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Abstract

Radio wave propagation measurements provide a way to accurately and reiably
characterize  environments to assigt in the development and optimization of wirdess
communication sysems. As digitd radio systems occupy wider bandwidths and use
multipath signd combining to enhance quaity of service, knowledge of time disperson
and the multipah dructure of radio channds become increasingly important. The
wideband measurement system presented herein provides a practical means to precisdy
measure the ddays and drengths of individud multipath components which arive a a
radio receiver.

Presented in this Thess are fundamentd theory, precticd implementation, and smulation
modds for a diding corrdaior measurement sysem. The diding corrdator technique is
explaned in detal and large-scde measurement survey is presented.  Techniques for
datigticaly quantifying the characterigtics of propagation usng the diding corrdator
measurements are presented and compared. The development of smulations of the
diding corrdator system is described, and smulation results are used to test conventiond
and newly developed post-processing dgorithms.

This Thess presents a practicd view of the diding corrdaor measurement system, but its
foundations are rooted in the theoretical results which are explained and derived herein.
Propagation researchers and students in the wirdess communication fidd may find this
work and the cited references useful for continued study of wideband propagation
measurements or for agpplication of the diding corrdator sysem as a wideband

measurement solution.
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Chapter 1

| ntr oduction

1.1 Perspective

Radio has had a profound impact on society. Radio in its most popularly accepted sense, the
tranamisson and reception of information usng dectromagnetic waves, has unleashed the
population from the redtrictions of distance and has dlowed nearly instantaneous dissemination
of facts, news, and knowledge. Beginning near the turn of the twentieth century, radio worked
its way into lives of dl socid and economic classes of people. From the early transatlantic
crossings of Marconi’s Morse code signding and experimenta voice broadcasts of the firgt
enthusiastic amateurs, radio has evolved into reliable and essentid communication systems.

A rich history precedes today’ s high speed, low cogt, fixed and portable wireless systems (see
[2], [29], [30], [31]). Guglidmo Marconi, an Italian experimenter who built upon the work of
Henrich Hertz, is credited with not only proving to the world the practicdity of wirdess
communications, but aso with development of the first commercia application of radio in 1898:
dhip-to-shore communications. Three years later, Marconi successfully demondrated the
powerful potential of radio by transmitting messages across the Atlantic Ocean between
antennas suspended by kites. The evolution of practica radio systems had begun.

In America, radio began its widespread popularity with the first scheduled broadcast on
November 2, 1920. Homebuilt receivers dlowed a smal group of the radio amateurs to be the
fird to hear the results of presidentid dections. Radio finaly and unquestionably proved itsdlf to



be commercidly viable when the fird sponsored broadcast was transmitted on August 18,
1922. This date marks the moment when radio extended outside the realm of science and into

the marketplace of big business.

Mobile radio was born in the 1940s and 1950s when the development of the transistor alowed
compact design of recaivers. Wheress the audience up until this time was confined to listening
to a radio in the home, the new receivers dlowed the audience to listen to broadcasts in their
automobiles. It isinteresting to note that from this point on in radio history, radio usage pesked
during commuter rush hours—apparently a prophecy heeded by the later developers of cdlular
networks.

The higory of today’s persond communications originated when mobile radiotelephone
networks were introduced. The concept of cdlular systems, utilizing rdlatively small coverage
regions and frequency reuse to serve alarger portion of the population, was developed by Bell
Labs engineers in the 1960s. Although the theory of cdlular was becoming well established,
hardware technology lagged behind until the late 1970s when practical systems could be tested.
In the early 1980s, cdlular systems findly became a redlity when the FCC alocated spectrum
for the Advanced Mobile Phone System (AMPS). As networks were planned, tested, and
activated, demand for propagation prediction, propagation measurements, and network
optimization grew exponentidly. The first versons of today's complex measurement systems

and mobile communications Smulation tools were born.

As mobile radio, law enforcement radio, medica radio applications, and other speciaized
wireless gpplications began a trend toward digita technology, measurement systems needed to
trangtion from smple path loss recorders to systems which could characterize the time
disperson in radio channes caused by multipath. Systems of this sort which had been
developed and applied for advanced research were now finding their way into digital mobile and

portable radio gpplications to predict performance in various environments.



Today, wideband measurement systems are needed to support the future of wirdess
communications. If higtory isan accurate indication of the rate of growth of radio, the expansion

of technology to build future generations of wireless gpplications will be staggering.

1.2 Motivation

Wideband measurement systems can be implemented using a method called diding correlation.
The diding correlator technique has been used since the early 1970s to study the path loss and
time digpersion characterigtics of radio channds [5]. Since that time, numerous researchers
have embarked on a wide range of research efforts which employ wideband measurement
techniques including diding corrdation (e.g., [7], [15], [18], [19]). Frequency bands between
800 MHz and 2 GHz currently used for digital point-to-point and mobile communications have
been dudied extensvely for the development of persond communication systems (PCS),
wirelessloca loops, and wirdess local area networks (LAN).  Aswireless technology evolves,
new frequency bands will be occupied to accommodate emerging gpplications in the
increasingly congested dectromagnetic spectrum. Higher bandwidth requirements and band
availability are forcing a migration into the upper limits of the usable radio frequency spectrum,
and wideband measurements will continue a these high frequencies to augment past research.
Hence, diding correlator research involving measurement, development, modeling, and

sImulation continues.

Radio wave propagation research, including measurement system development and radio
channd characterization, has been driven, directed, and funded by the wireless communications
industry. Industry members with approximately 16 million customers in 1994 funded the
research effort to establish the technology and infrastructure which is in place today.
Predictions made in August 1997 should be an indication that wireless research will be driven
even moreintensdy: By the end of 1997, industry andysis firms are predicting thet there will be
56.6 million subscribers of cdlular and PCS generating more than $33.8 hillion in revenue [32].
The growth trend is forecast to increase to $93.7 billion by 2007 [32]. To support this
outstanding customer demand, optimization of networks for increased capacity and qudity will
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precede the eventua need for the next wireless generation which surpasses current promising
gystem standards.  Fortunately for many researchers and engineers, wireless measurement

systems will be needed every step of the way.

1.3 Overview and Purpose

The generd purpose of this research isto study, develop, explore, and disseminate principles of
wideband measurements usng a diding corrdator messurement system.  Specificdly,
foundationa andytic theory, results of a recent propagation study, system smulation models,
and data processing techniques are presented for the purpose of supporting current and future

wideband measurement research.

The god of every researcher should be to direct a research effort toward end results which are
beneficid to the research community. In doing so, benefits are redized by the society which
supports the industry that depends upon the research. The research presented in the following
chapters is admittedly far removed by severd layers from serving the general population
directly; its purpose is to serve those who are one level closer to providing the actuad products
and sarvices which have become or will become essentid in the function of today's
technologicaly oriented society.

The materid in Chapter 2 is intended to be an introduction and a review of wideband
measurements and the diding corrdation technique.  Students of the radio discipline who are
entering the wirdess communications research field will find an ample amount of descriptions
and theory on which to build future studies about or using the diding corrdator system.
Seasoned researchers will find interest in the implementation, synchronization, and andyss
techniques described in detall.

Chapter 3 reports the approach, analyss, and execution of a wideband propagation study
amed a determining the characteristics of radio channds within atrain yard environment. The
datistica results of path loss and delay spread derived from power delay profiles measured with
adiding corrdator syssem may be used for design or smulation of digita radio and trangponder
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sysemsfor ral car tracking and yard communications. Cdibration and measurement details are

explained to support future measurement work.

Simulations of physicd systems has played a vitd role in design and optimization in dl types of
engineering problems. Chapter 4 presents two smulation techniques which were developed
primarily for the purpose of testing post processng techniques. The firg Smulation ads in
understanding the generation and correlaion properties of PN sequences. The second of the
two dmulation techniques builds upon a rigorous mathematicad modd to produce sgnds
generated by the diding corrdator syssem. These smulations not only serve the purpose of
producing power dday profiles for given sysem and channd pecifications, but dso ad in
undergtanding the mechanisms which influence measured power dday profiles, thisiscrucid for
specification of a diding correlator system design and prediction of its performance with respect
to noise and multipath detection capabilities.

In Chapter 5, post processing techniques are discussed. The andytical methods for computing
channdl characterization parameters for red power delay profiles are presented.  Subjective
factors which affect the results of conventiona processing are adso discussed.  These
conventional processing topics provide the measurement system operator with theoretica and
practica guidance for post processng tasks. The second half of this chapter presents an
agorithm for sgna component detection within power dday profiles. The development of this
agorithm was driven by two needs which surfaced during the course of this research: vaidation
of propagation prediction tools that predict the arrival of individud multipath components at
gpecific gtes, and automation of multipath component identification for use by measurement
tools which have a low bandwidth data link between the data collection hardware and the
sorage medium. The agorithm is demondrated using power ddlay profiles smulated using the
software written for Chapter 4 research.  Profiles measured during the study described in
Chapter 2 are also used astest samples.

Hardware implementation, measurement theory and practice, sysem smulation, and processing
to produce meaningful results are the topics which have been studied throughout this research.



Support of current research and expansion of a knowledge base for future researchers are the

motives. The following chapters represent a part of this author’ s contributions.



Chapter 2

The Sliding Correlator Measurement System

As digitd radio sysems employ standards requiring larger bandwidths to handle higher data
throughput, understanding the effect of radio channels on wideband signas becomes increasingly
important. Wideband measurements provide the propagation data needed to study characteristics
of dectromagnetic wave propagation for high data rate communication sysems. This chapter
presents an introduction to radio channe characterization and wideband measurement systems
which are used to study radio wave propagation. The diding corrdator technique for determining
the propagetion characteristics is described in detail, and an implementation of a diding correlator
measurement system is discussed.  Laglly, the andyss of diding corrdator measurement data to
produce useful quantitetive channd information is discussed.

2.1 A Model for Characterizing Propagation Through Radio Channels

Propagation of eectromagnetic waves through radio channdls can be characterized by the delays
and losses caused by the channd. A practicad radio channd typicaly conssts of multiple physica

propagation paths, each of which induces a propagation loss and delay. The impulse response of a
multiple path (multipath) channel can be described mathematicaly as shown in equation (2.1-1) and
graphicaly as shownin Figure 2.1-1.



h(t) = éNl aed(t-t,) (2.1-1)
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Figure 2.1-1. PFictured is the generdlized impulse response of a multipath radio
channel. Each ddta function represents one physica path, and each path can be
characterized by an attenuation and a delay.

Each ddta function in (2.1-1) and Figure 2.1-1 represents a single physical path between a
transmitter antenna and a receiver antenna.  These ddta functions are defined as multipath
components of the received signd, and the combined set of dl multipath components form the
multipath ructure of the channd. If aline-of-gght (LOS) path exists between the transmitter and
receiver antennas, the firgt arriving component in the multipath structure of the channd will aways be
the LOS component. Components following the LOS component are caused by additiona physica
propagation paths through the environment. Components which travel aong two separate paths
and exhibit the same propagation delay will not be resolvable as individua components. The
combination of the components in such a case will produce a resultant component that is the vector

sum of the received fields, possibly causing fading of the resultant component.

Reflection, diffraction, and scattering of eectromagnetic waves around objects are the fundamental

causes of multipath. Reflection of a radio wave occurs for wave fronts which encounter large

(reltive to wavelength) impeding physica objects. Diffraction occurs when the eectromagnetic

waves encounter large, sharp irregularities of an object, such as edges or vertices of boundary

surfaces [1]. Scattering occurs when dectromagnetic fields propagate through a region of space
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where a high dendty of smdl objects exist or where smdl physicd bodies protrude from a large
body, such as dong arough wal [2] or through dense cluitter.

The distance between a transmitter antenna and a receiver antenna aong a specific path determines
the absolute propagation time for that path. If multiple paths exis, rddive propagation time is
defined to be the time difference between a multipath component and a reference component, such
as the LOS component or the first arriving component. The digtinction between absolute and
relative propagation time is made because the quality of a typica digitd radio link is more affected
by the time digpersion caused by large differencesin rdative time of arrival of multipath components
a the recaiver. For high data rate communication systems, relative propagation time (referred to as
relative delay or excess delay) can be a sgnificant factor in predicting the performance of the
system.

2.2 Overview of Wideband Multipath M easurement Systems

Wideband multipath measurement systems provide an estimate of impulse responses [34] for
measured radio channels. Large sets of wideband measurement data are processed to characterize
radio channds usng parameters which provide a satisticd measure of multipath in an environment.
Three practicd techniques for measuring the impulse response of a radio channd are direct pulse
sounding, frequency domain measurement, and diding corrdation [2]. A decription and the

tradeoffs of each of these types of measurement systems are presented here.

The direct pulse messurement system uses the channd sounding technique of transmitting through
the radio channel a snusoid gated by a very narrow pulse. This system operates Smilar to a high-
resolution bigtatic pulse radar system [6]. A block diagram d adirect pulse system is shown in
Figure 2.2-1 and Figure 2.2-2.



Pulse Generator

Pulse Width =t

f

C

Signa Generator

Figure 2.2-1. The direct pulse measurement system transmitter modulates a
snusoidd carrier with a narrow pulse to produce the sounding signd. The sounding
sggnd isamplified and transmitted through the channd using an antenna

BPF I Detector
BW=2/t BW>2/t
f0: fC f0: fC
Oscilloscope

GPIB
BW>2/t

Figure 2.2-2. The direct pulse measurement system receiver requires a wideband
filter a the RF front end to attenuate out-of-band interferers. The output of the
detector is digplayed on the oscilloscope screen.

The pulse measurement system gpproximeates the process of sending a true impulse (ddta function)

through the channd in order to determine the impulse reponse. This process is commonly referred
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to as channd sounding. At the tranamitter, the pulse generator modulates asinusoidd carrier with a
train of pulses of width t, and the modulated signd is amplified and transmitted through the channel.
Figure 2.2-3 shows the wideband spectrum produced at the transmitter. The transmitted signd, or
sounding sgnd, has anull-to-null bandwidth of 2/t .
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Figure 2.2-3. Shown is the power spectra dengty of pulse measurement system
sounding Sgnd usng a 100 ns pulse to modulating 915 MHz continuous wave
carier.

At the receiver, a bandpass filter centered at the carrier frequency with a bandwidth 2/t rejects out-
of-band ggnds. The received signa is amplified, power detected, and displayed on an
oscilloscope. Shown on the oscilloscope is a power versus time plot of the channd response to the
sounding sgnd.  This response is used to agpproximate the channd impulse response for
communication systems using a bandwidth narrower than the bandwidth of the sounding sgnd used

to measure the channd.

One advantage of the pulse system is its relaive amplicity. Implementation of the system requires

only common RF laboratory equipment and components. A second advantage of the system is its

ability to produce true snapshots of the multipath components in the channd. That is, aslong asthe
11



channd remains invariant over the period beginning when the sounding Signd leaves the transmitter
and ending when the last multipath component arrives at the receiver, then channd measurements
represent the channd at any single ingant in time within that period. The primary disadvantage of
the pulse system is the requirement of a wideband front end filter a the recaiver. The wide
bandwidth of the RF front end causes a high noise power & the detector, inhibiting the ability of the
receiver to detect low level multipath components. Performing high resolution measurements
becomes increasingly difficult when using pulses much shorter than 1 s because of the large
bandwidth required [5]. This type of measurement system was used to measure multipath delay
datigticsin [3] and [4].

A swept frequency measurement system, illustrated in Figure 2.2-4, measures the impul se response
of aradio channd as if the channd were alossy RF filter. Using an instrument such as a network
andyzer, the siwept frequency system measures the Sy, s-parameter over a given frequency range.
Performing an inverse discrete Fourier transform on the measured complex response produces the

time domain impulse response of the radio channel.

TX Antenna RX Antenna

Network
Anayzer
Port 1 Port 2

Figure 2.2-4. The basic frequency swept measuremert system can be constructed
using a network analyzer to measure the channd impulse response. The channdl is
measured in the same way an RF filter is measured.

This technique produces accurate amplitude and phase information about the radio channd, but

suffers from limitations which prohibit use for practica channd measurements. For example, if a

network analyzer is used, the tranamitter and receiver antennas must both be connected to a single

indrument by cables, making long distance or mohile channel measurements impracticable. Also,
12



performing impulse response measurements for time varying channels is difficult if the frequency
sweep period of the measurement system is long compared to the changes in the channd, such as
variations caused by movement of objects in the propagation environment. If the frequency domain
is swept too dowly, true snapshots of the channd will not be obtained. Rather, the frequency
components at the end of the sweep will correspond to a channd different from that which existed
at the beginning of the sweep.

The diding corrdaor measurement system is a channe sounding system which uses direct- sequence
goread spectrum (DS-SS) techniques to measure and record the impulse response of a radio
channd. Ingtead of tranamitting an RF pulse as with the pulse measurement system, typica diding
corrdlaor trangmitters continuoudy emit a continuous wave (CW) carier modulated by a
pseudorandom sequence. At the receiver, propagation delays of the sounding signal due to
multipath are detected by correlating the received signa with a copy of the transmitted signd. The
absolute and relative strengths of individua multipath components are dso determined using the

correlation process.

The diding corrdator inherits many of the advantages of spread spectrum communications systems.
Regection of in-band interferers and processng gain are redized in the correaion process. The
diding corrdator system dilates the time scde of the channd responses at the receiver, making
acquisition of accurate impulse response data eader. Time scale dilation at the receiver does,
however, make it difficult to record snapshots of rapidly time-varying channds. However, aswill be
shown, the time scaling parameter can be set to a value appropriate for the expected time varying
nature of the channd, and in many cases profiles which are equivaent to sngpshots of the channd
can be obtained.

2.3 Sliding Correlator Theory

The diding corrdator measurement technique, sometimes cdled the swept time-delay cross-
corrdation (STDCC) method [11], has been a popular method employed to study multipath
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characterigtics of radio channels. Cox [5] developed one of the earlier systems to study Doppler
characterigtics of multipath in suburban environments. Devadrvatham used the same technique to
study multipath characteristicsin both indoor [7] and outdoor [15] radio channels.

Siding corrdator systems used by researchers for multipath messurements varied dightly in
implementation, but dl systems shared the basic building blocks of a spread spectrum system, used
the same parameters for system configuration, and generdly produced the same type of channe
impulse response data.  Figures 2.3-1 and 2.3-2 illudrate the generd form of the diding correlator

from which past and current systems were derived.

C

f I

Signa Generator

PN Sequence
Generator

Chip Rate= R=a

Figure 2.3-1. The generd form of the diding corrdaor messurement system
transmitter consists of a PN sequence generator which is used to modulate a CW
ggnd produced by a sgnd generator. The moduated sgnd is amplified and
trangmitted through the channdl.

The sgnal generator at the transmitter produces a CW carrier sgnd at a frequency in the center of
the band to be measured. The carrier is modulated with a pseudonoise sequence (PN sequence or
pseudorandom binary sequence) of length | and chip rate R.. The chip rate R; is determined by the
transmitter chip clock, a second sgna generator in the measurement systlem. The modulated sgndl
is amplified and trangmitted through the radio channd using an antenna gppropriate for the center
frequency and bandwidth of the sounding sgnd.
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f=f. f=1.
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PN Sequence
Generator GPIB

Figure 2.3-2. The generd form of the diding corrdator measurement system
receiver uses a mixer and a narrowband bandpass filter to correlate the received
signa with a copy of the PN sequence produced at the tranamitter.

The name "pseudonoise sequence” derives from the fact that many datistical characteristics, most
importantly the autocorrelaion function of the sequence, resemble those of random binary
sequences [8].  True random binary sequences consst of datigticaly independent bits, each
occurring in the sequence with probability one-haf. Despite their many random:like characterigtics,

however, PN sequences are deterministic and periodic [9].

The noise-like characteristics PN sequences are of interest because of the theoretica ability to
determine the impulse response of aradio channd using white noise. If n(t) is defined as the input
to an unknown channd, and w(t) is the output of the channd, then impulse response of the channel
can be determined by cross-corrdating the output sgna w(t) with a delayed verson of the input
noise 9gnd n(t-t), where t isthe time dday. The autocorrdation function of white noise is an

impulse function [12], given by

R/(t)=E[nt)n*(t-t)] =s () (2.3-1)
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where s is the noise power spectral density. If the noise signa n(t) is the input to a channd with
impulse response h(t), then the channd output is the convolution of the noise signal and the channd

response,
w(t) = chx)n(t - x)dx (2.3-2)
The cross-corrdation of the output sgna with the input sgnd, ddayed by t, is[11]
E[w(t)n* t- t)] = E[(‘jﬁ(x)n(t X)n*(t-t )dx]
= h)E[n(t - x)n* (t - t)]dx (2.3-3)
If X is defined as
X=t-X (2.3-4)
then the expected value in (2.3-3) can be written as

E[n(t - X)n*(t - t)] = E[n(x)n*(x- (t - X))]
=R, - x) (2.3-5)

Therefore, the cross-correlation given by (2.3-3) can be expressed as
GVX)R, (t - x)dx (2.3-6)
Findly, usng (2.3-1) and (2.3-6) yields

Q)R (t - x)dx =s *cp(x)d(t - x)dx
=s *h(t) (2.3-7)

Dividing by the noise power spectrd dengity constant and performing the cross-correlation over a
range of delay t provides the impulse response of the radio channd h(t). Hence, the cross-
correlaion property of white noise is what alows the impulse response h(t) to be determined.
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Generating white noise and uging it for channe sounding is impractica; however, the underlying
theory of usng the correation property of white noise to measure channds is redizable if a
pseudonoise signa with asimilar correlaion property is used instead of true white noise.

Pseudonoise sequences can be generated in hardware using a feedback shift register. An example
of such aregiger isshown in Figure 2.3-3. Each stage of the shift register contains one binary bit of
the register, and each bit except the one in stage m shifts to the following stage (n+1) with each
clock pulse. The bit in slage m of the shift register is the output of the PN sequence generator, and
corresponds to one chip of the PN sequence. The c coefficients assume a value of ether zero or
one, and determine whether or not a stage is included in the summation. The summation performed
is modulo 2 addition, and the result of the summation becomes the stage-1 bit with each clock
pulse. Theblock diagram in Figure 2.3-3 can be expressed as

Sn = Con 1Sn-1A Cin- 2S1- lAACOSn m (2-3'8)

where m isthe number of stagesin the shift register and S, isthe output of the sequence generator at
clock cyclen.

m-Stage Shift Register

PN Sequence
1 2 3 4 m —> Output

(Modulo 2)

Figure 2.3-3. A linear feedback shift register is used to produce PN sequences for
the diding correlator measurement system.

