves throughput with moderate hardware complexity.
Chapter 5 also builds upon pulse sense and suggests using the unique signaling
of I-UWB for a busy signal MAC. A busy signal MAC provides superior performance
to current wireless MAC protocols, because a node can assess the status of ongoing
transmissions. Further, the busy signal avoids the overhead of handshaking and timeduplexed control packets. Whereas narrowband systems require two transceivers to
implement a busy tone MAC, the proposed I-UWB system requires only a single
transceiver to save cost, power, and circuit complexity. The system finely multiplexes
the busy signal channel with the data channel to re-use the same frequency band and
radio front end. At the MAC level, the fine-grained half-duplex operation appears as
full duplex operation. Because I-UWB systems dissipate far less power transmitting
than receiving, the transmission of a busy signal has insignificant impact on the power
dissipated in a transaction. The proposed busy signal MAC permits random, distributed
medium access with no central point of failure, so it is appropriate for any large ad hoc
or sensor network. Simulations show that the busy signal is easily detectable and does
not interfere with data reception. At the network level, the BSMA protocol performs
better than a collision avoidance MAC protocol in terms of throughput, and as well as a
centralized TDMA protocol in terms of energy efficiency.
Next, Chapter 6 introduces a cross-level optimization scheme that adapts the IUWB radio to meet various application level QoS constraints as channel conditions
change. The adaptive I-UWB system is motivated by the characteristics of m-ary PPM,
which may easily adapt the PRI and m to operate most efficiently in various channel
conditions. An adaptive configuration block chooses the modulation scheme based on a
cost function. The block, which communicates across network layers, represents a
departure from the traditional compartmentalized network design model. Because the
worst environmental conditions occur infrequently, the adaptive system conserves
resources that are typically wasted in a non-adaptive system. The system design is
particularly suitable for applications such as ad hoc and sensor networks, which have
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demanding QoS requirements that change during the lifetime of the system.
Simulations of the adaptive system show that it improves performance significantly as
compared to a conventional non-adaptive system under variable environmental and
QoS requirements.
In summary, the unique signaling of I-UWB presents challenges to
implementing a distributed MAC protocol. Pulse sense overcomes the challenge of
detecting I-UWB medium activity. We propose novel MAC protocols for I-UWB that
improve performance and cost over traditional MAC protocols without handshaking
overhead. Cross layer optimization further improves performance for any protocol. The
protocols and the optimization scheme are custom tailored to meet the requirements of
both I-UWB and ad hoc and sensor networks. Thus, they significantly outperform more
general approaches.
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