The sequence produced by the generator modeled by equation (2.3-8) will be a maximd length

sequence if
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P.(X)=X"+¢,  X™ +-+c X +¢ (239

is a primitive polynomia of degree m, where the c coefficients in equation (2.3-9) correspond to
those in equation (2.3-8). If the sequence is of maximd length, then the autocorre ation function of
the PN sequenceisthat shown in Figure 2.3-4, which is produced by evauating

R, (k) :%é " Y(Y(n-k) , N=2"-1 (2.3-10)

where Y(n) represents samples of the PN sequence. Note that the autocorrdation function shown
in Figure 2.3-4 is smilar to the autocorrdation function of a random binary sequence shown in
Figure 2.3-5 [9]. Also, note that the autocorrelation function produced by the PN sequence is
periodic with period 2™ 1 chips.

Ry (k)
/N
} A | AN
. 7/ VA S WA Wi
Pl I e >
2"- 1 2 chips om_ 1
chips

Figure 2.3-4. The autocorrdation function of a PN sequence is the key to usng
the diding corrdator system for measuring the multipath structure of radio channds.

R(K)
1

-1 1

Figure 2.3-5. The autocorrelation of random binary sequence is not periodic like
the autocorreation of the PN sequence. The binary bits are assgned vaues of
ether-1or 1.
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A CW carrier modulated by a maxima length PN sequence will produce a transmitter output signd
that has a power spectrum envelope given by
2

s9n( f - )T, U

gan(f - foT i 2.3-11)

e (f - fc)Tc
where f. is the frequency of the CW carrier and T is the period of atransmitter PN chip [10]. This
gpectrum envelope is recognized as a sinc function, and has the form of the Fourier transform of a
CW carrier modulated by an RF pulse of duration T.. The null-to-null bandwidth of the spectrum
envelopeistwicethe chip rate, or

B, = 2R (2.3-12)

C

The receiver shown in Figure 2.3- 2 recaives the sounding signd and performs the corrdation using a
PN sequence generator, a mixer (multiplier), and a narrowband filter (integrator). The output of the
narrowband filter is detected and displayed on an oscilloscope.

The sequence produced by the receiver PN sequence generator is clocked a a dightly dower rate
compared to the rate of the transmitter PN clock. Thus, the receiver PN sequence as a whole
appears to “dide’ across the transmitter PN sequence, and hence the name “diding correlator”.
Although the PN sequence produced at the receiver is clocked at a dightly dower rate than the
transmitted PN sequence, the receiver and transmitter PN sequences themsdves are exactly the
same. Therefore, a cross-corrdation of the transmitter and receiver PN sequences produces the

autocorrdation function shown in Figure 2.3-4.

To undergtand how the diding corrdator functions, first assume that the sounding sgnd is not
corrupted by multipath when received a the receiver.  When the transmitter and receiver PN
sequences are maximaly aigned, the corrdaion is a a maximum and a voltage peak is produced at
the output of the detector. When the sequences are not adigned, the corrdation of the two
sequences is a a minimum and the output voltage of the detector is very low compared to the pesk
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voltage produced during dignment. In this way, the receiver produces an estimate of the cross-

correlation function between the received PN sequence and the receiver PN sequence.

If the received sgnd is corrupted by multipath, then a delayed and attenuated version of the
transmitted signal will exist for each physica propagation path. Then as the receiver PN sequence
dides past the recelved sSgnd, correlation peaks appear a the output of the detector as the recelver
seguence digns with each of the incoming multipath sgnas.  The voltage waveform at the output of
the detector represents the power delay profile of the channd.

The power delay profile is an estimate of the impulse response of a radio channd. If R(t) isthe
autocorrelation function of the PN sequence, voltage a the output of the detector (see Figure 2.3
2), which represents the power delay profile, is proportiond to

IR(t) A h(t)|* (2.3-13)

where h(t) is the impulse response of the radio channd and A represents the convolution
operation. The power delay profile can dso be thought of as the response of the radio channd to a

triangular pulse (see[9]).

Severd parameters affect the cgpabilities and performance of the diding correlator measurement
system (see [2]). The values to which these parameters are set depend upon the radio channel
being tested and the requirements for the channe measurement data.  Definitions of these
parameters are shown in Table 2.3-1.

Table 2.3-1. Siding Corrdator Parameters.

Parameter Symbol
Multipaeth Delay Resolution Dt
RF Bandwidth Brr
Sequence length I
PN Sequence Period Ten
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Slp Rate fslip

Slide Factor g
Baseband Bandwidth Boo

Multipath delay resolution, or smply resolution of the measurement system, is defined to be the
minimum relaive deay between two multipath components such that the components can be
completely resolved in the power delay profile. The resolution of the system is determined by the
tranamitter chip rate, and is given by

Dt =— (2.3-14)

Since the base of the corrdation peak shown in Figure 2.3-4 is 2 chips (2T=2/R;), multipath
components separated by Dt are guaranteed to have no overlap in the power delay profile.

The RF bandwidth has dso been shown to be related to the chip rate R. in equation (2.3-12). In
order to perform high-resolution measurements with a diding correlator system, a large bandwidth
must be used. PN sequence generator hardware speed limitations, practical RF filter design issues,
and lega transmisson bandwidth restrictions (FCC regulations) set the upper bound for RF
bandwidth, and therefore place alimit on the best multipath resolution capability.

If the PN sequence is generated by a linear feedback shift register as shown in Figure 2.3-3, then
the number of Stages in the shift register determines the number of chips in one period of the
sequence, |. Given atranamitter chip rate R,, the period of the PN sequence Tpy is determined by

Ty =—=1IT, (2.3-15)

where T, is the duraion of a chip. The period Tpy has a direct rdationship to the maximum
unambiguous range of the systlem, which is given by
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Ic
D, =CTpy = ﬁ =IT.c (2.3-16)

where c is the speed of light, or more accuratdly, the speed of propagation of the sounding signa
through the environment. The maximum unambiguous range is the maximum dlowable difference,
for satisfactory performance, between the length of the physicd path of the firs ariving sgnd
component appearing & the recaiver and length of the physica peth of the last arriving multipath
component gppearing at the recaiver. Physicad paths which have larger length differences and which
produce sgnificant correlation pesks in the power dday profile will cause ambiguities in the

messured impulse response.

The dip rate fqip is the difference between the transmitter and receiver PN chip clocks, and is

expressed as
fgo=a-Db (2.3-17)

The dip rate leads to the definition of the dide factor g, which provides the horizonta axistime scde
for the power delay profiles. The dide factor g, defined as

(2.3-18)
dip
relates actua propagation time to measurement doservetion time. The dide factor is the retio of
observed time to actual propagation time, and actud propagation time can be caculated from

measurement data by

t
tactual = obsgved (23—19)

This apparent dilation of time causes, for example, adday of 100 nsto appear as 1 mswhen adide
factor of 10000 is used for the measurement system.
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The baseband bandwidth of the channd sounder is equa to the dip rate fqip [2]. If detection is
performed at the carrier frequency (or possibly a an intermediate frequency), then the bandwidth of
the narrowband filter used for correlation must be twice the dip rate, or

Be = 2fg, = 2@ - b) (2.3-20)

Assuming an additive white Gaussian noise (AWGN) noise mode at the receiver, the noise power
a the detector is equa to the noise power spectra dendty integrated over the passhand
characterigtic of the narrowband filter. The demodulation of awideband signd using a narrowband
filter provides an improved sgnd to noise raio versus sysems which use wideband filters

throughout the receiver chain (e.g., RF pulse measurement system).

The minimum power required in order to detect a multipath component, relative to the power of the
drongest Sgna component in a power delay profile, is determined by the length of the PN
sequence. For a PN sequence with the n™ chip of | chips represented by

X(n) =(-1)% (2.3-21)
where S, 1 {0,1} and S, defines avalid I-chip PN sequence, then the autocorrelation function R(k)

is

R(K) =

T8 XX (- K

:T for nt k,

[

=1 for n=Kk (2.3-22)

where | is number of chips in the PN sequence. The non-zero vadue when nt k places a
theoretica bound on the minimum detectable multipath componert. This bound sets the theoretical
dynamic range of the system, defined to be the ratio of the power level of the strongest received
multipath component to the smallest discernible multipath component. Using equation (2.3-22), the
dynamic range ratio is calculated as 1%/(- 1/I)* which can be expressed as 10log,,(1?) dB.
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Each of the described parameters is important to the performance of the diding correlator
measurement system. A discussion on assigning values to these parameters for successful wideband

measurements is presented in Chapter 3.

2.4 Implementation of a Sliding Correlator M easurement System

Actua implementations of the basic diding corrdaor sysem shown in Figure 2.3-1 and Figure 2.3-
2 require additional hardware for triggering and data acquidtion in the baseband section of the
recaiver, and require filtering and amplification in the RF sections of the transmitter and receiver.
Shown in Figure 2.4-1 and Figure 2.4-2 are the block diagrams of the diding corrdator transmitter
and receiver used for this research. The diagrams show the system as implemented at Virginia

Tech, evolving over severa years of research to achieve new frequency bands and essier

measurements.
Mini Circuits Mini Circuits | /4 Monopole
ZHL 4240
ZEM 40 dB Gain @ 915 MHz
915 MHz 4300 P, —128dBm
HP 8630A CW L R | 1dB
Synthesized ( g) |
Sweeper |
Ref A a =10n Mchip/s
In 10 MHz TX PN Sequence
Ref Out Generator
Efratom
LCRO
Rubidium 10n MHz
Oscillator
Frequency
y»| Multiplier
Xxn
ni {12519

Figure 2.4-1. This implementation of a diding correlator measurement system
trangmitter is configured to measure the impulse response of radio channels in the
915 MHz ISM band (see [19]).
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The system as shown is configured for multipath measurements in the 915 MHz ISM (Indudtrid,
Scientific, and Medicd) band. The transmitter uses a sgnd generator to produce a sSnusoida

carrier a the center frequency f, of the radio channd band. Using a balanced mixer, the carrier is
bi- phase modulated by a PN sequence of chip length | and clocked at transmitter chipratea. The
PN sequence clock rate is adjusted using the frequency multiplier, which multiplies the 10 MHz
reference frequency of the sgnd generator to obtain the desired frequency. The modulated carrier
(sounding signd) at the output of the mixer is amplified and transmitted through the channd.

| /4 Monopole Mini Circuits
@ 915 MHz ZHL 4240
40 dB Gain
0-70dB Pge=+28dBm
W 5 Pole 5Pole| | [
BPF BPF | |
ZEM fo=915 MHz
4300 RF Span=0 Hz Ch
W TEK 2782 ¥ Tek 11402 | 7B e
Spectrum Analyzer | V Oscilloscope
I Out ch A
L1 Ref
RX PN Sequence |2 MH2 [ Flukesos2a |« '™ [ Efratom
Generator Signal Generator LCRO
OMHZ | o
Ref
«—| TX PN Sequence 410n MHz | Frequency Out
Generator < Multiplier
a =10n Mchip/s xn
LpF ni {12,510
Trigger

Figure 2.4-2. This implementation of a diding corrdator measurement system
recalver is configured to measure the impulse response of radio channdsin the 915
MHz ISM band (see[19]).

The receiver filters the sgna from the antenna using a bandpass filter centered a f,, and amplifies
the sgnd using amplifiers with a flat passband across the received signd frequency band. The
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cross-correlation of the received sgna, which is typicaly corrupted by multipath, with a copy of the
uncorrupted transmitted sounding signd is performed using the mixer and spectrum andyzer. The
cross-correlation is produced by mixing the received sgnd with a PN sequence identica to thet at
the transmitter, but clocked at a dightly dower rate. This dower PN sequence is produced by the
“RX PN” sequence generator. The cross-correation process is completed by bandpass filtering the
output of the mixer with the spectrum andyzer using a resolution bandwidth equa to the correlation
bandwidth and set a zero span. The vertica deflection of the spectrum andyzer display is shown
on the oscilloscope and acquired via a GPIB bus usng a PC. Table 2.4-1 shows the typicd

specifications of the system when used to sound radio channels in the 915 MHz band.

Table 2.4-1. Siding Correlator Parameters (see [19]).

Parameter Symbol Vdue
Trangmitter Chip Rate a 10.00 MHz
Receiver Chip Rate b 9.990 MHz
Multipath Delay Resolution Dt 200 ns

RF Bandwidth Brr 20 MHz
Sequence length L 2047 chips
PN Sequence Period Ten 204.7 ns
Sip Rete fsip 10 kHz
Slide Factor g 1000
Baseband Bandwidth Buoo 20 kHz
Theoretica Dynamic Range M 66 dB

The spectrum of the transmitter output is shown in Figure 2.4-3. During acquisition of this output
gpectrum, the trangmitter chip rate R, was 10 MHz and the CW carrier frequency was 915 MHz.

The envelope of the power spectrum shown in Figure 2.4- 3 agrees with that expressed by equation
(2.3-11). The null-to-null bandwidth of the spectrum is 20 MHz, and nulls occur at integer multiples
of 10 MHz on ether sde of the carrier frequency.

26



The choice of antennas used for the both the transmitter and recelver depends upon the band being
sounded.  Generdly, wideband omnidirectional antennas such as biconica antennas are used for
high resolution, wide bandwidth, generd propagation survey measurements.  Resonant
omnidirectiond antennas such as| /4 monopoles may be used when the bandwidth of the transmitter
output is avery smdl percentage of the center frequency of the band. Some speciaized wideband
measurements, such as direction-of-arriva (DOA) measurements where an angular sweep is
performed, use a highly directiond antenna at the recelver to resolve not only the delay of multipath
components, but the angular spread of componentsin the received Sgndl.

Tiniz
Ref Lvi -10,0dBm ledB/ Atten 20dB

(Tranami tter :0.1
Re = 10 Mz

1

Freq 915.00MH:z Span SOMHz
ResBW J0kHz VidBW 10kHz SWP S00mS

[RESBW| [SWEEP] Ref Lvi -10.0dBm

Figure 2.4-3. The spectrum of the sgnd a the output of the diding correlator
trangmitter has a null-to-null bandwidth of 20 MHz when using a chip rate of 10
MHz.

The second PN sequence generator, labeled “TX PN”, is used in this system to produce a time
reference for triggering the oscilloscope.  This PN sequence is aso identicd to the other two
sequences in the system. Not only is this third PN sequence clocked at the same rate as the PN
sequence a the tranamitter, but it is adso synchronized with the transmitter PN sequence. The

transmitter PN sequence clock and the clock for the “TX PN” sequence generator at the receiver

27



are hed in sync by the rubidium ostillators. These oscillators, dthough a secondary frequency
standard, ae a highly stable source compared to the internd reference ostillators in the signa

generators.

Before measurements are performed using this diding corrdator system, the two “TX PN”
sequence generators are synchronized by starting both shift registersin the PN sequence generators
a an initid date of S=5,1=...=5,11=1 (shift register stages equal to ‘11111111111'). At the
receiver, the “RX PN” sequence (the dow sequence) and the “TX PN” sequence are correlated
using amixer and lowpassfilter. The correlation peak produced when the sequences align serves as
a time-zero reference, and corresponds to zero propagation time between the transmitter and
receiver. Therefore, the absolute propagation delay of multipath components can be determined.
Absolute dday information is useful for determining round-trip propagetion delay for systemswhich
require handshaking between the transmitter and receiver, and is dso useful for estimating

transmitter-recaiver (T-R) separation when analyzing measurement data.

A sample power dday profile is shown in Figure 2.4-4. For this profile, the vertica axisis a power
ratio expressed in decibels (dB) and is used to relate the strength of multipath sgnal components to
the strength of the strongest multipath componert. The horizontd axis is absolute propagation time;
using propagation time relative to the firg arriving sgnd component is dso common. The large
correlation peek following the firg-arriving signd is caused by multipath. The low-level pesks 20
dB below the peak sgnd are caused by noise, and are not considered in the andysis of multipath in
the profile.

Care mugt be taken when interpreting the strength of individua multipath components on the power
delay profile. The strength of each component shown on the profile is actudly only vaid when the
sequence for that component is maximaly aigned with the diding sequence a the receiver. That is,
the srength of a component must be determined from its pesk vaue in the profile. If the
measurement system is cdibrated such that the absolute power of one of the sgnd components is
known, then the vertica axis of the profile may be expressed in dBm (or any other absolute power
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unit). The absolute power for a component dso must be determined from the peak value of the

component.

Power Delay Profile
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Figure 2.4-4. This power delay profile contains a line-of-sight component a 295
ns and one multipath component a 460 ns. The drength of the multipath
component is gpproximately 8 dB bdow the drength of the line-of-gght
component.

2.5 Analysis of Impulse Response Data

Two mgor motivations for performing wideband measurements are propagetion surveys for the
purpose of radio sysem development and deployment, and mode vaidation for propagation
prediction tools. Radio sysem deveopment and deployment requires datistical andyss of
propagation characteridtics that affect sysem performance. Typicaly, a suite of measurements
needs to be performed in the environment in which the radio system is to be deployed, and
parameters need to be computed which quantitatively summarize the massive amount of recorded
measurement data in order to specify the radio sysem. One example of such measurement
campagns is decribed in [15], during which channd impulse response measurements were
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performed for the initia development of wireless local loop sysem. Statistical quantities derived
from wideband measurements in [3] were computed to assst in the deployment of GSM base

dations.

Vadidation of radio wave propagation prediction tools regquire meassurements for comparison to
predicted results. For example, wideband measurements in [13] were used to compare measured

power delay profiles to impulse responses predicted by tree-dimengond ray tracing.

Although propagation surveys for system deployment and measurements for modd vadidation are
often not mutudly exclusive, they may require different forms of measurement data results.  For
instance, a ray tracing prediction tool may produce as an output an impulse response, showing
individua received multipath components. In this case, it may be dedrable to compare each
predicted multipath component with measured components, and raw power delay profiles can be
used for this comparison. Propagation surveys, however, require processing and andysis of the raw
profiles to form parameters which datisticaly quantify propagation over regions, rather than over
individua loca point-to-point links.

The power of a multipath component can be determined from the peak vaue of the corrdation peak
corresponding to that multipath component in the power dday profile. In fact, the total received
power, which contains contributions from al multipath components, can be determined for a
particular profile. The total received signd of aradio channd in [5] was quantified by defining the

average power transmission factor,
3
L=La P(t,) (2.5-1)
k=1

where L represents the sum of power delay profile samples at dl delays ti. If L, isdetermined by
cdibration of the measurements system, then thisis ameasure of absolute sgnd strength.

Anaysis of measurement data in [14] demongrated not only the method of computing absolute
wideband power, but also showed in the following way that average wideband power and average
CW power are equivalent under certain conditions. |If multipath components arrive &t the receiver
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with red amplitude (not power) a; and phase q;, then the average received wideband power
Ea.o[Pw] is defined as the expected vaue of the sum of the individua multipath powers

E.a[R)= %,qgé} . exp(jqi)|2§= da’ (252)

For CW measurements performed over a local area, the average received power E, ([Pa] isthe
expected vaue of the square of the sum of the sgnds at the receiver

2

an[P(.w] = Ea,q gé ai eXp(Jql) é

= é. a_i2 + Zéi éirij (:os(qi - qj) (2.5-3)
where rj; is the corrdation coefficient of the amplitudes of multipath component i and multipath
component j. If the phases are identicaly and independently uniform distributed (iid uniform), then
the cos( ) factor is zero, and the average received power given by equations (2.5-2) and (2.5-3)
become equal. The iid uniform assumption is reasonable since the differences in distances traversed
by each multipath component are usualy many wavelengths, and each multipath component islikely
to arrive with arbitrary phase [16].

Equation 25-2 is usad for caculating receved power from discrete multipath components.
Because multipath components in a power delay profile exist as corrdation pesks with finite width,
amethod must be used which compensatesfor the shape of the multipath componentsin the power
delay profile, and which does not assume an infinitely narrow impulse for each component.

Using cdibration profiles created with the measurement system transmitter and receiver connected
end-to-end, each calibration profile can be mapped to the known power at the input to the receiver
used during acquidtion of the cdibration profile. If a cdibration profile is produced with receiver
input power Py, then the received power P, associated with an arbitrary power delay profile
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(recorded using the same diding corrdator system parameters that were used to record the

cdibration profile) can be expressed as

a p (K)ot
k

P=P,3 (2.5-4)
a pcal(k)Dt cal

k

where pr(K) is the vaue of the received power delay profile a sample K, pea(K) is the vaue of the
cdibration power delay profile a sample k, and Dt, and Dt are the time differences between
samples of the recalved profile and calibration profile, respectively. The expression in (2.5-4) has
the effect of normaizing the recelved profile to the area of a Sgnd component recorded during
cdibration, and relating the ratio of areas under profiles to the ratio of received power in the
profiles.  Using this technique, the received power associated with any individua power delay

profiles can be determined aslong as an accurate cdibration profile is available.

When characterizing path loss in a region for ether indoor or outdoor radio channels, the log
distance path loss modd is a common method of modding path loss as a function of distance

between atransmitter and receiver. Thismodel is described by

Ul

_ S aad o
Le(d) = Lp(do)gOI .

(25-5)
which may be expressed logarithmicaly as

— — eed 0

L.(d) = Lo(d,) +10n|0910m [dB] (2.5-6)

where L_p(d) is average path loss at distance d, L_p(do) is the path loss at some close-in reference

distance d,, and n is the path loss exponent which describes the trend of path loss over distance.
(Path loss units are absolute power in (2.5-5) and dB unitsin (2.5-6)). For free-space propagation,
power fdls off with the square of distance, implying n=2. Path loss exponents in rea propageation

environments increase depending upon obdgructions in the environment, such as terrain, buildings,
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foliage, or wals. The path loss exponent also increases when the transmitter and receiver are
separated far enough such that the ground exigts in the first Fresnd zone (see [2]); beyond this T-R
separation, power theoreticdly falswith n=4 for CW measurements.

The path loss exponent for a specific environment is experimentaly determined using messurements.
A large number of received power measurements are recorded throughout the environment at
distances greater than the close-in reference distance d,. Beyond reference distance d,, a best-fit
path loss exponent n is determined from the path loss data. Multiple path loss exponents can aso
be used to describe path loss by defining severa distance “breakpoints’ and caculating the best-fit
exponent which describes the path loss trend between each pair of breakpoints.

Cdculation of apath loss exponent does not require wideband measurements. A CW measurement
system may be used to determine n by recording loca average received power a many locationsin
the environment. However, time dispersion parameters (e.g., delay spread) cannot be caculated
usng CW measurements, and a wideband system must be used. Additiondly, wideband systems
may be used to determine the path loss exponent equivdent to that caculated usng CW
measurements. The reason for thisis that received power caculated from a power delay profile and
local average received power are equivalent if the phases of the received multipath component are

iid, as previoudy shown.

The relaive propagation delay multipath components causes time dispersion in the radio channd,
resulting in a frequency sdective fading. Frequency sdective fading results in sgnd attenuation
which is nat only a function of time, but aso varies with frequency and adversaly affects wideband
radio Sgnds. Time disperson and frequency selective fading cause intersymbol interference (1) in
digitad communication systems, resulting in an upper bound on symbol rate and an irreducible bit
error rate (BER) floor [17].

Time disperson caused by multipath is commonly quantified by two datisticad moments [2], [11]:
mean delay and RMS delay spread. Mean dday is the firs moment of the power delay profile,
given by

33



G P(t)dt

‘o OP(t )dt

(2.5-7)
where P(t) is the power ddlay profile (units of the ordinate are absolute power, not in dB). RMS
delay spread is the square root of the second central moment of the power delay profile, given by

s, =4/t%- (1) (2.5-8)

where

—  AV2P(t)dt
tzzo‘# (2.5-9)
(P(t)dt

For several modulation types, such as BPSK, QPSK, OQPSK, and MSK, average irreducible bit
error rates have been shown to become larger than 10° when RMS delay spread exceeds 10% of
the symbol period and equdization isnot used [17]. Therefore, as agenerd rule, the maximum data
rate for acceptable BER performance is limited to 0.1/s; when using a receiver which does not
employ an equalizer to combat the effects of frequency selective fading.

Another measure of time disperson is maximum excess delay, sometimes cdled the dday intervd,
defined to be the difference in time delay points where the power delay profile rises above threshold
P, for the firg time and fals below threshold P, for the last time. The threshold P, is set rdletive to
the maximum vaue of the power delay profile; for example, the threshold may be set 10 dB below
the largest pesk to find the duration of time over which the received power shown in the power
delay profile rises to within 10 dB of the pesk power. If t; isthe time a which the power rises
above the threshold, and t ; isthe time that the power fals below the threshold for the last time (see
Figure 2.5-1), then the ddlay intervd is

I, =t,-t, (2.5-10)
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The delay window W is aso a measure of time disperson and can be calculated directly from
power delay profiles[11]. The delay window isthe duration of the profile which contains % of the
totd energy in the profile. Thewindow is defined to be

W, =(t, - t,) (2.5-11)

wheret 4 and t, are determined by
ty q ts
APt )dt =— AP(t)dt 25-12
t9D( ) 10090( ) ( )

under the condition that the power contained in the region of the profile before the delay window is
equd to the power contained in the region of the profile following the delay window.

Peak Component Level

Fol) Delay Interval
= Threshold
8 ____________
Noise
Threshold

Figure 2.5-1. This drawing of a power dday profile defines the time dday and
threshold parameters used to calculate delay interval and delay window.

Each of the time disperson parameters mentioned in this section provide a measure of time

disperson in a radio channd and are parameters rdevant to design, but exactly how to use these
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parameters to accurately predict system performance is sill a topic of research and has been for
many years[11], [17].

2.6 Summary

Multipath is caused by reflection, diffraction, and scattering of eectromagnetic waves by objectsin
an environment. High datarates are adversdly affected by multipath by inducing frequency-selective
fading causing intersymbol interference and reducing the maximum symbol rate for a given error

rate.

The diding correlator measurement system is a Spread spectrum system which can be used to
measure impulse responses of radio channels. The output of a diding correlator measurement
sysem is a power delay profile, which shows the delay and power of individud multipah
components.  Using these profiles, path loss and time disperson parameters can be calculated
which characterize the propagation environment and can be used for wirdess system design.

Wideband measurement data is dso useful for validating propagation modeds such asray tracing.

A diding correator system has been implemented to sound channds up to 200 MHz wide. The
system is configurable to sound many RF bands, and measurement applications such as angle of

ariva measurements are dso possible.

The following chapters describe data processing and results for a wideband measurement study,
diding corrdator smulation for producing redistic power dday profiles, and post-processng

techniques for improved accuracy of measurement statistics.
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Chapter 3

A Propagation Time Delay and Path L oss Study

Accurate wideband propagation measurements provide the channd data needed to design a
digitd wirdess communication sysem. Measured channd impulse response data ads the
system designer in bulding smulations of the wirdess sysem, and time delay and path loss
datistics derived from wideband propagation studies assist in predicting system performance
(eg., [17]). A high quaity messurement survey yields large amounts of well-documented data
which can be used for smulation of radio channds and vadidation of propagation modes for

present and future propagation research projects.

This chapter describes a wideband propagation study performed to characterize path loss and
time disperson for a digitd communication sysem within a rall yard. Presented fird is a
description of the measurement Stes that were chosen to represent redigtic Stuations for

propagation for an intra-yard communication sysem. A description of the physica layout of the
measurement area is given, aong with a description of the preliminary ste survey performed to
measure RF interference in the band of interest. Next, the on-Site measurements are presented,
including a detailed discussion on the cdibration of the diding corrdator measurement system.

Finaly, andyss of the channd impulse response data is described, and channd characterization
results for therail yard are presented.
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3.1 Measurement Plan and Site Survey

The objective of this measurement survey was to characterize a typica rail yard environment
with RMS delay spread and path loss parameters. The ste which was sdlected for
measurements was the Norfolk Southern yard in Roanoke, Virginia. This ral yard is busy
compared to other rail yards and is representative of most large yardsin the United States. The
rails at this yard panned as wide as 54 tracks, extending severa miles through the city of
Roanoke, and the tracks were surrounded by both industrial and rural areas. Over 100 trains
passed through esch day, an excdlent environment for performing measurements during varying

yard conditions.

Rall car tracking within this and many other yards is accomplished usng passve RF “tags’
mounted on the side of the rail cars [18]. The tags are read asthe cars passfixed points aong
the tracks in the yard. The disadvantage of this system is that rail cars must pass these fixed
pointsin order to be identified and tracked. Tags on stored carsin the yard, resting still on sde
tracks, can not be queried for identification. An upgraded sysem usng RF transponders
attached to the rail cars would alow cars to be queried anywhere within the yard. Current
voice communications within this and other rail yards is accomplished with FM transceivers

usng avery limited number of channels. This system aso had a strong potentia for upgrade.

The proposed band for a new radio communication system within the yard was the 902 MHz to
928 MHz ISM band. Unlicensed 1W spread spectrum transmitters can operate within this
band with certain redtrictions.  Propagation measurements were warranted because of the
unique environment, consisting of large highly reflective obstructions (rall cars and metd storage
buildings), some of which remained stationary and some of which moved throughout the Site.

The propagation study described here was designed to measure the variant nature of the rall
yard. Trains moving throughout the yard cause fluctuations in received power and variationsin
time dispersive properties. That is, while holding the transmitter and receiver locations constant,
the impulse response of the channd was expected to vary greatly due to the motion of the
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obstructions because of their sze and materid content (eg., meta raill car walls). Three

measurement stes were used to measure and datisticaly quantify these changes in the channdl.

Three measurements Sites were designated within the yard to represent three possible Stuations:
close-in track-to-track communications, pardld-track communications, and cross-track
communications. The measurement Sites were designated Site One, Site Two, and Site Three.
Site One was an area near the perimeter of the tracks near the area where rail cars entered the
yard (caled the recelving end). At this Site, aboxcar, a gondola car, and a caboose rested
gtationary on the tracks at an area of the yard which spanned 27 tracks wide and was active
with incoming trains. This Ste was used to measure dday soread for rdatively short radio links
using a tranamitter-receiver (T-R) separation of gpproximately 17 meters. Figure 3.1-1 shows

adiagram of the measurement sSte, and Figure 3.1-2 shows the rail cars a the Ste.

6' Chain Link Fence

. Transmit Tower Location
Gravel Road
Gondola Boxcar
1 2 1 2
6 3
4 3 5 4
Caboose
1
4
Eastbound 25 Adjacent Tracks l
<«

Figure 3.1-1. Measurement Site One was an area near the perimeter of therall
yard where threerail cars remained stationary on the tracks. This site was used
to measure RM S delay spread using relatively close-in measurements.

39



Figure 3.1-2. The receiver antenna was mounted at several locations on these
rail carsat Site One. The 25 adjacent tracks were active with trains.

The measurement system transmitter antenna was a | /4 monopole antenna mounted on a 6.1
meter tower a the location shown in Figure 3.1-1. The numbers shown in therail car diagrams
in Figure 3.1-1 desgnate receiver antenna locations. At the antenna locations aong the
perimeter of the rail car diagram, the receiver | /4 monopole antenna was magneticaly mounted
a four different pogitions on the rail car: 1) the top postion, where the antenna was mounted
verticaly on the rail car roof within three inches of the roof perimeter; 2) the top-side position,
where the antenna was mounted verticaly on the outside wall of the rall car, just under the roof
leve, usng a right-angle magnetic mount; 3) the side position, where the antenna was mounted
horizontaly on the rall car wall just under the roof level; and 4) the 6-foot position, where the
antennawas mounted verticdly on thewall of the rail car six feet above track level.

Site Two was an area extending from the rail cars used a Site One toward the west end of the
yard. Using a T-R separation of gpproximately 190 meters, measurements at this Ste were
performed to record channe impuse response data for a parale-track Site as trains moved
throughout the rail yard. The transmitter antenna was mounted on the 6.1 meter tower, and the

receiver antenna was positioned at points on the boxcar and caboose. Figure 3.1-3 illudtrates

40



the view from the top of the boxcar toward the diding corrdator transmitter at the recelving end
of theyard.

C S

b
.

Figure 3.1-3. The receiver antenna was mounted on top of this boxcar and the
adjacent caboose for Site Two measurements. The transmit antenna was
mounted on the tower 190 meters down-track from the receiver.

Site Three was aregion of the yard where tracks were closely spaced and train activity was the
bused. This Ste was sdected to measure power delay profiles for alink perpendicular to the
tracks and across the widest part of the train yard. The transmitter antenna was attached to the
6.1 meter tower and mounted on a hill on the north side of the rall yard. Rail cars on the south
sgde of the yard were used for receiver antenna locations, and the T-R separation was
approximately 230 meters. Figure 3.1-4 illustrates the view from the transmitter antenna toward

the recalver location.

In addition to surveying the physicd layout of the ral yard for measurement stes, the RF
gpectrum at the Site was measured.  Interfering narrowband signas within the passband of the
diding correlator receiver increase the noise levd in the power dday profile and reduce the
ability of the receiver to detect low level multipath sgnad components. A spectrum andyzer was
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used to measure the interference a the rall yard prior to performing measurements to insure that
no continuous narrowband interferers existed in the 902 MHz to 928 MHz band. The ability of
the front-end filter of the diding corrdator to attenuate the exigting out-of-band sgnas was dso

messured. Figure 3.1-5 shows the equipment used to measure the interference at the Site.

Figure 3.1-4. From thetop of the hill, the tranamitter antenna had a view of the
entire yard. This part of the yard was cluttered with active trains, meta and
brick buildings, and other heavy equipment.

A | /4 monopole was used as the receiving antenna, and two amplifiers provided atotal gain of
65 dB. Figure 3.1-6 shows the received spectrum as recorded by the spectrum analyzer. The
pectrum showss that strong interferers are present outside of the ISM band (902 MHz to 928
MHz). The narrowband signds above 928 MHz are likdly to be signas from a nearby paging
network, and sgnals below 894 MHz are most likely narrowband cdllular telephone signas.

Figure 3.1-7 shows the received spectrum with the measurement system front-end filter (see
Figure 2.4-2) inserted between the antenna and the first amplifier sage. This figure shows that
the interfering Sgnals are attenuated by more than 40 dB. The attenuation of the interferers by
the front-end filter in addition to the spreading gain of the diding corrdator resulted in
satisfactory noise levelsin the power delay profiles.
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Figure 3.1-5. Two RF amplifiers, a monopole antenna, and a spectrum
andyzer were used to measure sgnas which could interfere with the wideband
measurements.

Morfolk Southern Rail Yard
Roanoke VA 5-24-95

o Y o

Figure 3.1-6. The unfiltered receved sgnd shows srong narrowband
interferers @ the high end of the band. These interferers are likely to be sgnds
transmitted by a paging system.
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Figure 3.1-7. The filtered RF spectrum shows that the interferers have been
reduced to acceptable levels.

3.2 Calibration and M easurement Details

The implementation of the diding corrdator measurement system discussed in Chapter 2 was
used for the rall yard measurements. Table 3.2-1 shows the parameter settings for this
configuration of the sysem. A transmitter chip rate of 10 MHz produced a spectrum at the
output of the transmitter with a null-to-null bandwidth of 20 MHz, dightly less than the 26 MHz
bandwidth of the ISM band. By using a 10 MHz chip rate, multipath components could be
completely resolved when separated by more than 200 ns. A receiver chip rate of 9.99 MHz
was used to produce a dide factor of 1000, implying that 1 ns of propagation time delay
appeared as 1 ms of delay on the oscilloscope screen.

All of the results derived from wideband measurement data are highly dependent upon the

cdibration of the diding correlator measurement syssem. Changes in temperature, the use of

different cables, and even dow time variations within the equipment cause deviaions which
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affect the precison and accuracy of the measurement system. Periodic cdibration of the system

during a measurement survey corrects for this system drift.

Table 3.2-1. These diding correlator parameters were used to measure the
channdl impulse response data at the rail yard stes. The parameters are related
as described in Chapter 2.

Parameter Symbol Vdue
Trangamitter Chip Rate a 10.00 MHz
Recelver Chip Rate b 9.990 MHz
Multipath Delay Resolution Dt 200 ns

RF Bandwidth Brr 20 MHz
Sequence length I 2047 chips
PN Sequence Period Ten 204.7 s
Sip Rate faip 10 kHz
Slide Factor g 1000
Baseband Bandwidth Buo 20 kHz

Cdlibration of the diding correlator measurement system results in an accurate map of received
sgna component power to oscilloscope voltage.  Figure 3.2-1 illustraies a modd of the
messurement system receiver used to describe the cdibration procedure.  The spectrum
andyzer is modded as a narrowband filter followed by a power detector and a display which
plots power versus time with the spectrum analyzer set a zero span. The center frequency of
the narrowband filter is the center of the measurement band, and the bandwidth of the filter is
2fqip, St by the resolution bandwidith of the spectrum analyzer. The correlator block consists of

the mixer and the narrowband filter.
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Implemented by Spectrum Analyzer

-~ Spectrum | | vt )
e H Analyzer — Oscilloscope
Detector Display
Voea Piy

BPF

PN Clock é

Figure 3.2-1. This modd of the measurement system receiver is used to
describe the measurement system cadlibration procedure. The spectrum andyzer
is modded as a narrowband filter, a power detector, and a display. The
correlator is modeled as a mixer and narrowband filter.

The power dday profileis viewed on and acquired from an oscilloscope, which displays voltage
versus time on a linear scae. Note that the input voltage to the oscilloscope is the vertica

output of the spectrum andyzer, which is a voltage proportiona to the vertical deflection of the
trace shown on the spectrum andyzer display. Because the spectrum andyzer trace is
displayed on a logarithmic scae, the voltage shown on the oscilloscope is actualy proportiona

to the log of the power detected by the spectrum analyzer (Smilar to the relationship between
the input and output of a log amplifier). If V4(t) is the voltage at the oscilloscope input
corresponding to adelay t as shown in apower delay profile, and Pg(t) is the power displayed

on the spectrum analyzer screen, then
V,(t) 1 10log(P, (t)) (3.2-1)

A plot of the waveform V(t) versus t represents the power delay profile on the oscilloscope
screen. Equation (3.2-1) can be expressed as

V,(t) =V, +C:10log(P,(t)) (3.2-2)
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where V, is a voltage offset corresponding to an spectrum andyzer input of 0 dBm, and Cisa
proportiondity congant in units of V/dB. The voltage V(t) produced by the mixer and
narrowband filter a the output of the correlator block is given by

Va(t) = Oa(X)s,(t +x)dx (3.2-3)
Now suppose that the received sgnd is increased in strength such tha the input to the
corrdlaor iss((t) = as (t) . Thentheresulting Vg (t) isgiven by
Vg(t) = GRS, (t +x)dx = (pS K)S,(t +X)dx
=agp(x)s,(t +x)dx =aVg(t) (3.2-4)

Therefore, multiplying s;(t) by the constant a results in an increase of the voltage V«(t) by a,
and

$(0) _Ve®)

= 3.2-5
S0 Vo) (32:9

If G isthe power gain which relates s(t) to s(t) by sg(t) = </Gs(t), then by equation (3.2-
5), V_,(t) and V4(t) arerelated by

Vig(t) = VGV, (t) (3.2-6)

The powers P, (t) and Pg(t) displayed as afunction of delay t on the spectrum andyzer,
corresponding to the voltagesV,, (t ) and V4 (t ) respectively, are then related by

Pg(t) =GP, (t) (3.2-7)

Using equation (3.2-2), the voltage V4 (t ) displayed on the oscilloscope are given by

V(t) =V, +C>10log(Pg(t))
=V, +C>10log(GP,, (t ))
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=V, + C>10log(P,(t)) + C>10log(G) (3.2-8)

Combining equations (3.2-2) and (3.2-8) forms a relationship between V(t ) and V(t ), given

by

Vit ) =V, (t )+ C>10log(G) (3.2-9)

Equation (3.2-9) demonsirates that an increase by G of the received power at the antenna port
of the messurement system receiver results in a C»10log(G) increase in voltage a the
oscilloscope. The quantity 10log(G) isthe power increase in dB, and the oscilloscope voltage
is shown to vary linearly with the received power expressed in dB. This means that an linear
increase in received power results in a linear upward shift of a Sgnd component on the
oscilloscope, and C is the proportiondity congtant in units of V/dB. By defining P,(t) asthe
power delay profile referenced to the antenna port in units of logarithmic power versus ddlay t,
then the relationship between P, (t) and the oscilloscope voltage V(t) can be expressed as

Pt)=P +DV(t) [dBm] (3.2-10)

where D=1/C is the proportiondity congtant in units of dB/V and P, is the recelved power of a
sgna component expressed in dBm which causes a 0 V pesk on the oscilloscope.  Equation
(3.2-10) is the cdibration equation that is used to express power delay profiles on apower
versus delay plot. The vaues of P, and D are determined empiricaly using calibration power
delay profiles.

For afixed configuration of the diding correlator measurement system, the coefficient D and the
offsat P, can be determined in the field by connecting the transmitter and receiver end-to-end
through an attenuator as shown in Figure 3.2-2. The cdibrated attenuator provides a known,
controllable, sngle-path channel between the transmitter and recelver. Assuming no reflections
exig in the T-R link (i.e., the transmitter, receiver, atenuator, and any connecting cables are
impedance-matched), then only a single correlation peak exids in the power dday profile as

shown in Fgure 3.2-3. Since the transmitter power, attenuator value, and measured cable
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losses are known, the peak voltage of the signad component can be mapped to the power into
the receiver.

TX RX
Measurement | Out In M easurement
System System
Transmitter Receiver
Attenuator
0-70dB

Figure 3.2-2. The tranamitter and receiver are connected end-to-end through

an attenuator to record calibration profiles. The cdibration profiles are used to
cdculate the D and P, constants.

Calibration Power Delay Profile
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-65
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o
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Power (dBm)

-1000 0 1000 2000 3000 4000 5000
Propagation Delay (ns)

Figure 3.2-3. The cdibration profile contains only one sgna component. The
pesk of the sgna component is mapped to the power into the receiver to
determine the relaionship between the voltage measured on the oscilloscope
and the power of asignal component in a power delay profile.
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The mapping of received power to pesk voltage is performed over the entire dynamic range of
the receiver. Beginning with a transmitter power which produces a correlaion peak which is
bardy distinguishable from noise, the power is increased until nearly reaching the maximum input
power to the recaiver, usudly determined by the power limitation of the front-end amplifiers or
the mixer. From this s&t of cdibration data, a plot is produced which shows the power into the
receiver versus pesk corrdator voltage. Alternatively, a mapping of transmitter output power
versus peek correlator voltage is produced as shown in Figure 3.2-4, and the attenuation
between the transmitter and receiver during calibration is used a the time of processng to

determine the relationship between power into the receiver and peak correlator voltage.

Mapping of scope voltage to tx output power during calibration

T T

24

22 D = 59,1489 dB/V o
From ResBw = 10 KHz Cals
20F

T output power (dBm)
= = o

=
a3
T

-
=
T

E?.H 5 0.2 0.25 0.3 0.35 0.4 0.45
Paak scope voltage (V)

Figure 3.2-4. The linear relationship between transmitter power and
oscilloscope voltage is clear from this cdlibration plot. Note that the power is
expressed in dBm.

The linear relationship between received power and corrdator voltage is clear from the plot.
The vdues of P, and D which minimize the mean-square error [20] between the measured data

and aline through the measured points are given by
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Where V, and Py are the k™ of N measured samples of pesk voltage and power into the
recaiver for N cdibration profiles. The parameters D and P, remain condant as long as
properties for each component within the measurement system remain constant. Experience has
shown that during the course of a measurement survey these parameters vary only dightly but
do nonetheless change. Therefore, for accurate wideband measurement data these parameters

need to be determined severd times throughout a measurement survey.

The cdibration procedure was completed six times throughout the train yard measurement
aurvey. The sysem remained sable throughout dl of the measurements as shown in the
cdibration runs performed at the beginning and end of each of the three days.

Following cdibration of the measurement sysem a Site One, the close-in measurement Ste,
power delay profiles were recorded periodicdly over severd hours. Between each
measurement, the receiver antennawas placed on therail cars at the locations defined by Figure
3.1-1. For messurements that used the receiver antenna mounted on the boxcar and the
gondola, a transmit power of -4.5 dBm was used. The transmit power was increased to 10.5
dBm for measurements on the caboose because the receiver antenna was shadowed by the
boxcar. At Site One, atotd of 44 power delay profiles were recorded at 39 receiver antenna
locations.

Site Two measurements recorded power delay profiles for the pardld-track ste using a T-R
separation of approximately 190 meters. At this Ste, three receiver antenna locations were
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used to observe changes in the channd as yard conditions changed. The recelver antenna
locations were the roof of the boxcar, the roof of the caboose, and the top of a 6 foot mast
mounted between the boxcar and caboose. The transmitter antenna was mounted 6.1 meters
above the track level. A totd of 165 power delay profiles were recorded over a period of
severa hours as the channe impulse response changed due to trains moving throughout the rail
yard.

Site Three, the cross-track Site, was used to measure delay and path loss datigtics for a link
across awidest part of therail yard. The 6.1 meter transmitter antenna tower was mounted on
the at the north Sde of the yard, and the transmitter antenna height was gpproximatdy 15 meters
above track level. Four different receiver antenna locations were used on storage rail cars and
passenger rail cars on the south sde of the yad. The T-R separaion at this dte was
approximately 230 meters. A total of 187 power delay profiles were collected at Site Three.

3.3 Data Analysis and Measurement Results

A tota of 396 power delay profiles were recorded, andyzed, and plotted. The cdibration
profiles were used to caculate the D and P, parameters to reconstruct the measurement power
delay profiles on power versus time plots. Figure 3.3-1, Figure 3.3-2, and Figure 3.3-3 show
samples of the power delay profiles recorded at each of the three measurement Sites.
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Figure 3.3-1. This power delay profile was recorded at Site One with the
recever antenna mounted on the boxcar. The trace at gpproximately —130
dBm isthe trigger sgna used to trigger the oscilloscope.
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Figure 3.3-2. These power delay profiles represent two channd measurement
a Site Two. Severa multipath components exist in both profiles.
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Figure 3.3-3. Strong multipath sgnad components are shown in these power
delay profiles recorded at Site Three.

RMS delay spread and path loss exponent values, described in Chapter 2, were computed
from data taken at individua Sites. A noise threshold was defined so that the data points of the
noise floor shown in the above power delay profiles were not included in the RMS delay spread
and path loss caculaions. The noise threshold was defined using a portion of the power delay
profile where multipath components were observed not to exist. For Site One profiles, the
peak power in the last 10% of time delay of the power delay profile was defined to be the noise
threshold. For profiles measured a Site Two and Site Three, the first 10% of the profile was a
range of delay which preceded the first-arriving component, and power pesks in this region
were defined to be the noise threshold. All data points below the noise threshold were
discarded in the computation of channd gatigtics.

Usng the RMS dday spread computations from individud profiles, the average RMS delay
goread, maximum RMS delay spread, and standard deviation of RMS delay spread values
were computed for sets of data. Table 3.3-1 shows asummary of these results.



Table 3.3-1. Summary of RMS delay spread and path |oss exponents.

Location n S Avgst | Maxst | StDev st
@) | (9 (ns) (ns)

Stel - - 94.6 280.7 58.3
Ste2 269 | 343 | 3310 731.5 145.0
Ste3 341 | 249 | 5658 | 1161.2 | 164.3

Stes2& 3 308 | 878 | 4543 | 1161.2 | 1943

All Sites - - 4129 | 1161.2 | 2168

During measurements at the rail yard, power dday profiles would change over time due to
movement of trains throughout the yard. Thus, the RMS delay spread varied from profile to
profile even when the transmitter and receiver antennas remained &t fixed points. Figures 3.3-4
through 3.3-7 show the cumulative digribution functions (CDF) of RMS ddlay spread for
measurements taken at each dte (see [18]). The largest RMS ddlay spread, as shown in the
CDF plots, was measured to be 1161 ns at Site Three. This was expected because of the large
number of multipath scatterers and the large T-R separation.

Using well known results [3][17] which State that satisfactory bit error rates can be achieved
with a radio system that does not use an equdizer if the RMS delay spread does not exceed
10% of the modulation symbol duration, it was caculated that unequaized data rates on the
order of 137 kHz to 356 kHz may be used for close-in ral yad links. Usng measurement
results from the cross-yard measurements where the T-R separation was larger, a maximum

unequalized data rate of 86 kHz can be anticipated.
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Figure 3.3-4. This CDF of RMS delay spread was cdculated using
measurement data taken at Site One. The smdlest RMS dday spread vaues
were recorded at Site One.

Plot of COF of Ams Delay Spread for Day 2 measuremenis
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Figure 3.3-5. This CDF of RMS deay spread was cdculated using
measurement data taken a Site Two.
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Piot of COF of Ams Delay Spraad for Day 3 measuramants
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Figure 3.3-6. This CDF illusrates the delay spread didribution for
measurements taken at Site Three. The largest RMS ddlay spread vaue was
recorded at Site Three.

For close-in links, path loss exponents were close to that of free space (n=2). At Site One, the
calculated best-fit path loss exponent was 2.7, implying 27 dB of loss per decade of distance.
For links across the yard, as shown by measurements at Site Three, shadowing due to passing
trains resulted in higher path loss. Measurements showed that path loss increased by 34 dB per
decade of distance. The best-fit path loss exponent was 3.4, close to path loss exponents
caculated from urban microcd lular measurements [2].

3.4 Summary

Time disperson in RF channels caused by multipath limits the maximum data rete for wireless
communication sysems. RMS ddlay spread is a quantity which can be determined from diding
correlator measurements and is frequently used to quantify time dispersion and characterize an
environment. In this chapter, a propagation study at the Norfolk Southern ral yard was
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presented. The purpose of the study was to characterize time disperson in a ral yard

environment for train yard communication and tracking systems.

A diding corrdator system was used to measure impulse response data a three Steswithin the
ral yard. Ste One was the smalest measurement Site which was used to measure channd

responses for close-in radio communications. Site Two was located adong the perimeter of the
rail yard and was used to measure delay and path loss satistics for a pardld-track link. Site
Three was the largest of the measurement stes and was used to determine delay and path loss

gatistics for alink across the widest part of therail yard.

Each power delay profile recorded at the measurement Sites was processed to determine the
RMS delay spread and received power. The delay spread and received power results were
summarized by combining data for each measurement site. The largest RMS delay spread was
recorded a Site Three, as expected since this Ste had the largest T-R separation. The
maximum measured RM S delay spread value for Site Three was 1161 ns, corresponding to a
maximum symbol rate of 86 kHz using the assumption that an RMS delay spread of more that
10% of the symbol period results in unacceptable error rates. The maximum RMS delay
gpread values measured at Site One and Site Two were considerably smaller at 281 nsand 732

ns, repectively.

This chapter has presented a practica application for the diding correlator measurement system.
The results presented here may be used for design and smulation of digital radio sysemsfor rail

yard communications.
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Chapter 4

Simulation of a Sliding Correlator M easurement System

Software smulaions of wirdless systems provide an accurate way to tedt, validate, and
undergand the operation of physcd sygsems. Smulaions give the sysem designer or
researcher another dternative for exploring sgnds within a sysem without the expense,
difficulty, and potentia problems of probing an active sysem. Simulations also provide a means
of testing designs before prototypes or production modes are built. In addition, the parameters
of amulations can be controlled so that dgorithms which use the smulated signals can be tested
under known conditions. Such is the case for the Smulations presented in this chapter, where a
diding correlator measurement system is smulated for the purpose of producing channd impulse
response data for testing post-processing algorithms.  This chapter presents two methods for
amulating the diding corrdator sysem. Work presented in Chapter 4 uses the smulations to

vaidate newly devel oped post processing algorithms.

Both smulations discussed in this chapter are designed to use a known channel as an input to
produce a smulated power delay profile as an output. Other inputs to the smulations include
the diding correlator parameters discussed in previous chapters (see Table 2.4-1 in Chapter 2).
The smulated power delay profiles may be used for testing any application that uses raw power
delay profile data as an input, such as channd impulse response estimation agorithms.  Using
the smulated data for testing channe estimation agorithms dlows exact knowledge of the
channd impulse response so that the dgorithms can be easily vaidated.
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4.1 ldeal Correlator Method of Simulation

Simulation of wirdess communications sysems is often implemented usng alow pass equivadent
mode [9]. Low pass equivdent forms of a system use the complex envel ope representation of
a 9gnd and diminate the need for high sample rates required to sample modulated, high-
frequency carrier Sgnals. Because lower sample rates are used, smulation time is decressed
and requirements on computer peformance are reduced. The smulation of the diding
correlaor measurement system presented in this section uses the low pass model shown in
Figure4.2-1. All of the smulation components were implemented in MATLAB m-files

Transmitter Channel Receiver
et T it [~~~ Tm- -
. o L !
1 I 1 I 1
. i 1 | Multipath Channel | + 1 | Power
; PNGmSeequ;Iegrce —> Model ) sl(t)"; Correlator W) | Delay
I bl h(t) I I | Profile
! ! o (0 :
: : !_ _____________ ; : PN Sequence :
: : : Generator I
| PN Clock ! :
1 I 1
|

B Bl

! |

: PN Clock ,'

Figure 4.1-1. The low pass modd of the diding corrdator measurement
sysem is divided into trangmitter, channd, and recaver sections The
transmitter output is modeled as a baseband PN sequence and the receiver is
modeled as an ided correlator.

The transmitter is represented by a PN sequence generator that is clocked at the transmitter PN
chip rate. The spectrum at the output of the transmitter model is a sinc function centered at O
Hz with a firg-null baseband bandwidth of R, Hz. The transmitter PN sequence is sampled at
ns samples per chip, and hence the sampling rate in Hz for the tranamitter sgnd is

f.=nR (4.1-1)
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Execution of the smulation requires the transmitter to produce one period of the transmitted PN
sequence. If | isthe number of chipsin the tranamitter PN sequence, then the total number of
samples stored Ns isgiven by

N, = n| (4.1-2)

S S

The transmitted PN sequence is represented in MATLAB by defining a PN chip vector
Sip Which represents ns samples of asingle PN chip,

Ship =[Cl,C2,---,Cns] (4.1-3)

The dements ¢ ,---,c,  define the shape of the PN chip, and ¢,,---,¢, =1 isused to produce
a PN sequence with rectangular chips. Given that the vaue of the k™ PN sequence chip for
k=1--1 isgiven by the scdar quantity s.,,(k) T {- 1,3}, the vector representing the output of

the transmitter 5; isformed in MATLAB by concatenating §,,, vectors by

S = [SPN (l)gchip 1Sp (2)§chip "1 Spyy (I )§chip] (4-1'4)

Each dement of S represents one sample of the PN sequence, and the length of the vector S

representing one complete cycle of the PN sequenceis Ns.

PN sequences can be created using a shift register and a modulo-2 summation of the shift
register stage values as discussed in Chapter 2. PN sequence generators can be designed to
use only two feedback stages, hence requiring only asingle XOR gate as shown in Figure 4-1-2
and Figure 4.1-3. The transmitter modd in the smulation alows two feedback taps to be
defined for the sequence generator. The taps are located at stage | and stage j of the m-stage
shift register, and the tap locations are specified using the square-bracket notation [i,j]. The
vaid range for setting tgps in the smulation is i,j 1 {1,2,---,m}; however, not al tap
combinations will produce maxima length PN sequences. Many references (including [9])
provide tables for choosing feedback taps for linear shift register PN generators.

61



PN Clock

o S D A T T R

Stage 1 | Stage 2 nan Stage i nan Stage | nan Stagem| .
PN
Sequence
XOR Output

(=

Figure 4.1-2. The PN sequence is generated by smulating an m-sage shift
register tapped at two of the stages [i,j]. The values are shifted by a common
clock input and stage m provides the output.
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Figure 4.1-3. Emitter Coupled Logic (ECL) D-flip-flops (DFF) are used to
implement the shift register. This design requires only one XOR gate because
only two taps at [9,11] are used. The transmitter in the Smulation uses amoded
of thiscircuit to produce the PN sequence.
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The modd of the radio channd immediately follows the transmitter. The smulated channd is
represented by a smple modd congigting of afinite set of delay and attenuation pairs. If x(t) is
the channd input and y(t) isthe channel output, then

y0) =4 a,ex(t-1,) (41-5)

i=1

The N pairs of attenuation and ddlay are implemented as shown in the block diagram in Figure
4.1-4.

— e —»| Delaybyt »{ Multiply by a,exp(j > —>
Channel yh plyby a,ep(ay) @ Channel
Input /‘V Output

e——> Delay byt, > Multiply by a,exp(jqy)

» Delay by ty > Multiply by ayexp(jqy)

Figure 4.1-4. The channel is modeed by N pairs of atenuation and delaysto
represent a finite number of multipath components.

Although the user is dlowed to specify any double precison number for the ddays, the
smulation must round the delay to a number such that the channd input is delayed by an integer
number of samples. The delay in units of PN sequence samples d; corresponding to the time

delay t; for each signad component is given by

t.
d =nl t—' (4.1-6)

max

where t s is the maximum measurable delay given by D/ = I/R; (see Chapter 2). Because d;
must be rounded to the nearest integer, d; has atime resolution of Dt 4 given by

Dt,=—— (4.1-7)



where Dtq is the time in seconds between samples of the transmitted sgnd. While the
resolution may seem to be a limitation of the smulation, the time resolution of the smulator Dt 4
is actudly better than the time resolution of the actua diding correlator Dt system by afactor of

ng2 snce

D = é > Dt (4.1-8)

The channel output is represented by vector 5, which is of the same length as the transmitter
output vector ;. Because of the cyclic nature of the diding correlator system, samples which
are delayed past the last sample of 3, are summed with the beginning samplesof 5;. For
example, if the tranamitted signd is delayed by ten samples (to represent propagation delay),
then the last ten samples of S, are combined (summed) with the first ten samples of 5, to form
the received sgnd vector. This cyclic adding accounts for delayed signds which shift into the

following period of the receiver PN sequence, while still representing the received sgnd by a
vector of length N.

The function of the measurement system receiver is to produce a corrdation function using as
inputs the received sgnd and a copy of the transmitted signd. In the real diding corrdator
system, the corrdation is gpproximated by using a PN sequence that is clocked dightly dower
a the receiver. This smulation, however, will assume that the sequences a the tranamitter and
receiver are clocked at the same rate R.. Because the difference between the transmitter and
recaeiver chip rates in the red system is extremely smadll, the equa rate assumption will produce
reasonable firgt-cut gpproximations to the power delay profiles produced by the real system,
but will cause smulated profiles to lack some of the characterigtics of measured power delay
profiles as will be shown. Using the actud rates of the transmitter and receiver PN sequence
generators would produce a more accurate result, but would require an extremely large number
of samples to represent the sequences. For example, to smulate a dide factor of 1000, the
transmitter chip period must be equa to 0.999 multiplied by the receiver chip period. This
implies that at leest 1000 samples must be used for each chip, resulting in extremey long

64



execution times to perform dmulaions and extremey large memory requirements for the

sSmulation software.

Figure 4.1-5 shows the modd for the measurement system receiver. The smulated receiver
uses as inputs the output of the channd and the transmitted PN sequence. For each delay t, the
receiver performs a correlation over one period T, of the PN sequence. Using the sgnals sy(t)
and sy(t) asinputs, the output of the receiver w(t) is given by

(n+D)To

Wt ) = t(‘?(t)sz(t- t)dt (4.1-9)
where n is an integer. It is typicdly more efficient to implement a Smulation usng matrix
operations rather than performing caculaions on a sample-by-sample bass  The ided
correlator amulation performs the operation described by equation (4.1-9) by multiplying the
received sgnd vector by the trangpose of a vector which represents the PN sequence
generated at the receiver. For each sample of delay t, thesgnd w is calculated by

w, =§§' (4.1-10)
Rgc e;]\;Jed Correlator
g Output
Input ()T,

—  wt)= Os()s(t-t)dt
s(t) il

T (1)

Receiver PN

Sequence
Input

w(t)

Figure 4.1-5. The measurement system receiver is modeled as a correlator
that uses the channd output and the localy generated PN sequence as inputs.
The output w(t) is avoltage that represents the smulated power delay profile.
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The varidble wy is one eement of the vector W, the vector of samples representing the output of
the correlator, where k=t >N_/t , T {1,2,---,nJ} and ty is the maximum unambiguous
messurable delay of the system. The vector 5, represents one period (nd = Ns samples) of the
received signd, and the vector transpose S," represents one period of the PN sequence

generated at the receiver delayed by k samples. The sgnd w(t) which represents the power
delay profile is formed by recognizing that the dements of the output vector W are samples
separated by a period of 1/(nsR;). The smulated power delay profile can be shown by plotting
10log(w(t))* versust. Sample plots are shown later in this section in Figure 4.1-10 and Figure
4.1-11.

An important step in the development of software smulations is validation of the models and
sgnds within the smulation. Each section of the diding corrdator smulation (tranamitter,
channd, and receiver) was vdidated individudly. Signas at the output of each section were
compared to ether corresponding signasin the rea system or theoretical results. The smulated
system was dso vdidated as a whole by comparing Smulated impulse response data to the
channd impulse response used to generate the output power delay profile.

The transmitter model was vadidated by comparing the smulated sgna output to the output of
the PN sequence generator in the real syssem. Samples of the PN sequence in the red system
were acquired usng an oscilloscope. Severd sample chip runs acquired from the red system
were shown to match sample chip runs taken from the Smulated transmitter as shown in Figure
4.1-6 and Figure 4.1-7. The comparison aso showed that for a sgnificantly long chip run (a
run containing more chips than the number of stages in the shift register used to produce the
sequence), the chip run acquired from the red system could be uniquely located within the
smulated PN sequence. Theory dictates that a chip run of length m or greater appears only
once in amaxima length PN sequence generated by an m-stage shift register. See [9] for a
comprehensive lig of the properties of amaxima length PN sequence.

In addition to comparing the red sgnd with the smulated sgnd, the characteridtics of the
smulated PN sequence were compared againg theory. Firdt, the number of bits representing
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“ones’ was shown to exceed the number of bits representing “zeros’ by one. For severd
different numbers of stages assigned to the shift register and for a variety of tapping points, this
property was shown to hold true. Second, the autocorrelaion function of the smulated PN
sequence was shown to be identical to the theoretica corrdation function. Thisis demonsirated
in the following samples of smulated power dday profiles.

Twenty chip sample of simulated PN sequence (11 stage, [9,11])
3 . . :

Symbol value

0 500 1000 1500 2000
Time (ns)

Figure 4.1-6. This plot of a portion of the Smulated transmitter sgnd is
identicd to the measured sgnd shown in Figure 4.1-7. A chip rate of 10 MHz
was used with an elevenstage shift register tapped at [9,11].
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Figure 4.1-7. This sgnad was measured a the output of the PN sequence
generator on the diding corrdator measurement sysem. The hardware
produces the PN sequence with an dlevenstage shift register tapped at [9,11].

The channd modd was vaidated by comparing the channel output to the channd input for an
arbitrary input Sgna. Figure 4.1-8 shows a comparison of the channd input to the channel
output for a rectangular pulse. The input to the channd is the faint trace with an amplitude of
one and aperiod of 100 ns. The channd for this example was defined to have an attenuation of
6 dB and a propagation delay of 200 ns. The output of the channd is the dark trace rising at
200 ns and fdling a 300 ns. The plot shows that the channel modd is functioning properly by
delaying the input by 200 ns and atenuating the input Sgnd by one-hdf of its voltage (6 dB
power attenuation).
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Channel model validation plot
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Figure 4.1-8. The fant trace represents the input sgnd voltage to a channd
with an attenuation factor of 6 dB and a propagation delay of 200 ns. The dark
trace represents the output of the channd.

Vadidation of the receiver modd was accomplished by comparing the output of the receiver to
theoretica results for several channels. One example of a profile used for validation is shown in
Figure 4.1-9, where afictitious channd was used which had 1 s of delay and O dB attenuation.
The diding correlator theory presented in Chapter 2 dictates that the correlation peak produced
by the received signad component should lie a the point designated by the smdl circle on the
plot. This is shown to hold true in the figure. Theory aso says that the floor of the profile
containing asingle signa component should exist a avaue of 10log(1%) where| isthe number of
chipsin the PN sequence. For this vaidation profile, a sequence length of 127 chips was used,
and hence afloor of 42.1 dB is expected. The floor of the smulated profile was shown to be
42.1 dB, again matching theoreticd results. In addition, the theoreticd maximum measurable
delay for the 127-chip PN sequence clocked at 10 MHz is T, = 127(0.1 ns) = 12.7 ns. The
amulated profile trace is shown to end at exactly 12.7 ns. Findly, theory states that the base of
the sgna component in the profile should be 2/R. = 0.2 s, and thisis demongtrated to be true.
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Receiver Validation Profile
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Figure 4.1-9. The receiver modd is vdidated usng a channd with 0 dB loss
and 1 nsdday. The corrdation pesk fals within the circle which indicates the
theoretica location of the pesk.

Figures 4.1-10 and 4.1-11 show sample power delay profiles created usng the validated
smulation. The profile shown in Figure 4.1-10 was created using a channd defined with four
multiple paths. The propagation delays defined for the channd were 200 ns, 300 ns, 600 ns,
and 800 ns, and the corresponding attenuation values are 5dB, 12 dB, 10 dB, and 13 dB,
respectively. The smulated system used to measure the channd used a seven-stage PN
sequence generator to produce a sequence with 127 chips clocked a 100 MHz. The
caculated resolution for the smulated system is 20 ns, and the maximum measurable ddlay is
1270 ns. The smulated power dday profile is shown to accuratdly represent the impulse
response of the defined channdl.
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Simulated Power Delay Profile
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Figure 4.1-10. This power delay profile was Smulated for a sysem using a
chip rate of 100 MHz and a seven-stage PN sequence generator tapped at
[3,7]. The channel delays are 200 ns, 300 ns, 600 ns, and 800 ns, and the
corresponding  attenuation values are 5 dB, 12 dB, 10 dB, and 13 dB,

respectively.

Figure 4.1-11 was crested usng some of the same system parameters used for the red
measurement system during the ral yard measurement survey discussed in Chapter 3. One
notable exception is that the smulated system used a chip rate of 100 MHz to demondtrate a
higher resolution, instead of the 10 MHz chip rate used during the rail yard measurement survey.
The smulaion was peformed usng an devenstage shift register tapped a [9,11]. The
propagation delays defined for the channd are 100 ns, 150 ns, 500 ns, 525 ns, and 600 ns and
the corresponding attenuation values defined for the channel are 3 dB, 12 dB, 5 dB, 10 dB, and
13 dB, respectively. The maximum measurable delay (to avoid the range ambiguity problem)
for the amulated system was 20.47 ns, but the dday range shown in the plot was limited to
1000 nsto provide an expanded view of the signal components.
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Simulated Power Delay Profile
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Figure 4.1-11. This power dday profile was smulated using a transmit power
of 0 dBm, achip rate of 100 MHz, and an eleven-stage PN sequence generator
tapped at [9,11]. The channd delays are 100 ns, 150 ns, 500 ns, 525 ns, and
600 ns and the corresponding attenuation values are 3 dB, 12 dB, 5 dB, 10 dB,
and 13 dB, respectively.

The smulation presented here which uses an ided correlator at the receiver produces good
esimates of the correaion peaks produced by a hardware implementation of the diding
correlator measurement system.  Simulation parameters are easy to change and the models of
the smulation can run independently to execute partid smulaions. The smulation run-time is
primarily afactor of the length of the PN sequence, and most of the processing time is used by
the corrdation of the recaelved sgnd with the origind PN sequence. Simulations which use a
PN sequence shorter than 512 chips produce smulated profiles within severd minutes using a
200 MHz Pentium-Pro computer. Using a 2047-chip PN sequence for asmulation causes the

execution time to increase to approximately 45 minutes.

The smulation fdls short of accurately estimating the power leve and shape of the power delay

profile floor observed in measured profiles. The floor in measured profiles as observed during

this research is typicdly only 25 dB to 30 dB below the peak signa component and appears
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very noisy in nature. Despite the noise floor inaccuracy, the ided correlator smulation produces
profiles which are useful for testing impulse response data post-processing agorithms. The
smulation presented here is used to vdidate agorithms presented in Chapter 5.

4.2 Analytical Probing Signal Method of Simulation

The ided corrdator measurement system simulation described in the previous section requires a
cdculation of anew correation function for each new impulse response defined for the channd
model. The corrdation process is the largest time snk of the smulation, but this process is
required to produce each smulated power delay profile using the ided correlator moddl.

Presented in this section is another method of smulating the diding correlator measurement
sysem which quickly generates amulated power ddlay profiles usng an equivalent probing
signal. Dexcribed fird is a derivation and definition of a probing signd adong with the
measurement syssem model which employs the probing sgna. Next, an example of this new
measurement system modd is used to produce smple power dedlay profiles smilar to the
profiles produced by the ided corrdaor smulator. Findly, an advanced technique of deriving
an accurate probing signd is presented, and this probing signd is used in smulations which not
only predict the shape, strength, and delay of signal components but aso predict the profile floor

between components.

Given that s(t) is the input to the measurement system receiver and sy(t) is the PN sequence
generated at the receiver for correation, the output of the correlator is again expressed as

w(t) = Ga(t)s,(t- t)dt (4.2-1)

The recalved Sgnd  s,(t) can be rdated to the transmitted signd  sr(t), using the channd  modd
given by (2.1-1) in Chapter 2, by

s()=aas(t-t)e" (4.2-2)
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where a;, t;, and q; correspond to the attenuation, delay, and phase induced by the i of N
multipath components induced by the channd. The output of the corrdator can now be

expressed as
L L0
W(t) = Oga a;s; (t- t;)e™ s (t- t)dt

-y Ci=l

¥ N ..
= Oga as (t- t)e" s (t- )3
_y Ci=l 9
(4.2-3)

& ¥ o)
=a O (t-t)s(t-t)dt=
. oy /]

=1

By applying a change of variable t=t’+ t; and then replacing t’ with t, the Sgnd w(t) can be

Q8

written as
de ¥ o
wt) =a ca; e O (t)s,(t-t +t;)dt=
i=1 € -¥ @
o & . ¥\ o)
=3 Gae" G (D), (t- (t - t)dt> (4.2-)
i=1€ -¥ 7]

Now the equivaent probing signa can be defined by
¥
pt) = G5 (s (t- t)dt
-y

Using equations (4.2-4) and (4.2-5), the correlator of the output can be expressed as

wit) =Q ap(t - t;)e’

Equation (4.2-6) demondrates that the power delay profile represented by w(t) can be
amulated usng the equivdent probing sgnd and the atenuation, delay, and phase

74

(4.2-5)



characterigtics of the channd. This method is advantageous because the equivaent probing
sgnd p(t) needs to be computed only once for a fixed configuration of the measurement system.
Subsequent smulations of power delay profiles can use (4.2-6) with the same probing sgnd
p(t) to produce smulated power delay profiles for different channels without the need to
recdculate a corrdation function. This sgnificantly decreases the time required for smulation of
power delay profiles using severd different channd impulse responses. Figure 4.2-1 shows a
block diagram of the smulation that uses a probing signd to produce smulated power delay
profiles.  The probing sgnal generator in Figure 42-1 may, for example, produce the
autocorrelation function of a PN sequence to smulate channd measurements. If the theoretica
autocorrdation function of a PN sequence is used as the probing signd, then the smulator
produces identica results to the smulator presented in Section 4.1.

Probing Signal PO |  Channel W(®) | Powervs. Delay
Generator g h(t) g Display

Figure 4.2-1. This smulator uses the probing sgnd to smulate power delay
profiles. The channd definition h(t) may be changed and another power delay
profile may be smulated without the need to compute the probing signd again.

Figure 4.2-2 shows a plot of the probing sgnd used for a smulation of a diding correator
measurement system employing an idedl correlator &t the receiver. This plot was produced for
a 127-chip PN sequence clocked at 100 MHz. The base of the correlation peak is 2 ns,
equd to the resolution of a 100 MHz diding correlator syssem. The smulated power delay
profile shown in Figure 4.2-3 was crested using the probing sgnd shown in Figure 4.2-2 and a
channd impulse response defined to have four multiple paths. The propagation delays defined
for the channd are 200 ns, 300 ns, 600 ns, and 800 ns, and the corresponding attenuation
vaues ae 5 dB, 12 dB, 10 dB, and 13 dB, respectively. This smulated profile can be
compared to the profile produced by the previous ided correlator modd (see Figure 4.1-10).
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The resulting profiles show the same results, however, the run time for multiple smulaions usng
the probing signad are sgnificantly shorter than the time required to produce power deay
profiles by correlating the received signd with the receiver PN sequence each time a new

sSmulation is executed.

Probing Signal for Ideal Correlator Receiver
1 T T T T T T

o o o
~ (o] (o]
T T T

1 1 1

Relative Voltage

©

N
T

1

O_ .

-40 -30 -20 -10 0 10 20 30 40
Propagation Delay (ns)

Figure 4.2-2. This plot shows the equivdent probing Sgnd for the diding
corrdator amulation using an ided correlator at the receiver. The probing Sgnd
was produced by equation (4.2-5) using a chip rate of 100 MHz and a sever+
stage PN sequence generator tapped at [3,7].
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Simulated Power Delay Profile (Ideal Probing Signal)
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Figure 4.2-3. This power dday profile was smulated usng the equivaent
probing sgnd for a receiver employing an ided correlator. The results of this
samulation match the results obtained usng a direct implementation of a
corrator (see Figure 4.1-10).

Power delay profiles recorded with ared diding correlator measurement system have distorted
low-level sgnals and anoisy floor not predicted by smulations using the probing sgnal shown in
Figure 4.2-2. Assuming a large sgnd-to-thermal-noise ratio, the predicted floor of the profile
containing a single signal component is approximatdy - 10log(1?) relative to the power of the
sgnd component. In practice, the noise floor is typicaly much higher and can be predicted
usng a technique that accounts for the noise produced a the receiver due to the minute

difference in periods of atransmitter PN chip and areceiver PN chip [24].

It can be observed in the real system that an increase in transmitter power results in an increase
in both the multipath components and the noise floor level for a sufficiently high received power
levd. That is for a sufficiently high ratio of pesk signa component power to the noise floor
power, the reative power of the noise floor with respect to the largest multipath component

77



power remains congtant. This variable noise floor is caled sef-noise [24] or correlation noise
and can be explained andyticaly.

The probing signd derived here for a redigtic diding correlator system uses similar techniques
described in [24] and [28]. This new probing signad produces a more redistic Smulation for the
measurement system because it does not assume that the recelver is an idedl corrdator using as
inputs two PN sequences of equa periods. Figure 4.2-4 shows a mode of the diding
correlator measurement system used for the probing signd smulaion. The diagram is a
baseband representation of the system, and thus the RF carrier is not considered in the mode!.
The smulated chip rates R and Ry, are the transmitter and receiver chip rates, respectively.

PN Sequence| c® :; Mult|p|\jt(f)1d(élhannel \ ,( : ) " | Filter >
Generator he(t)

h(t)

=

PN Sequence
Generator

é PN Clock
R

Figure 4.2-4. Bassband equivdent mode of the diding corrdator
measurement system

PN Clock

The output of the transmitter and receiver PN sequence generator can be expressed as the sum

of delayed versions of one period of the PN sequence. That is,

c(t) = 5610- nt,) (4.2-7)
c'(t) = 5 C,(t- ml,) (4.2-8)
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where expressions for one period for the PN sequence are given by

-1

ct)y=asp(t-iTy) (4.2-9)
i=0
51

G (t) = ka- &P, (t - chz) (4-2'10)
=0

The terms T, and T, are the chip periods of the transmitter and receiver PN sequences, given
by Tu=1/R; and To=1/R. The terms T, and T, are the periods of the transmitter and receiver
PN sequences, given by T,=IT; and T,=IT, where | isthe length of the PN sequencein chips.
The coefficients s and s are the elements (chips) of avaid PN sequence such that

s,s 1{-11 for n=02,--,(1- 1) (4.2-11)

The functions py(t) and po(t) represent the shape of the chips in the PN sequences. These
functions are defined by

11 0EtET,

|

pl(t):%’0 for dlsewhere (4.2-12)
_11f OELtET, 413

pZ(t)_:O " esenhere (4.2-13)

The trangmitter Sgnd  c(t) is convolved with the channd response h(t) to form the received
sgnd. Therecaved Sgnd is multiplied by the receiver PN sequence ¢’ (t) to form the sgnd r(t)
given by

r(t) =c'(t) Ge(t)n(t - t)at (4.2-14)

In order to derive the probing sgnd for this model, the channd response h(t) is set equd to an
impulse a t=0, d(t). Then the output of the multiplier can be expressed as
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r(t) = c(t)c'(t) (4.2-15)

using equations (4.2-7) and (4.2-8), this can be rewritten as

(0= & alt-nT) & oft- mm) (4.2-16)

n=- m=-¥

Returning to equations (4.2-9) and (4.2-10), the Fourier transforms of the Signals ¢, (t) and c,(t)

are given by
I°—1 _
C(f)=a sR(f)e ™™ (4.2-17)
i=0
Iél )
C,(f)=a s R(f)e *™ (4.2-18)
k=0

where P;(f) and P,(f) are the Fourier transforms of the PN chip definition given in equations
(4.2-12) and (4.2-13),

R(F) = Tusino( T, )e o (42-19)
R(f)=T,sinc( fT,,)e " (4.2-20)

Using the reationship between a periodic function in the time domain and its Fourier series
coefficients, equation (4.2-16) may be expressed as a complex Fourier series,

¥ ¥
r(t) = f, & C,(nf,)e®" xf, & C,(mf,)el?m (4.2-21)
n=-¥ m=-¥
or
s o _
rit)=f,f,a a C(nf,)C,(mf,)e?Prrma)t (4.2-22)
n=-¥ m=-¥

The Fourier transform of the Sgnd r(t) can then be expressed as
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¥

¥
R( f ) = f1f2 a a Cl(nfl)cz(mfz)d(f - (nfl + mfz)) (4-2'23)
n=-¥ m=-¥
Now that the multiplier output has been derived, an expression for the output of the filter can be
cdculated usng the filter impulse response hy(t). Given that Hy(f) isthe Fourier transform of the
filter impulse response hy(t), the output signa w(t) can be expressed as

¥

¥
w(t) = f,f, & @ C,(nf,)H (nf, +mf,)C,(mf )&l femat (4.2-24)
n=-¥ m=-¥
Note that since the delta functions in equation (4.2-23) occur only at nf;+mf,, the effect of the
filter trandfer function only needs to be included in equation (4.2-24) at frequencies nfy+mf,.
Also note that the output Signd is a function of the narrowband filter used to implement Hy(f) in
the diding correlator system. If an RC lowpass filter is used with the transfer function

H (1) = 1 opfre (4.2-25)
then the output Sgna becomes
¥ ¥
WRC(t) = flfz é é. Cl(nfl)CZ(rer) ej2p(nf1+mf2)t (42_26)

n=-x m-x ] 2p (nfy +f)RC+1

This output signd was derived using d(t) as the channd impulse response.  Any congtant
multiplied by the impulse response to represent an atenuation by the channd will smply carry
through the previous calculations and appear as a constant coefficient in (4.2-24) and (4.2-26).
A delayt induced by the channd is incdluded by replacing r(t)=c(t)c’ (t) with r(t)=c(t-t)c’(t),
which has the effect of ddlaying the corrdaion pegk in the output sgnd w(t). Because the two
sequences c(t-t) and c(t) maximdly dign with ¢'(t) at different chip intervas within ¢ (t), the
correlation peak and noise floor in the output produced by the two input sequences are not
exactly shifted and delayed versions with respect to each other. The output will, however, have
the same properties with respect to corrdation pesks (e.g., width and amplitude) and noise
floor level because the corrdation characterigtics of the PN sequence remain unchanged when
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the sequence is shifted to smulate adelay. Therefore, instead of amulaing smilar output Sgnas
for each delay, the output signd for the zero-delay case is used as a reasonable etimate for the
probing signd for equation (4.2-6). Hence, the probing Sgna for a system which implements an
RC filter a the recaiver isgiven by

s s  G(nf)C,(mf,)

pRC(t) = flf2n§.¥ m§¥ sz (nfl +mf2)RC +1

ej2p(nf1+mf2)t (42_27)
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Figure 4.2-5. This probing sgna was generated using an RC filter with a3 dB
baseband bandwidth of 10 KHz for correlation in the receiver section. The
PN sequence was smulated using a 9-stage shift register tapped at [4,9].
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Figure 4.2-5 illugtrates dightly more than one full period of the probing Sgnd generated for a
diding corrdator usng an RC filter with a baseband bandwidth of 10 KHz. A 9 dage shift
register tapped at [4,9] was used to produce the PN sequence. The plot clearly shows the
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exigence of sdf-noise between the two narrow correlation peaks. The plot also correctly

shows a 51.1 ns unambiguous measurement range between correlation peaks.

A more redidic filter used for the sysem smulation is a Gaussan filter with the transfer function
given by

H(f) =exp(-a?*f?) (4.2-28)

This type of filter is used by the Tektronix 2782, the spectrum andyzer used for the
measurement system implementation presented in Chapter 3. The resolution bandwidth setting
of the spectrum andyzer is actudly the 6 dB cutoff bandwidth of a Gaussan filter [22]. Figure
4.2-6 shows a comparison between the theoretica response of a Gaussan filter and the
measured characteristic of the Tektronix 2782 spectrum andyzer in order to vaidate the use of
(4.2-28) to produce a more redigtic probing sgnd. Using a Gaussan filter as the transfer
function in equeation (4.2-24) yidds the expression

¥

pe(t) = 1, 5 & C,(nf,)e "M+ ™)’ C (mf )iz ()t (4.2-29)
n=-¥ m=- ¥

This expression was used to produce Figure 4.2-7 which shows dightly more than one period
of the probing sgnd produced using a Gaussian filter with a 6 dB bandwidth of 10 KHz. A
511-chip PN sequence was clocked at 10 MHz to produce the transmitter sgna, and the same
sequence was clocked at 9.990 MHz to produce the input to the multiplier at the receiver.
Because of the better filter characteristic approximation, this effective probing signa is a better
approximation than the probing sgna shown in Figure 4.2-5 for modding the diding correlator
systems like the one presented in Chapter 2.
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Spectrum analyzer filter characteristic (ResBW = 10 kHz)
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Figure 4.2-6. The solid line represents the theoretica response of a Gaussan
filter with a 6 dB bandwidth of 10 KHz. The points marked by ‘X’ symbols
represent the measured response of the spectrum andyzer filter usng a
resolution bandwidth of 10 KHz.

Figure 4.2-8 shows a power delay profile produced by a smulation of a diding correlator
sysem employing a 9-stage PN sequence generator and a chip rate of 10 MHz a the
trangmitter. The Gaussan filter probing sgnd was used dong with an implementation of
equation (4.2-6) for this smulaion. The 511-chip PN sequence at the receiver was clocked at
9.990 MHz, resaulting in a dide factor of 1000. The plot illustrates a power ddlay profile for a
typica channd measured in the rail yard environment described in Chapter 3. The propagation
delays defined for the channel were 700ns, 1000 ns, 1400 ns, 2000 ns, 2300 ns, 3700 ns, and
the corresponding attenuation values relative to the largest Sgnal component are 0 dB, 10 dB, 2
dB, 15 dB, 10 dB, and 20 dB, respectively. Note that characteristics of this smulated power
delay profile match those of measured profiles. For example, the sgnd components are dightly
wider than the expected 200 ns resolution, and the peak noise floor level isin the range of 20
dB to 30 dB below the power of the peak signa component rather than the 42 B leve



predicted by - 10log(1%). Also, the low-level components are dightly distorted by the noise
floor produced by the sdlf-noise of the high-level components.

Simulated Probing Signal (Gaussian Filter)
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Figure 4.2-7. Thisprobing signd was generated usng a Gaussan filter witha 6

dB baseband bandwidth of 10 KHz for corrdation in the receiver section. The

PN sequence was smulated using a 9-stage shift register tapped at [4,9].
The probing sgna used for the smulation of the power delay profile shown in Figure 4.2-8
required gpproximatdy five hours of smulaion time on a 200 MHz Pentium-Pro computer.
MATLAB was used to implement the smulation. The time range for the probing sgnd
extended from O ns to 51.1 ns, one full PN sequence period. The probing signa was sampled
such that each corrdation pesk was represented by 40 samples, resulting in 10,220 samples
required for the entire probing sgnd. Although the probing Sgnd requires Sgnificant mulation
time, power dday profile Smulations require much less time once the probing sgnd samples
have been generated. The MATLAB smulation of the power delay profile shown in Figure
4.2-8 executed in under 1 second on the 200 MHz Pentium-Pro computer.
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Simulated Power Delay Profile (Gaussian Filter)
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Figure 4.2-8. This power delay profile was Smulated using a 511-chip PN
sequence clocked at 10 MHz at the tranamitter.  The PN sequence at the
receiver was clocked at 9.990 MHz, resulting in a dide factor of 1000. The
amulation redidicdly represents the components and noise floor observed in
measured power delay profiles.

Figure 4.2-9 illustrates a sSmulated power delay profile for a transmitter and receiver separated
by gpproximatdy 1 mile in digance. The line of Sgh path is sgnificantly obstructed and
multipath components are dominant in the profile.  The propagation delays used for this
smulated channdl 5200 ns, 5700 ns, 6500 ns, 6750 ns, 8100 ns, 8500 ns, 9000 ns, and 9500
ns, and the corresponding attenuation values relaive to the largest sgna component are 10 dB,
0 dB, 20 dB, 5 dB, 10 dB, 13 dB, 20 dB, 15 dB,, respectively. The probing sgnd used to
produce the power delay profile in Figure 4.2-8 was used again here.
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Simulated Power Delay Profile (Gaussian Filter)

!
TN

o

1
(93]

KN
o
——

|

Relative Power (dB)
N R
o (&)
—

N
a1
——
=]

o
S

s | ~
- bl 1 | aﬁM

5000 6000 7000 8000 9000 10000
Propagation Delay (ns)

Figure 4.2-9. This power dday profile was smulated usng the same probing
sgna used to produce the profile in Figure 4.2-5. The probing signd did not
need to be generated a second time, sgnificantly reducing the smulation time
when reevauating channel responses.

These smulations can be repeated for any number of channd impulse responses and many
diding corrdator sysem configurations. The smulated power dday profiles may be used for
testing any application that uses smilar profiles to produce channe response estimates or to
vdidate dgorithms designed to track the strength and delay of multipath signa components in
the received sgnd. The non-ided corrdator implementation produces output sgnals which
closdy resemble the output of the red system and are better gpproximeations than the power
delay profiles produced by the idedl corrdator smulation. The sdf-noise characteridtic of the
diding corrdator profiles illudrated in this section demondrate why the theoreticd limit of -
10log(I%) is not obtained for high signa-to-thermal-noise ratios when implementing diding
corrdaion because of the smdl difference between transmitter and receiver PN sequence
periods. In addition to the incluson of sdf-noise between signa component peaks in the
amulated profiles, the smulaion aso correctly accounts for digortion of low-levd sgnd

components due to the noise.
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4.3 Summary

This chapter has presented two methods for smulating the power delay profiles produced by a
diding corrdlator measurement system. The first method assumes that the receiver acts as an
ideal corrdator. A baseband representation of the diding correator was used which makes
amulation results independent of carrier frequency. The Smulation was implemented usng
MATLAB, and a method of computing the output usng vector operations to implement the
system components was developed to reduce the time required to execute a smulation.

Simulated sgnds were compared to sgnals within the red system to vaidate the syssem mode,
and smulated power delay profiles demonsrated that paths defined by a known channd

impul se response were correctly represented in the smulation results.

The dmple ided-correlator modd produces reasonable estimates of the correlation pesks
produced by the system, but it fails to predict the noise floor level between sgna components
and cannot predict the shape distortion of low-level sgnd components due to the addition of
«f-noise. Also, a corrdation function must be produced for each smulated power delay
profile, thus causing long execution times for sysems which use long PN sequences. For
sysems using relatively short sequences, however, the ided-correlator model produces

wideband channd datain a reasonable amount of time.

The second method of smulation presented in this chapter used an equivaent probing sgnd to
generate Smulated power delay profiles. Once produced by a measurement system modd, the
equivaent probing signd can be transmitted through the smulated channd to produce redigtic
power delay profiles. Two equivdent probing sgnas were derived: a sgnd for an ided
correlator receiver and a Sgnd for a recelver which uses a mixer and afilter to implement the
corrdaor functiondity. The ided correlator probing signa was used to compare the output of
the equivadent probing signd smulation to the ided corrdator Smulation. Power delay profiles
produced by the two methods were identical when the same channel was used. The probing
ggnd for the system which uses a mixer and filter instead of an idedl correlaor was derived to
produce more accurate estimates of the power delay profile measured with the real system.
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A baseband modd of the diding correlator was presented which uses a mixer followed by a
filter with an arbitrary impulse response. This modd was used to produce the probing sgnas
for systems which employ ether an RC filter or a Gaussan filter. The Gaussian filter was shown
to more accuratdly represent the filter in the Tekironix 2782 spectrum anayzer, a component
used in the hardware implementation of the diding correlator presented in Chapter 3. Smulated
power delay profiles demonstrated the increase in the noise level due to unequa PN sequence
periods at the transmitter and receiver. Digtortion of low-level sgnd components due to the

noise floor was d <o illugtrated.

In concluson, the smulations described in this chapter may be used for testing of dgorithms
which operate on power ddlay profile data. Also, study of the smulations and smulated results
enables a better understanding of the diding correlator measurement technique for operating
exising systems and for developing future measurement system implementations.
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Chapter 5

Wideband Channel M easurement Post Processing

Raw power and delay data recorded with a diding correlaor measurement syssem must be
processed to form meaningful results. Presented in this chapter are methods used to process
diding corrdaor data. The type of processing depends upon how measurement results are
used. For measurements which are intended to characterize an environment for system design
or optimization, results that statistically quantify propagation characteristics over geographica
regions may be required from the processing dgorithms.  Alternatively, measurements which
are intended to test individua, Ste-specific cases may be processed to produce results which
report delay and strength of individua multipath components. For example, propagation models
which predict the arrival of individua multipath components at a particular Ste may be vdidated
using individua measurements rather than Satistica summaries of aregion. In this chapter, these
two different requirements of results are addressed. First, a conventiond technique for
processing power delay profiles to produce statistica measures of an environment is discussed.
Problems associated with this technique are dso discussed.  Then a method of automating the
process of detecting the strength and delay of individua multipath componentsin a power delay
profile is presented. This method is tested using profiles produced by the diding correlator
amulation described in the preceding chapter and dso profiles measured during the study
described in Chapter 3.
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5.1 Conventional Post-Processing of Measured Profiles

Chapter 2 presented severd parameters used by propagation researchers to characterize delay
and attenuation of radio channels. Of the parameters presented, RM S delay spread and log-
distance path loss exponents are the most commonly used to describe the results of
measurement surveys in published propagation research. Many radio channd studies have been
performed which process power delay profile data to provide RM S delay spread and path loss
exponent gatistics for wirdess system design (eg., [5], [7], [18], [19]). Presented in this
section is a detailed description of the conventiona method used to calculate RMS delay spread
and path loss exponents from measured power delay profiles. The MPRG diding correlator
system is used as an example of atypicd diding corrdaor system.

A power delay profile measured by the MPRG diding corrdator system is represented by a set
of 1024 power and time data points. The MPRG system, dong with other syssems which use
digitd oscilloscopes to perform waveform acquigition, samples the power dday profile
waveform in uniformly spaced power and time increments. That is, a uniform quantizer is used
to produce samples of the power delay profile, and the time difference between samples Dt is
congtant. If a cdibration power delay profile pea(t) is sampled with the same period so that
Dt ca = Dt, to form the samples of pca(k), then the received power equation given in Chapter 2

as
a p (Ko,
P=P.,g (5.1-1)
ak. pcal (k)DtcaI
can be expressed as
a p.(k)
P = X (5.1-2)

=Py g
ak. pcal(k)
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where p;(K) isthe sampled power delay profile recorded during a channel measurements. From
cdculations of received power usng many profiles, the path loss exponent n (as discussed in
Chapter 2) and a variance are cdculated to determine the dtatistica trend of path loss [2].
Recdl that RMS delay soread is calculated from continuous waveforms using

S, =4/t?- (t)? (5.1-3)
where
F=opOd (5.1-4)
op, (t)at
and

Z_0'aMd

- (5.1-5)
op, (t)dt
For sampled waveforms, the RMS delay spread caculation is performed using
—_ o tk)p (k)
t=q —————~=~ 5.1-6
Y (Y 519
ad
— _ o t2(k)p, (k)
t?2=§ : (5.1-7)
«  P(k)

Equations (5.1-6) and (5.1-7) require that each sample point with non-zero power
represents a sample d a received signal component. In redity, nearly every point in a
power delay profile has a non-zero power vaue because of the existence of a noise floor.
Including the samples of the noise floor causes errors in caculated channd parameters as

discussed in the following section.
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One method used to remove the noise floor samples from the power delay profileis to define a
power threshold below which al sampled power is assgned a vaue of 0 Waits. Applying this
noise threshold has the effect of removing the noise samples from the calculations. The noise
threshold is typicaly defined usng one of two techniques. One technique is to set the noise
threshold to a congtant level X dB below the pesk Sgna component in the profile [33], where X
dB is an estimate of the power difference between the strongest arriving component and the
noise floor. Aslong as X does not exceed this range, the noise samples will be eiminated from
the channel parameter caculations. A problem arises when measurements are performed while
the measurement system receiver is severely shadowed, and the low strength of dl received
sgna components causes the range between the noise floor and peak signd component to
shrink compared to the unobstructed path case. In this case, the vaue chosen for X islikdy to
overestimate range between the strongest component pesk and the noise leve, and a large

number of noise samples areincluded in the caculations.

The second technique which works satisfactorily for both self-noise and therma noise cases
involves dynamicdly defining a noise threshold leve for each measured profile. The noise
threshold is set equa to the peak power level detected in the portion of a power delay profile
where it is highly unlikdly thet any Sgnd components exist. Delay ranges at the beginning and
end of a profile serve wdl as component-free regions. For example, if measurements are
consgtently performed with a tranamitter-receiver separation of greater than 500 feet, then the
range of absolute propagation delay between 0 ns and gpproximately 500 ns contains only noise
samples since the line of sght component has a delay of at leest 500 ns (see Figure 5.1-1).
Also, if the maximum measurable delay of the system is much larger than the maximum expected
delay of sgna components, then a range of delay toward the end of a profile is unlikely to
contain Sgna components.  Once the peak noise in the “noise-only” region is detected, dl
profile samples which represent power below the peak noise power are set to 0 Watts and
thereby eiminated from the channd parameter cdculations. Although some noise pesks may
exig above this dynamicdly defined threshold and are included in the cadculations, the
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contribution of noise samples to the channd parameter caculations is minor compared to the

contribution when all noise samples are included.

Simulated Power Delay Profile (Gaussian Filter)
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Figure 5.1-1. For wideband measurements performed with the transmitter and
receiver consdstently separated by more than a distance d, the portion of the
power delay profile which represents propagation delays across distances less
than d can be used to set the noise threshold. In this figure, the peak power
within adelay range of 0 nsto 500 nsis used to define the noise threshold.

Assume tha both thermd and sdlf-noise samples have been removed from the power delay
profiles yielding a profile which contains only samples of corrdation pesks. Even in this case,
minor inaccuracies can exist which are caused by the fact that a power delay profile is only an
edimate of the true channd impulse response.  In Chapter 2, it was explained that average
received wideband power can be expressed as the sum of powers of individuad multipath
components given by

N
R=4FR (5.1-8)

!
fuy
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where P; is the power of the i™ out of N received multipath components. Equation (5.1-1)
performs the operation described by equation (5.1-8) by summing the area under each received
sgnd component and relating that area to the area under a cdibration profile associated with a
known received power. Hence, the accuracy of the received power calculation is dependent
upon accurate caculations of the area beneath the curve of received sgna components. This
seems to lead to the conclusion that for accurate received power estimates derived from power
delay profiles which contain peeks of finite width to represent sgnd components, a high sample
rate should be used to sample pr(t) so0 that the summation in equation (5.1-1) more closaly
gpproximates an integrd to determine the area of the component. That is, it gppearsthat alarge
number of samples per sgna component should be used so that received power caculations

derived from p,(k) are consstent and accurate.

Now consder factors which affect the accuracy of RMS delay spread values derived from

power delay profiles usng equation (5.1-3). The RMS dday spread of a radio channe

increases with the number of widdly spread multipath components present at the receiver. For
the case where only one signd component exists at a receiver, the RMS delay spread is equal

to zero since no time dispersion is induced by multipath in the radio channd. It can be observed
that RMS ddlay soread caculated from a power delay profile usng equations (5.1-3) though
(5.1-5) will dways be nonzero when two or more sample points are used to represent a single
sgnd component in a profile, even when only one component exists in the profile. Although this
effect on the overdl RM S dday spread result is minor when many sgnal components exist in the
profile, it demongrates that RMS delay spread is idedly caculated usng power dday profiles
which use a single sample points to represent the peak of each signa component (see Figure
5.1-2). Using only a single sample per component causes each component to be weighted
equaly; normaly the larger components are erroneoudy weighted more heavily because larger
components contain more samples above the noise threshold compared to low-leve
components. Note that usng a single sample point per component seemingly conflicts with the
previous notion that alarge number of samples per component should be used in order to obtain

accurate received power measurements using equation (5.1-1). However, equation (5.1-8) is
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an appropriate replacement for (5.1-1) for determining received power if a Sngle point per
component is used.

Power delay profile: single point per signal component
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Figure 5.1-2. RMS delay spread and received power calculations are more
accurate when the channel is represented by power delay profiles which contain
a sngle sample point to represent the peak of each sgna component. These
points must be sampled when the PN sequences are maximally digned.

The preceding discusson suggests that the best format of power delay profiles for deriving
channd parameters is one which closgly resembles an impulse response with regard to
containing an infinitdly narrow pulse to represent each signad component arriving a a receiver.
Formatting wideband data in such a way diminates the errors associated with using the area
under components to determine received power and solves the problem of weighting more
heavily components represented by multiple samples.  Inaccuracies and potentid practical
solutions are studied more in depth in section 5.2. In addition, if sgna components can be
postively identified in the power delay profile, the noise floor is not an accuracy factor for either
RMS ddlay spread and received power caculatiions. Elimination of the noise floor and
identification of individual sgnad componentsis the subject of section 5.3.
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5.2 Effects of Noise Threshold on Calculated Channel Parameters

The implementation of a noise threshold reduces the effect of the noise floor on caculated
channd parameters by diminating most of the sample points which are not associated with a
received sgnal component. However, the noise threshold also eiminates data points associated
with the portion of component pesks where the PN sequences are not maximaly aligned and
may eiminate low-leve correlation pesks entirdly. This results in inaccuracies in the caculated
channd parameters. Presented here is an investigation into the effects of the noise threshold on
RMS delay spread and received power calculated from power delay profiles.

The sample power delay profile shown in Figure 5.2-1 is used to demonstrate the error in
caculated received power caused by the gpplication of a noise threshold. The power delay
profile represents the impulse response of a single-path channd with a dday of 1000 ns. The
true received power is -80 dBm. Figure 5.2-2 shows the caculated received power versus
noise threshold leved for the profile shown in Figure 5.2-1. Asthe noise threshold increases, the
caculated received power fals because additionad sgna component area is discarded from the
power cdculation. Each downward step of calculated received power as the noise threshold
increases represents an additiona sample of the power delay profile lost from the received
power calculation. It isdemonsrated by the plot that notable error occurs only when the noise
threshold approaches the pesak of the signa component within about 2 dB. Thisimplies that for
received power calculations performed using profiles containing many strong signa components,
the error in total received power islikely to be negligible aslong as the noise threshold is severd
dB below the strong received signa pesks. In generd, as long as sufficient power levels are
used at the measurement system transmitter such that a least one of the recelved components
rises severd dB above the thermd noise floor, errors in total received power caused by

application of anoise threshold can be consdered negligible.
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Simulated power delay profile
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Figure 5.2-1. This power dday profile is used to investigete the effect of
variationsin noise threshold levels on caculated received power.

Although the inaccuracy in calculated received power as the noise threshold varies is a minor
concern in most cases, errors in RMS delay spread due to variations in the noise threshold can
be quite sgnificant. Figure 5.2-3 illustrates a power dday profile which is used to demongtrate
dependency of RMS ddlay spread caculations on noise threshold level. This power delay
profile was smulated for a 1900 MHz wirdess channd with a log-norma mode peth loss
exponent of 3.5. Seven sgnad components arive a the recaver with uniformly increesing
propagation delay, and the true RM S delay spread for this channd is517 ns. Using this profile,
the RMS ddlay spread was caculated using noise threshold levels ranging from -170 dB to -
125 dB. Figures 5.2-4 and 5.2-5 show the relationship between caculated RM S delay spread
and noise threshold levdl.
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Effect of noise threshold level on calculated received power
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Figure 5.2-2. This plot shows cdculated received power versus noise
threshold level using the power delay profile in Figure 5.2-1. It is shown that as
the noise threshold is increased, the calculated received power underestimates
the true recelved power.

It is evident in Figure 5.2-5 that cdculated RMS delay spread is sgnificantly overestimated
when the noise threshold is assigned to a level below the pesks of the correlation noise floor.
Although the noise floor strength is more than 25 dB below the pesk sgnd component, the
large number of sample points causes the calculated RMS delay spread to exceed the true
RMS delay spread by nearly a factor of 10. The cadculated RMS delay spread rapidly
approaches the true vaue as the noise threshold leve is increased above the leve of the noise
peaks. Figure 5.2-4 shows an expanded plot of RMS delay spread versus noise threshold
leve, ranging from a power & which the noise threshold levd is dightly below some of the
largest noise pesks to the power a which the noise threshold level exceeds the largest signd
component. The horizontd line indicates the true RMS delay spread for the channd. As
expected, the RMS delay spread fdls to zero when the noise threshold leved rises above the
peek of the strongest signa component.  As the noise threshold power fdls, the RMS delay

goread increases as additiond samples of the strongest component are included in the
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cdculaion. Despite the fact that only one sgnal component isincluded in the calculations a this
point, the RMS delay spread is erroneoudy nonzero. As the noise threshold is reduced further,
the calculated RMS delay spread increases in steps as the contributions of additiond sgnd

components are included the computation. Note thet there is only a very narrow range of noise

threshold levels where the RM S delay spread iswithin afew percent of the true value.

Simulated Power Delay Profile
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Figure 5.2-3. A 1900 MHz channd with alog-norma path loss exponent of
3.5 was used to produce this power delay profile. This profile is used to
investigate the effect of the noise threshold on RMS ddlay spread cdculations.

100



Calculated RMS delay spread versus noise threshold level
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Figure 5.2-4. The dependency of caculated RMS delay spread on noise
threshold level is demondrated here. Asthe noise threshold islowered from the
peak of the strongest component, the calculated RM S delay spread increases.
The horizontd line represents the true RM S delay spread of the channd.

The primary factors which affect the accuracy of RMS dday spread cdculations are the
exigence of a noise floor and the unequa weighting of multipath components with different
received power levels. Theinclusion of the noise floor causes the caculated RM S delay spread
to dragticdly rise, and the unequa weighting causes RMS ddlay spread to underestimate the
true vaue when low levd received sgnd components exist. One possible and practical way to
eliminate these factors is to perform noise floor suppression and signal component detection as
discussed in the following section. These solutions not only attempt to improve the accuracy of
caculated channd parameters, but they aso represent the channd with discrete amplitude and
ddays much like an impul se response representation of awirdess channd.
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Calculated RMS delay spread versus noise threshold level
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Figure 5.2-5. As the noise threshold is lowered into the noise floor, large
erorsin caculated RMS delay spread occur. The horizontal line represents the
true RMS ddlay spread of the channel.

5.3 Signal Component Detection Processing for Power Delay Profiles

In this section a method of processng power dday profiles is presented which effectively
represents the measured channels as a discrete set of sgnd strengths and delays much like a
theoreticd channel impulse response.  There are severd advantages to representing the
measured channd data as a st of discrete strength and delay samples.  For example, sgnd
components are postively identified rather than roughly described by finite-width pesks in a
typical power delay profile. Also, working with discrete sgna components during processing
ensures repeatable results, especidly when comparing smulated impulse responses (e.g., ray-
tracing results) to measured power delay profiles. In addition, representation of a channel
measurement with a power delay profile consumes considerably more computer memory for
storage and execution time for processing as compared to a discrete profile representation.
This is especidly important when the wideband channel data must be transmitted over a low
bandwidth link (eg., the serid port link from the measurement hardware to a compuiter).
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Finaly, the discrete profile representation conveys a more intuitive picture of the discrete nature
of a wirdess chamne multipath Structure.  Processing discrete components dso assidts in
diminaing the adverse effects of applying a noise threshold during channe parameter
caculations discussed in the previous section.

Figure 5.3-1 shows a high level block diagram of the technique which processes power delay
profiles to produce discrete component representations.  The technique performs two primary
operations on the power delay profile. First, the power delay profile samples are processed by
the noise floor suppression stage. During this stage, component regions are identified;
component regions are the ranges of propagation dday during which receved sgnd
components are likey to exist. All sample points outsde of the component regions are
considered noise and diminated from the profile. The result isa“noisdess’ power delay profile
where a mgority of the noise samples have been removed. The “noisdess’ profile is used as
the input to the signal component detection stage during which the strength and dday of
individua received sgnd components are identified. The output of the sgna component
detection stage is a discrete profile which represents al of the sgna components identified

Power Delay
Profile
Input parameters:

Noise Floor Suppression [ Observation Level
Minimum Base Width

during processing.

Signal component Input parameters:
detection < Maxima Power Margin

Discrete
Profile

Figure 5.3-1. The power delay profileis used as the input to the noise floor suppression stage where the
noise samples are removed from the floor of the profile. The individual signal components are identified
during the signal component detection stage to produce the discrete profile.
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Figure 5.3-2 illudrates the noise floor suppresson agorithm in gregter detail. Ingead of
employing the noise threshold level used for conventiond processing, an observation levd is
defined. Rather than iminating al sample points below a specified leve, the observation leve
is used to identify where signad components potentidly exist in the power delay profile. Figure
5.3-3 illugtrates a power delay profile with an observation level defined (the horizontd line
through the noise floor is the observation level). This power delay profile is used to demongrate
sgna component detection. The delays of the components are 1 s, 2 s, 3 s, 4118, 5N,
and 6 ns, and the strengths of the components are 0 dB, -4 dB, -8 dB, -12 dB, -16, and -20

dB, respectively.

The dgorithm firgt identifies al crossings of the power delay profile trace across the observation
level. Next, the delay between the upward crossng (postive derivative) and the following
downward crossng (negetive derivative) is cdculated for dl crossngs. This aray of delays
gpecifies the base width for al pesks risng above the observation level. A second user-defined
parameter, minimum base width, is used to search for component regions in the profile. The
bases of dl pesks in the profile are compared with the minimum base width parameter, and
regions where the base width exceeds the minimum base width are identified as component
regions. The “X” symbols shown in Fgure 5.3-3 indicate the endpoints of the component
regions. All samples outside of the component regions are considered noise and are removed

from the profile to produce the “noisdess’ profile shown in Figure 5.3-4..
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Power Delay Profile
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Figure 5.3-2. The fird sep in noise floor suppresson is identification of dl
crossings across the observation level. The delay difference between upward
and downward crossings is compared to the user- specified minimum base width

to determine the component regions. All points outside the component regions
are diminated to produce the “noisdess’ profile shown in Figure 5.3-4.
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Simulated Power Delay Profile
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Figure 5.3-3. This power delay profile is used to demondrate detection of
ggna components and suppression of the noise floor. The horizontd line is the
observation level used during processing, and the “X” symboals identify the
endpoints of the detected component regions.
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Simulated power delay profile with noise suppressed and peaks detected
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Figure 5.3-4. The noise floor samples have been diminated from this power
delay profile The“Xx” symbolsin this figure identify the local maxima within the
component regions. The circles indicate dl maxima which have been identified
as received signal components.

Figure 5.3-5 illustrates a block diagram of the component detection agorithm. Once the noise
floor samples have been removed from the profile, a sarch is performed using the remaining
samplesto find dl locd maxima Loca maxima are desgnated by “x” symbolsin Figure 5.3-4.
These locd maxima are the candidates for received sgna components. A third user-pecified
parameter, the maxima power margin, is a quantity which defines the minimum dlowable power
levd difference between the levd of alocd maximum and the levd of the adjacent local minima
for the locd maximum to be congdered a sgnad component.  Any loca maximum within a
component region which sisfies the maxima power margin criteria is consdered a sgnd
component (see Figure 5.3-6). This test handles the case of two or more closgly arriving
multipath components and reduces the possibility of identifying a noise spike or other anomay
asadgnd component. If no loca maxima within a component region satisfy the maxima power
margin criteria, then the absolute maximum within the component region is assumed to be the
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sgnd component peak. The signa components detected in Hgure 5.3-4 are identified by the
smdl cirdes around the locd maxima.

“Noisdless’ profile

'

Search for all local maxima
in “noiseless’ profile

v

Eliminate peaks which do not
satisfy maxima power
margin criteria

Signa | . v
Component -, Designate remaining local
Detection maximato be signal
: components

If acomponent region has had
all local maxima eliminated,
designate the absolute maxima
of the region to be asignal
component

!

Discrete Profile

Figure 5.3-5. The fird step in signd component detection is a search for Al
loca maxima within the component regions. A test is performed to remove
from the 9gnad component candidate list dl locd maxima which do not satisfy
the maxima power margin criteria If no maxima satidy this criteria within a
sngle region, then the absolute maximum within that particular region is
considered to be the signal component.

Figure 5.3-7 illugtrates the output of a sgnd component detection software implementation.

The entire detection dgorithm was implemented usng MATLAB. The discrete profile contains
only one sample point per sgnal component, asillusrated by the pesk of each vertica line. The
computed strengths of the components are -0.1 dB, -4.1 dB, -8.3 dB, -12.2 dB, -15.9 dB,
and -19.8 dB. The computed delays of the components are 1.00 ns, 1.99 s, 3.01 s, 4.01
ns, 5.01 ns, and 6.01 ns. These results compare very well to the true delays and strengths
defined for the channd, deviating in strength by at most 0.3 dB and in delay by a most 10 ns.

108



Sgnal Sgnal Sgnal

Component Component Component
Noise Peak
'Y / v
>2dB A <2dB
_Y

@ (b) ©

Figure 5.3-6. Single sgnd components within a component region as shown in
cae (a) are easy to identify by finding the single locad maximum. Case (b)
illugtrates a case where two components must be detected within a single
component region. In case (¢), a noise spike affecting the trace within a
component region must not be fasdy identified as a Sgna component. The

maxima power margin is used to reduce the posshbility of fase component
detection.

Impulse representation of power delay profile
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Figure 5.3-7. This discrete profile uses only one sample point per detected
sgnd component. The ddlays and strengths of the components in this profile
are shown to be dmost exactly those of the actua channel.
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The rdiability of sgnd component detection processng is dependent upon the choice of
observation level, minimum base width, and maxima power margin parameters. Detection of
sgna components relies heavily on correctly setting the observation level parameter. Consider
the power delay profile shown in Figure 5.3-8. The observation leve is defined to be -17 dB,
approximately 10 dB above the noise floor of the profile. As shown by the “x” symbols which
represent the endpoints of the component regions, when the observation leve is set sgnificantly
above the noise floor, sgnal components can remain undetected during the observation level
crossing detection process.  The result is the profile shown in Figure 5.3-9, where received
sgna components were eliminated from the profile because they were identified to be noise.
Thisresultsin low received power estimates and low RMS delay spread estimates.

Simulated Power Delay Profile
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Figure 5.3-8. This obsarvation leved in this profile is st too high in order to
demondrate that low level sgnad components can be missed. The absence of
“X” symbols on the low level components indicate that the observation leve
crossing and minimum base width processes caused the failure in detection.
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Simulated power delay profile with noise suppressed and peaks detected
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Figure 5.3-9. Thetwo latest arriving Sgnd components are falsely identified as
noise and are diminated from the profile because the observation level is set too

high

Figures 5.3-10 and 5.3-11 illustrate the effects of setting the observation level low compared to
the noise floor level. Because large gaps occur between crossings of the observation leve by
the trace of the noise floor, the component regions around the signal components are expanded
and component regions are defined where no components actudly exist. The result is
identification of several noise pesks as signd components as shown in Figure 5.3-11.

From the examples, it gppears that the observation leve should be set to aleve that is 3 dB to
5 dB below the pesks of the noise floor. As shown next, accurate results for channed

parameters can be obtained using observation levels which deviate severa dB from this value.
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Simulated Power Delay Profile

Relative Power (dB)

A

1000 2000 3000 4000 5000 6000
Propagation Delay (ns)

Figure 5.3-10. The observation level for this profile is defined to be -50 dB.
This low level causes severd noise pesks to be fasdy identified as received
sgna components.

Simulated power delay profile with noise suppressed and peaks detected
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Figure 5.3-11. The low observation level causes noise pesks to be identified
assgna components.
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The minimum base width and maxima power margin parameters attempt to modd the process
of ahuman operator identifying individua signa components within a power ddlay profile. Thus,
setting the parameters is somewhat of a subjective choice. The minimum base width can be set
by measuring the base of a sgna component which an operator considers to be the smallest
discernable sgnd component. The maxima power margin can be set by using two closdy
gpoaced sgnd components which can be podtively identified as separate components and
measuring the power difference between the maxima and the minimum between the
components.  An advantage of modeling the human process rather than relying on component
identification by the operator is that the modd removes the inconsistency of the human operator
and makes the process repeatable.  Although the sdection of minimum base width and maxima
power margin parameters is subjective, holding these parameters and the observation leve
congtant yields consstent and repestable results. Also, the detection mode can be used to
automate wideband measurement data analys's rather than requiring an operator to identify dl
signa components in each of alarge number of power delay profiles.

Figure 5.3-12 illudtrates how cdculated RMS delay spread changes as the observation level

changes for the power delay profile shown in 5.3-3. The RMS delay spread shown by the solid
line is cdculated with equations (5.1-3), (5.1-6), and (5.1-7) using only discrete components.
Also shown on the plot is the RMS delay spread versus noise threshold level cdculated by the
conventiond technique using the power delay profilein Figure 5.3-3. Note that the actud RMS
delay spread for the channd is 977 ns. The curve which was caculated usng component
detection has a rdatively large region between -45 dB and -25 dB where the RMS delay

soread is effectively independent of the observation level. That is, a 20 dB range exists within
which the observation level could be set to obtain accurate RMS delay spread results. Using
the conventiona technique, however, there exists a region aong the noise threshold axis of only
goproximately 5 dB where cdculated RMS delay spread is within a few percent of the true
vadue. Sdecting a noise threshold leve that istoo low resultsin significant errorsin RMS dday
spread because of incluson of noise samplesin the caculation. Conservatively setting the noise
threshold leve to avaue that iswell above the noise floor resultsin low estimates of RMS delay
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goread. This plot essentidly demongtrates that accurate RMS delay spread vaues can be
obtained more easly using component detection because of the larger margin of error alowed
when choosing the observation level versus the smal margin when sdecting a noise threshold

leve for processng.

The flat region of the solid line between -45 dB and -20 dB in Figure 5.3-12 indicates a
cdculated RMS ddlay spread of 984 ns. This is dightly higher than the true vadue of 977 ns,
most likely caused by digtortion of the low level sgna components by sdf-noise. The digtortion
causes deviations in both component strength and delay from the true vaue, resulting in smdll

arors in the cdculated channed parameters. Bedlow an observation leved of -45 dB, an
increasing number large noise peaks are detected as signa components causing the RMS delay
soread estimate to rise. Above an observation leve of -25 dB, low level Ssgna components are
detected as noise and diminated from the channel parameter caculations, resulting in the step-

down shape of the solid curve asindividua sgna components are los.

The signal component detection agorithm was tested on actua measured profiles in addition to
amulated profiles. Power delay profiles recorded during the rail yard propagation survey
(presented in Chapter 3) were used as sample data.  Figure 5.3-13 illustrates a measured
power delay profile. Recdl that a chip rate of 10 MHz and a center frequency of 915 MHz
was used during therall yard survey.

The trace in Figure 5.3-14 shows the data points of the profile which are detected as potentia
sgna components. Within severa of the component regions, severd maxima are detected
which clearly do not correspond to the correlaion peaks of sgna components. Because the
maxima power margin is set to 2 dB, the inggnificant maxima are not identified as sgna
components.  Within regions of the profile where noise corrupts the signa components near
their correlation pesks (e.g., the fourth-arriving sgna component), alocal maxima could not be
pogitively identified asasgna component as evidenced by the lack of a circle around the pesk.
In these cases, the falback assumption that the absolute maximum within the component region
isthe sgnad component pesk performs well.
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Figure 5.3-12. Accurate estimates of RMS delay spread are easier to obtain
using component detection processng because of the large margin of error
dlowed when setting the observation level. Line (a) was cdculated usng
discrete profiles, and line (b) was calculated usng the conventional processing
technique. True RMS ddlay spread for this channd is 977 ns.
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Measured Power Delay Profile
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Figure 5.3-13. This power ddlay profile (3wh13.sco) was measured using the
MPRG diding correlator system during the train yard measurements. The
horizontd line is the observation level and the “X” symbols represent the data
points closest to the crossings.
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Measured power delay profile with noise suppressed and peaks detected
'95 T T T T T T T

I _

N

o

o
T

=

o

(6]

T
— %

1

Received Power (dBm)
- -
[ =
o (@

1
=
N
o
T
1

-125 1 NI 1 Ll i 1
0 1000 2000 3000 4000 5000 6000 7000

Propagation Delay (ns)

Figure 5.3-14. All of the mgor corrdation peaks in the measured profile have
been detected. A minimum base width of 100 nswas used.

Discrete profile
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Figure 5.3-15. This discrete profile represents a radio channegl measured
during the rail yard propagetion survey.
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All detected components are shown in Figure 5.3-15. The strong components have
unequivocaly been identified by the agorithm. It is, of course, arguable whether or not al low
level sgnad components have been captured. Identification of low level componentsin a power

dday profileis, however, a subjective decison.

In essence, what has been developed in this section is a method for automating the process of
obtaining estimates of impulses responses from power delay profiles. Component detection
processing yields more congstent impulse response estimates versus identification of signa
components by an operator because signa component selection criteria is held congtant, rather
then depending upon the consstency of an operator. Automation of the process aso yidds
results more quickly and with less effort. In addition, estimates of RMS delay spread and
received power derived from wideband channd profiles are more exact when caculated using
discrete profiles rather than profiles that contain Ssgna components of finite width.

5.4 Summary

Collection of received power and delay data with a diding correlator measurement system must
be complemented with accurate processing to produce meaningful results for researchers and
wireless system designers. Reaults that satisticaly quantify propagation characteristics derived
from a large number of power dday profiles are useful for system design gpplications. Results
that specify exact delay and strength of multipath within specific power ddlay profiles are useful
for vaidation of propagation models and other site-specific research gpplications. Presentedin
this section were the details of conventiona processing to obtain multipath statistics and some of
the problems that may be encountered. Also presented was a technique that can be used to
automate the process of identifying individua sgna components within a power delay profile.

The accuracy of conventiona processing is dependent upon a user-defined noise threshold
which removes the contribution of noise from the received power and RMS delays spread
caculations. Plots of recaeived power versus noise threshold level demonstrated that calculated

118



received power is not highly sengtive to changes in noise threshold levd. Plots of the RMS
delay spread versus noise threshold level demondtrated that RM S delay spread is senditive to
changes in noise threshold level when the leve fdls within the vicinity of the noise floor or rises
above components which significantly contribute to RMS delay spread. Accuracy of calculated
RMS dday spread and received power is improved if Sgnd strength is sampled only at the
peak of each recelved signa component.

An dgorithm was developed which detects the received signd components within a power
delay profile. User-defined parameters of the dgorithm include an observation level, aminimum
base width, and a maxima power margin. The agorithm was tested on both smulated and
measured power delay profiles. It was shown using smulated profiles that the sengtivity of
RMS delay spread to changes in observation leve is much less compared to the sengtivity of
RMS dday spread to noise threshold level using the conventiond processing technique. The
discrete profiles produced by this technique are suited for comparison to the results of
propagation prediction tools which predict individua multipath components at specific Stes.
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Chapter 6

Conclusion

6.1 Accomplishmentsand Contributions

Measurement, andlys's, characterization, and smulation of wirdess channds is a complex and
necessary task for many communications researchers and engineers.  Wideband measurement
systems provide the propagation data to anadyze and characterize path loss and time dispersion
of radio channels. Results of measurements can be used to validate propagation prediction
tools and to tune propagation models for wireless network design and optimization. Thediding
correlator measurement system has proven to be an effective tool to perform these wideband

measurements.

The research presented in the preceding chapters has covered practical and theoretical aspects
of the diding corrdlator measurement sysem  The primary accomplishments of this research
include:

Description of the hardware implementation of a diding correlator system capable of 10
ns sgnd component resolution including and introduction to a hardware PN sequence
synchronization technique

A comprehengive review of the methods of characterizing path loss and time disperson
induced by radio channds.

120



Peth loss and time disperson characterization of a tran yard environment for the

development of communication and tracking systems

Wideband channdl measurement processing software for datistica characterization of
multipath in radio channds

Development of a diding corrdator sysem smulator which produces redistic power
delay profiles to assst in post processng agorithm development and measurement
system specification and design

Deveopment of an dgorithm for sgna component detection within power dday profiles
to produce accurate channel characterization results and discrete profile representations
of radio channels

Chapter 2 introduced a basic channd modd and presented an overview of wideband
measurement systems which are used to resolve multipath signd components.  The theory of
diding corrdator measurement systems reviewed in Chapter 2 provided a foundation for the
measurement survey, smulation development, and post processng agorithm presented in
following chapters. Chapter 2 is a ussful reference for future surveys which use the diding

correlator and for future measurement system development.

Chapter 3 described in depth a measurement survey of an environment which had not been well
studied by propagation researchers. The results of the measurements characterize the train yard
propagation environment for potentia digita wireless gpplications. This chapter not only shows
the results for one specific environment, but also demondrates in general how to practically

measure, process, and atisticaly summarize wideband measurement data

The smulaions developed in Chapter 4 provide a way to produce power delay profiles for
user-defined delay and path loss characterigtics of a radio channel. In addition to providing a
means to vdidate post processng adgorithms, the smulaions demondrate important system
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details which are hepful in developing an understanding of the sgnds and functions of the

measurement sysem.

Chapter 5 reviewed the conventiond wideband measurement processing technique and
demongtrated problems which may surface when applying a noise threshold to reduce the effect
of the noise floor on caculated channd parameters. The section which presents sengtivity of
cdculate channel parameters to noise threshold levelsis especidly of interest to those who have
the task of compiling the results of a wideband measurement survey. A multipath signd
component detection algorithm developed in Chapter 5 may be useful for validating propagation
prediction tools and for transmitting power delay profile data across low-bandwidth data links.
Multipath signd detection processing represents power delay profile in a more compact, more
intuitive formet.

6.2 FutureWork

The diding correlator will evolve in two ways to serve the needs of future wirdess applications.
improvement in signa component resolution and operation in higher frequency bands.  Better
resolution of the system is the more difficult chalenge because of the high chip rates involved.
The current implementation of the PN sequence generators (developed with emitter-coupled
logic integrated circuits) should alow chip rates up to gpproximatey 250 MHz usng well
designed circuit boards and component layout. Measurements in higher frequency bands
requires redesign of the RF front end and modulation sections of the diding corrdator system.
The design of a new measurement system will require (and develop) both digitd and RF

expertise.

In addition to the development and optimization of new persond communications networks,
development of medica tedlemetry, law enforcement communications, video digtribution, and
wirdess internet connectivity systems will drive and direct the course of new measurement
systems and radio channdl surveys. The increased commercia usage of direct sequence spread
gpectrum CDMA (code divison multiple access) will require the development of systems smilar
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to the diding corrdator to determine usable sgnd levels and interference characterigtics.
Spread spectrum PCS systems currently based on the 800 MHz and 1900 MHz CDMA
standards (see [26], [27]) are dready in need of measurement systems dedicated to tracking
and measuring strength and delay of PN sequences offset in delay as observed at areceiver.

6.3 Closing

Much has changed with the world and the demands placed upon technology since the days of
Nikola Teda, whose intentions were to “ stagger humanity” with the ability to communicate “with
every city intheworld ... a the speed of 1500 to 2000 words per minute” [29]. However, the
desire to build better, faster, and more robust wirdess communication systems to serve the
needs of business, safety, education, and entertainment has dways been a congant god. It is
not the author’s intention to “stagger humanity” with this research; however, it is the author's
hope thet the engineers and students involved in wirdess communications research will find the
information, developments, problems, and solutions addressed by this work useful for
engineering design and as equdly useful for education.
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Appendix

Simulation and Processing Sour ce Code

The following source code was executed usng MATLAB® verson 4.2,

1.1 Ideal Correlator Simulation

7-Stage PN Sequence Generator Simulated Power Delay Profile

% i deal ex1. m

% WIliam G Newhal |

% Measurenment system sinmulation using an ideal correlator and
% a baseband representation of the transmitter and receiver.
% Produces a sinmul ated power delay profile plot.

%

%

% User definable paraneters

chi pCl ock = 100e6; % TX chip clock in Hz

power Cal Fact or = 0; % Power offset calibration in dB

chDel Sec = [200 300 600 800]*1le-9; % Channel del ay vector (sec)
chAttendB =[5 12 10 13]; % Channel attenuation vector (dB)

% Cal cul ati ons

PN = pngenfcn( 7,3,7 );
TXPN = txgenfcn( PN, ones( 1,10 ) );

chi pPeriod = 1 / chi pC ock; % TX chip period (sec)
maxDel ay = chi pPeriod * length( PN); % Max neasurabl e del ay (sec)
chDel = round( chDel Sec *

l ength( TXPN ) / maxDelay ); % Channel delay vector (# sanples)
RXPN = chan( TXPN, chDel, chAttendB ); % Si mul ate received signal
[PNcorr, PNcorrdB] = ...

correlat( RXPN, TXPN ); % Conpute correlation function
propDly = (0: maxDel ay/ (| engt h(PNcorrdB)-1): naxDel ay); % Del ay axi s
vect or
pl ot ( propDl y*1e9, PNcorr dB+power Cal Factor, 'k' ); % plot PDP
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title('Simulated Power Delay Profile')
x| abel (' Propagati on Delay (ns)')

yl abel (' Rel ati ve Power (dB)')

grid on

11-Stage PN Sequence Generator Simulated Power Delay Profile

% i deal ex2. m

% WIliam G Newhal |

% Measur ement system sinul ati on using an ideal correl ator and
% a baseband representation of the transmitter and receiver.
% Produces a sinmul ated power delay profile plot.

%

%

% User definable paraneters

chi pC ock = 100e6; % TX chip clock in Hz

power Cal Fact or = 0; % Power offset calibration in dB

chDel Sec = [100 150 500 525 600] *1e-9; % Channel delay vector (sec)
chAttendB = [3 12 5 10 13]; % Channel attenuation vector (dB)

% Cal cul ati ons

PN = pngenfcn( 11,9,11 );

TXPN = txgenfcn( PN, ones( 1,10 ) );

chipPeriod = 1 / chipC ock; % TX chip period (sec)

maxDel ay = chi pPeriod * length( PN); % Max neasurabl e del ay (sec)

chDel = round( chDel Sec *

length( TXPN ) / nmaxDelay ); % Channel delay vector (# sanples)
RXPN = chan( TXPN, chDel, chAttendB ); % Si mul ate recei ved signal
[ PNcorr, PNcorrdB] =

correlat( RXPN, TXPN ); % Conpute correlation function
propDly = (0: maxDel ay/ (| engt h(PNcorrdB)-1): maxDel ay); % Del ay axis
vect or
pl ot ( propDl y*1e9, PNcorr dB+power Cal Factor, 'k' ); % plot PDP
title(' Simul ated Power Delay Profile')
x| abel (' Propagati on Delay (ns)')
yl abel (' Rel ati ve Power (dB)')
grid on
axis ([0 1000 -70 0])

PN Generator Function (Support Function)

% PNgenFcn. m

% WIliam G Newhal |

% Gener at es PN sequence and returns PN

% PN = pngenfcn( shiftReglLen, tapl, tap2 )

function PN = pngenfcn( shiftRegLength, tapl, tap2 )
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% Cal cul ati ons

PNl ength = 27shift RegLength - 1; % Lengt h of sequence

PN = zeros( 1, PNl ength ); %lnitialize PNto 0's

shi ft Reg = ones( 1, shiftRegLength ); %lInitialize shift reg to 1's

for i = 1: PNlength
shiftln = rem( shiftReg(tapl)+shiftReg(tap2), 2 ); % XOR of taps
PN(i) = shiftReg( shiftReglLength ); % Shift reg out put
shiftReg = [shiftln shiftReg( 1:shiftRegLength-1)]; % Shi ft

right, shift in XOR
end % end for PN ength

PN =PN* 2 - 1;, %convert 0->-1, 1->1
Trangmitter Output Function (Support Function)

% TXgenfcn. m

% WIliam G Newhal |

% Cenerates the transmtter PN sequence sanples.
% TXPN = TXgenfcn( PN, TXchip );

function TXPN = TXgenfcn( PN, TXchip );

cl ear TXPN; %initialize TXPN

TXPN = [];

PNl engt h=l engt h( PN );

for chiplndex = 1: PN ength %formtransmtted signal sanples
TXPN = [ TXPN PN( chi pl ndex )*TXchip]; % concat enate TX chi ps

end % end for chiplndex

Radio Channd Function (Support Function)

% chan. m

% WIliam G Newhal |

% Produces output of a nultipath channel using chln as
% an input. Delays and attenuates according to chDel
% and chAttendB vectors.

function chQut = chan( chln, chDel, chAttendB )

chAtten = 10.~( chAttendB/ 20 ); % Li near chan atten
chQut = zeros( 1, length( chln) ); %Initialize chan out put
for conplndex = 1:length( chDel ) % Cal cul ate chan out put
chQut = chQut + seqDelay( chln, chDel ( conplndex ) )
/ chAtten( conplndex );
end % end for conpl ndex

PN Sequence Delay Function (Support Function)

% SeqDel ay. m
% WIIliam G Newhal |
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% Qutput is the input sequence S delayed by n sanpl es
function del S = seqbDelay( S, n )

lenS = length( S);

if( n==0) % delay = 0 case
del S = §;

elseif( (n>0) & (n<lenS) ) % 0 < delay < sequence | ength
delS = [S( IenS-n+l:1enS ) S( 1l:lenS-n )];

el se

error( 'n nmust be greater than zero and | ess than sequence length' );
end

Corrdation Function (Support Function)

% Correlat. m

% WIIliam G Newhal

% Produces the correlation function for PN and rxPN. Qutput is

% PNcorr (correlation function) and PNcorrdB (correlation function
% expressed in dB nornelized to O dB)

function [PNcorr, PNcorrdB] = correlat( PN, rxPN)

sl i dPN = rxPN, % The sliding sequence

PNcorr( 1) = PN * slidPN ; % first point in corr fcn

| astlndex = length( PN); % nunber of chips in PN sequence
printflag = 50;

for i = 2:lastlndex

if( i==printflag )
printflag = printflag + 50;
disp( ['T ="' num2str( i ) ' out of ' nunmRstr( lastlindex )] );
end
slidPN = [slidPN( lastindex ) slidPN( 1l:lastlndex-1 )]; %slide
sequence
PNcorr( i ) = PN * slidPN ; % multiply and integrate
end % end for

PNcorr = PNcorr / | astlndex; % nornmelize to 1
PNcorrdB = 10 * 10gl0( PNcorr.”2 ); %express in dB

1.2 Probing Signal Simulation

Ideal Correlator Probing Signal

% i dprbex1l. m

% Run nme to produce a sanple ideal correlator probing signal
% WIliam G Newhal

%



% User definable paraneters

chi pCl ock = 100e6; % TX chip clock in Hz
PN = pngenfcn( 7,3,7 ); % PN sequence definition

% Cal cul ati ons
[ ProbSi g, ProbSigTine] = idprbgen( PN, chipCl ock );

% Show negative half of probing signal as well as positive half

ProbSig = [ fliplr( ProbSig( 2:floor( length( ProbSig ) / 2 ) ) ),
ProbSig( 1:floor( length( ProbSig) / 2 ) ) 1;

ProbSigTinme = [ -fliplr( ProbSigTine( 2:floor( length( ProbSigTinme ) / 2
) ) ), ProbSigTine( 1l:floor( length( ProbSigTinme ) / 2 ) ) ];

pl ot ( ProbSi gTi ne*1e9, ProbSig, 'k-' ); % plot PDP
title('Probing Signal for Ideal Correlator Receiver')
x| abel (' Propagati on Delay (ns)')

yl abel (' Rel ative Vol tage')

axis( [-40, 40, -0.1, 1] );

grid off

Simulated Power Déay Profile Based on Ideal Probing Signal

% i dprbex1l. m

% Run ne to produce a sanple ideal correlator probing signal.
% WIliam G Newhal |

%

% User definable paraneters

chi pd ock = 100e6; % TX chip clock in Hz

PN = pngenfcn( 7,3,7 ); % PN sequence definition

chDel Sec = [200 300 600 800] *1e-9; % Channel del ay vector (sec)
chAtt endB =[5 12 10 13]; % Channel attenuation vector (dB)

% Cal cul ati ons

[ ProbSi g, ProbSigTinme] = idprbgen( PN, chipC ock );
chi pPeriod = 1 / chipC ock; % TX chip period (sec)
maxDel ay = chi pPeriod * length( PN ); % Max neasurabl e del ay (sec)
chDel = round( chDel Sec *

Il ength( ProbSig ) / maxDelay ); % Channel del ay vector (#
sanpl es)
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PDP = chan( ProbSig, chDel, chAttendB ); % Transmit probing sig thru
channe

%Pr obSi gTi me = ProbSigTine ... % Show positive tineg,

% + mex( ProbSigTime ); % not PN cycle

pl ot ( ProbSi gTi ne*1e9, 10*1ogl0( PDP.7~2 ), "k-' ); % plot PDP
title('Simulated Power Delay Profile (ldeal Probing Signal)')
x| abel (' Propagati on Delay (ns)')

yl abel (' Rel ati ve Power (dB)')

grid on

Generates 10 KHz (3dB baseband BW) RC, 9-stage [4,9] Probing Signal Example

% Psanprc. m

% Probi ng signal sanple used to show full period of probing signal

% PN: 9 stage [4,9], 10MHz chip rate, K=1000, RC filter (Baseband BWBdB
= 10KHz)

%

% Uses out put generated by probsig7.mand stored in probsig7. mat.
| oad probsig7

figure

pl ot (t*1000, 10*| 0gl0(abs(y).”2),"'k");

xl abel ("Time (us)');

yl abel (' Relative Power (dB)');

title ("Sinmulated Probing Signal (RC Filter)');
grid on;

axis ([m n(t*1000) max(t*1e3) -50 0])

Produces Probing Signal 10 KHz (3dB baseband BW) RC, 9-stage [4,9]

% Probsi g7. m
% Desired signal output.

% User input ------------mmmmm o

Rc1=10e6; % Chi p Rate

K=1000; % Sl i de factor

s = pngen (9,4,9); % PN sequence definition (shiftReglLen, tapl,
tap2)

nrange=[ - 300, 300] ;
nr ange=[ - 300, 300] ;

trange=[ - 0. 0005, 0.0520];
nunt =1024;
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% End user input --------------- oo
% Cal cul ated paraneters
L=l ength (s);

Rc2=Rcl1*(1-1/K); % Chip rate

Tcl=1/ Rcl,; % Chi p period

Tc2=1/ Re2; % Chi p period

T1=L*Tcl; % Sequence period
T2=L*Tc2; % Sequence period

f1=1/T1, % Sequence repitition rate
f2=1/T2; % Sequence repitition rate

tstep=(trange(2)-trange(1))/nunt;
t=trange(1l):tstep:trange(2);

deltaf = 10000; % 3-dB cutoff for filter
RC = 1/ (2*pi *del taf); %filter time constant

% Desi red signal
tic;

nmar g=zer os( nrange(2)-nrange(1l)+1 , nrange(2)-nrange(1)+1);

n=nr ange(1): nrange(2);
me(nrange(1):nrange(2))"’;

for m ndex=nrange(1l):nrange(2);
nmarg (m ndex-nrange(1)+1,:) = n*fl+nm ndex*f2;
end

di sp(' past for')

clvec=zeros(1, nrange(2)-nrange(1)+1);
c2vec=zeros(nrange(2)-nrange(1)+1, 1);

for nval =nrange(1): nrange(2)
clvec(1, nval -nrange(1) +1)=Cl(nval *f1, s, Tcl);
end % ni ndex

for mval =nr ange(1): nrange(2)
c2vec(mval - nrange(1) +1, 1) =C2(nval *f 2, s, Tc2) ;
end % m ndex

yconst=f1*f2 * c2vec*clvec ./ (j*2*pi*nmarg*RC + 1);
toc
tic
y=zeros(1l,length(t));
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for tindex=1:1ength(t)

disp (['t=" numstr(tindex)]);

y(tindex) = sum sum( yconst .* exp(j*2*pi*nmarg*t(tindex)) ) );
end % tindex

toc

figure

pl ot (t*1000, 10*| o0gl0(abs(y)."2));
xl abel ("Time (nms)');

yl abel (' Relative Power (dB)');
title (' Power delay profile');
grid on;

PN Sequence Generator for Probing Signal Examples

% PNgen. m

% Programrer: WG Newhal |

% Cenerates PN sequence and stores in variable PN
function PN= pngen (shiftRegLength, tapl, tap2);

% Generate PN sequence

% Cal cul ati on of PN

PNl ength = 27shiftRegLength - 1; % define I ength of PN sequence
PN = zeros (1, PNl ength); %initialize PNto all zeros
shift Reg = ones(1, shiftRegLength); % initialize shift reg to ones
for i = 1: PN ength

shiftln = rem (shiftReg(tapl)+shiftReg(tap2) , 2); % XOR of taps

PN (i) = shiftReg (shiftRegLength); % ouput val of
shift reg

shiftReg = [shiftln shiftReg (1:shiftRegLength-1)]; % shift right and
set
end % end PN ength % first val to XOR val
PN = PN*2 - 1; % convert: 1->1, 0->-1

% Debug check:

%munmPNones = sum ((PN+1)/ 2) % checks nunber of 1's

% unmPNnegOnes = sum ( (- PN+1)/2) % checks nunmber of -1's
Produces 10 KHz Gaussian (6dB baseband BW), 9-stage [4,9] Probing Sig Example
% Psanpg. m

% Probi ng signal sanple used to show full period of probing signal:

% PN: 9 stage [4,9], 10WMHz chip rate, K=1000, Gaussian filter (Baseband
BW = 10KHz)

%

% Uses out put generated py probsigs. mand stored in probsig5. mat.
| oad probsigs
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figure

pl ot (t*1000, 10*l ogl0(abs(y)."2),"'k");

xl abel ("Time (us)');

yl abel (' Relative Power (dB)');

title ('Sinmulated Probing Signal (Gaussian Filter)');
grid on;

axis ([mn(t*1000) max(t*1e3) -50 0])

Generates 10 KHz Gaussian (6dB baseband BW), 9-stage [4,9] Probing Signal

% Probsi g5. m
% Desired signal output.

% User input ------------mmmm o

Rc1=10e6; % Chi p Rate

K=1000; % Sl i de factor

s = pngen (9,4,9); % PN sequence definition (shiftRegLen,
tap2)

nrange=[ - 300, 300] ;

nr ange=[ - 300, 300] ;

trange=[ - 0. 0005, 0.0520];

nunt =1024;

% End user input ---------- o
% Cal cul at ed paraneters

L=l ength (s);

Rc2=Rc1*(1-1/K); % Chip rate

Tcl=1/ Rc1,; % Chi p period

Tc2=1/ Re2; % Chi p period

T1=L*Tcl; % Sequence period

T2=L*Tc2; % Sequence peri od

f1=1/T1, % Sequence repitition rate

f2=1/T2; % Sequence repitition rate
tstep=(trange(2)-trange(1))/nunt;

t=trange(1l):tstep:trange(2);

deltaf = Rcl/K; % 3-dB cutoff for filter

9RC = 1/ (2*pi*deltaf); %filter tine constant

% Gaussi an Filter Paraneters

A = 107(6/10); % Cut of f attenuation at cutoff freq fo
fo = deltaf; % AdB cutof f of Gaussian filter
a = sqrt(log(sqrt(A)))/fo; % Gaussi an filter parameter al pha
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% Desired signa
tic;

nmar g=zer os( nrange(2)-nrange(1l)+1 , nrange(2)-nrange(1)+1);

n=nr ange(1): nrange(2);
me(nrange(1):nrange(2))"’;

for m ndex=nrange(1l):nmrange(2);
nmarg (m ndex-nrange(1)+1,:) = n*fl+nm ndex*f2;
end

di sp(' past for')

clvec=zeros(1, nrange(2)-nrange(1)+1);
c2vec=zeros(nrange(2)-nrange(1)+1, 1);

for nval =nrange(1): nrange(2)
clvec(1, nval -nrange(1)+1)=Cl(nval *f1, s, Tcl);
end % ni ndex

for mval =nrange(1): nrange(2)
c2vec(mval - nrange(1) +1, 1) =C2(nval *f 2, s, Tc2);
end % m ndex

yconst=f1*f2 * c2vec*clvec .* exp (-a*2 * nmarg.”"2); % uses Gaussi an
filt

toc

tic

y=zeros(1l,length(t));

for tindex=1:1ength(t)

disp (['t=" numstr(tindex)]);

y(tindex) = sum sum( yconst .* exp(j*2*pi*nmarg*t(tindex)) ) );
end % tindex

toc

figure

pl ot (t*1000, 10*| o0gl0(abs(y)."2));
xl abel ("Time (ns)');

yl abel ('Relative Power (dB)');
title (' Power delay profile');

grid on;

Produces sample power delay profiles, 9-stage tapped at [4,9]

% noi sex1. m

% WIIliam G Newhal

% Pl ots sinulated power delay profile using the self-noise sinulation
nodel .

% Si mul ati on uses a 9-stage shift register [4,9] an a 10 MHz chip rate.
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% Probsi g14. mat defines the probing signal in varibles y and t. Run
Probsi gl14. m

%to produce this file and place in sanme directory as noisex*.m A
Gaussi an

%filter is used for this simulation

cl ear;

% User definable paraneters

power Cal Fact or = 0; % Power offset calibration in dB
chDel Sec = [700 1000 1400 2000 2300 3700] *1e-9; % Channel del ay
vector (sec)

chAtt endB = [0 10 2 15 10 20]; % Channel attenuation vector
(dB)

K = 1000; % slide factor used for probing signa

% Cal cul ati ons

% | oad probi ng signa
| oad probsgl4;
t = t/K; % account for slide factor

sanmpl ePeriod = ( max(t)-mn(t) ) / length( y );

chDel = round( chDel Sec / sanpl ePeriod );

PDP = chan( y, chDel, chAttendB );

PDPdB = 10*1 0ogl10( abs(PDP)."2 );

PDPdB = PDPdB - max(PDPdB) ; % normal i ze to peak conponent
plot( t*1le9, PDPdB, 'k-');

axis( [0,5000,-40,0] )

title( '"Sinmulated Power Delay Profile (Gaussian Filter)' )
x|l abel ( ' Propagation Delay (ns)' )

ylabel ( ' Rel ative Power (dB)' )

grid on

Produces sample power delay profiles, 9-stage tapped at [4,9]

% noi sex2. m

% WIIliam G Newhal

% Pl ots sinulated power delay profile using the self-noise sinulation
nodel .

% Si mul ati on uses a 9-stage shift register [4,9] an a 10 MHz chip rate.
% Probsi g1l4. mat defines the probing signal in varibles y and t. Run
Probsi g14. m

% to produce this file and place in same directory as noisex*.m A
Gaussi an

%filter is used for this simulation.

cl ear;



% User definable paraneters

power Cal Fact or = 0; % Power offset calibration in dB
chDel Sec = [5200 5700 6500 6750 8100 8500 9000 9500] *1le-9; %

Channel del ay vector (sec)

chAtt endB =[10 0 20 5 10 13 20 15]; % Channel attenuation
vector (dB)

K = 1000; % slide factor used for probing signal

% Cal cul ati ons

% | oad probi ng signal
| oad probsgl4;
t = t/K; % account for slide factor

sanmpl ePeriod = ( max(t)-mn(t) ) / length( vy );

chDel = round( chDel Sec / sanpl ePeriod );

PDP = chan( y, chDel, chAttendB );

PDPdB = 10*| 0og10( abs(PDP)."2 );

PDPdB = PDPdB - max( PDPdB) ; % normal i ze to peak conponent
plot( t*1le9, PDPdB, 'k-');

axi s( [5000, 10000, -40,0] )

title( 'Sinmulated Power Delay Profile (Gaussian Filter)' )
x|l abel ( ' Propagation Delay (ns)' )

ylabel ( ' Rel ative Power (dB)' )

grid on

Produces Probing Signalsfor NoiseEx1 and NoiseEx2

% Desired signal output.

% User input -------------mmmm o

Rc1=10e6; % Chi p Rate

K=1000; % Sl i de factor

s = pngen (9,4,9); % PN sequence definition (shiftReglLen, tapil,
tap2)

nrange=[ - 300, 300] ;
nr ange=[ - 300, 300] ;

trange=[ 0, 0.0511];
nunt =10219;

% End user input ---------- o
% Cal cul ated paraneters
L=l ength (s);

Rc2=Rc1*(1-1/K); % Chip rate
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Tcl=1/ Rcl,; % Chi p period

Tc2=1/ Re2; % Chi p period

T1=L*Tcl; % Sequence period
T2=L*Tc2; % Sequence period

f1=1/T1, % Sequence repitition rate
f2=1/T2; % Sequence repitition rate

tstep=(trange(2)-trange(1))/nunt;
t=trange(1l):tstep:trange(2);

deltaf = Rcl/K; % 3-dB cutoff for filter
UMRC = 1/ (2*pi*deltaf); %filter tine constant

% Gaussian Filter Paraneters

A = 107(6/10); % Cutof f attenuation at cutoff freq fo
fo = deltaf; % AdB cutoff of Gaussian filter
a = sqrt(log(sqrt(A)))/fo; % Gaussi an filter paranmeter al pha

% Hey M ke, you owe ne a floor for a year.

% Desi red signal
tic;

nmar g=zer os( nrange(2)-nrange(1l)+1 , nrange(2)-nrange(1)+1);

n=nr ange(1): nrange(2);
me(nrange(1): nrange(2))"';

for m ndex=nrange(1l):nmrange(2);
nmarg (m ndex-nrange(1)+1,:) = n*fl+nm ndex*f2;
end

di sp(' past for')

clvec=zeros(1, nrange(2)-nrange(1)+1);
c2vec=zeros(nrange(2)-nrange(1)+1, 1);

for nval =nrange(1): nrange(2)
clvec(1, nval -nrange(1) +1)=Cl(nval *f1, s, Tcl);
end % ni ndex

for mval =nr ange(1): nrange(2)
c2vec(mval - nrange(1) +1, 1) =C2(nval *f 2, s, Tc2) ;
end % m ndex

yconst=f1*f2 * c2vec*clvec .* exp (-a*2 * nmarg.”"2); % uses Gaussi an
filt

toc

tic

y=zeros(1l,length(t));

for tindex=1:1ength(t)
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disp (['t=" numstr(tindex)]);

y(tindex) = sum sum( yconst .* exp(j*2*pi*nmarg*t(tindex)) ) );

end % ti ndex
t oc

figure

pl ot (t*1000, 10*| o0gl0(abs(y)."2));
xl abel ("Time (nms)');

yl abel (' Relative Power (dB)');
title (' Power delay profile');

grid on;

save probsgl4d y t

Spectrum Analyzer Filter/Gaussan Filter Comparison

% Plots filter characteristic of spectrum anal yzer
%filter (ResBW

resBwW = 10000; % resBWin Hz
[f,H = sachar (resBW; % arg specifies resolution bandw dth

fkHz=f/1000; % change Hz -> kHz
figure;
axis ([m n(fkHz) max(fkHz) -50 max(H)]);

H in= 10.~(H 20);
Hin= Hin/max(Hin);

plot (fkHz, Hin, 'kx');

f 0=10000;

aparamrsqgrt (0.5*1 0og(2))/fo;

[ fgauss, Hgauss] = gfilt (5000, 6,f);

hol d on;

f gausskHz = fgauss/1000;

pl ot (fgausskHz, Hgauss, 'k-"');

title ([' Spectrum analyzer filter characteristic (ResBW =
nun2str (resBW 1000) ' kHz)']);

x|l abel (' Frequency relative to center frequency (kHz)');
yl abel (' Normalized Magnitude (V)');

| egend (' Measured', 'Gaussian (10kHz)');
grid on;

hol d of f

figure

pl ot (fkHz, 10*lo0glO(H in."2), 'x');
hol d on
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pl ot (fgausskHz, 10*I og10( Hgauss. *2));

title (['Spectrum anal yzer filter characteristic (ResBW=
nun2str(resBW 1000) ' kHz)']);

xl abel (' Frequency relative to center frequency (kHz)');
yl abel (' Normalized Magnitude');

| egend (' Measured', 'Gaussian (10kHz)');
hol d of f

Measured Spectrum Analyzer Characteristic

% Returns neasured spectrum anal yzer filter data
function [f, H =sachar (resBW

if (resBW== 10000)

f pos=1e6*[0 .001 .002 .003 .004 .005 .0055 .006 .0065 .007 .0075 .008
. 0085 . 009 .0095 .0100 . 0105 .0110 . 0115 .0120 . 0125 .0130 . 0135 .0140
. 0150 . 0155] ;

Hpos = [-12.2 -12.4 -13.0 -14.3 -16.5 -19.4 -20.6 -22.1 -23.6 -25.1 -
26.7 -28.4 -29.9 -31.5 -33.0 -34.5 -36.1 -37.5 -39.0 -40.5 -42.0 -43.6 -
44.8 -46.5 -49.8 -50.6];

fneg=-1e6*(1-[.999 .998 .997 .996 .995 .994 .9935 .993 .9925 .992
. 9915 . 991 .9905 .9900 .9895 .9890 .9885 .9880 .9875 .9870 .9865 .9860
. 9855 . 9850 .9840 .9830]);

Hneg = [-12.3 -12.7 -13.5 -14.8 -16.9 -20.0 -21.5 -23.1 -24.7 -26.4 -
28.1 -29.8 -31.3 -33.0 -34.6 -36.2 -37.8 -39.5 -41.0 -42.7 -44.0 -45.8 -
46.9 -48.6 -51.8 -54.7];

f=[fliplr(fneg) fpos];
H= [fliplr(Hneg) Hpos];

el seif (resBW == 30000)

f pos=1e6*[ 0 .003 . 005 .007 .010 .013 .015 .017 .020 .023 .025 .027
.030 .032 .035 .037 .040 .042 .045 .047 .050 .052 .055];

Hpos = [-11.2 -11.6 -12.1 -12.9 -14.5 -16.4 -17.9 -19.6 -22.1 -24.6 -
26.4 -28.3 -31.0 -32.9 -35.5 -37.2 -40.0 -41.4 -44.0 -45.8 -48.2 -49.8 -
52.1];

fneg=-1e6*(1-[.995 .992 .990 .987 .985 .982 .980 .977 .975 .972 .970
.967 .965 .962 .960 .957 .955 .952 .950 .947 .945]);

Hneg = [-11.9 -13.0 -14.0 -15.9 -17.3 -19.8 -21.5 -23.9 -25.7 -28.6 -
30.4 -33.1 -34.8 -37.5 -39.2 -41.8 -43.6 -46.2 -47.6 -49.8 -51.7];

f=[fliplr(fneg) fpos];
H= [fliplr(Hneg) Hpos];

el se
error (['Filter data for ' nunmRstr (resBW ' not availible.']);

end
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1.3 Processing Sour ce Code

Calculated Received Power Versus Noise Threshold L eve

% Ndemp2. m

% WIliam G Newhal |

% Denonstration of noise threshold problem

% Pl ots cal cul ated recei ved power versus noise threshold |evel.

% Uses pdpgen, which in turn uses probsigld4d. mat to produce the power
del ay

% profile.

cl ear;

% User - defi ned paraneters
Noi seThreshdBm = -90: 0. 1: - 80; % noi se threshold range

taul = le-6; % delay 1 for power delay profile (sec)
P1dBm = - 80; % strength 1 for power delay profile (dBm
tauCal 1 = le-6; % del ay for calibration profile (sec)

Pcal 1dBm = - 80; % strength for calibration profile (dBm

% Cal cul ate cal i bration parameters

[ PDPcal dBm tauCal] = pdpgen( tauCall, Pcal 1dBm);

Noi seThr eshCal dBm = max( PDPcal dBm( 0. 9*1 engt h( PDPcal dBm ) : | ength(
PDPcal dBm) ) );

% si mul ate power delay profile
[ PDPdBm tau] = pdpgen( [taul], [PldBm, 1); % generate PDP
%axi s([0, 6000, - 105, -80]);

% Cal cul ate total profile power as noise threshold increases
for pllndex = 1:1ength( Noi seThreshdBm )

disp( ["Calculating ' nungstr( pllindex ) ' out of ' nunstr( |ength(
Noi seThreshdBm ) ) ] );

PrecdBm( plindex ) = recpw ( tau, PDPdBm NoiseThreshdBm( pllndex ),
tauCal, PDPcal dBm Noi seThreshCal dBm);
end % pll ndex

%6t oNt hresh = P1dBm - Noi seThr eshdBm
%PerrordBm = PrecdBm - P1dBm

% i gure

%l ot ( St oNt hresh, PerrordBm 'k' );
%axi s([ 0, 10, - 15, 0])

% M| e H gh Club or Bust...

figure
pl ot ( Noi seThreshdBm PrecdBm 'k' )
axis( [-90 -79 -95 -77] )
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title( '"Effect of noise threshold Ievel on cal cul ated received power' )
x|l abel ( ' Noi se Threshold (dBm)"' )
yl abel ( ' Cal cul ated Received Power (dBm' )

figure

pl ot ( tau*le9, PDPdBm 'Kk' )

title( 'Sinmulated power delay profile' )
x|l abel ( ' Propagation Delay (ns)' )

yl abel ( ' Recei ved Power (dBm)' )

axi s([0, 6000, -130,-80]);

Calculated RM S Delay Spread Versus Noise Threshold L evel

% Ndenmp4. m

% Plots rnms del ay spread versus noise threshold for a

% user -defined channel. True RMS delay spread is al so cal cul ated
% for conparison.

% WIliam G Newhal |

% Al'l variables saved in noi sex4. mat

cl ear;

% User definabl es

do = 1; % reference di stance (m
freq = 1.9e9; % frequency (Hz)

delay = ( [1 1.5 2 2.5 3 3.5 4] )*1le-6; % del ays at which path loss is
cal cul ated (sec)

n = 3.5; % path | oss exponent

dist = delay * 3e8; % di stance traversed

RmsDl yCal cNoi seThresh = -170: 0. 2: - 120;

0/@::::::::::::::::::::::::::::::::::::::
% Cal cul ati ons
PLdB = pathloss( freq, do, n, delay ); % cal cul ate path | oss

[ PDPdBm t au] = pdpgen( delay, 0-PLdB, 1 ); % generate PDP
title(' Simul ated Power Delay Profile')
axi s( [500, 4500, -175, -120])

TrueRmsDly = RnsDl y( delay, 0-PLdB ) % actual RMS del ay

for threshlndex = 1:1ength( RmsDl yCal cNoi seThresh )
di sp([' Processing ' nunRstr( threshindex ) ' out of ' nunmRstr( |ength(
RmsDl yCal cNoi seThresh ) ) 1);
ProcRnmsDl y( threshlndex ) = RrsDly( tau, PDPdBm
RmsDl yCal cNoi seThresh( threshlndex ) );
end

figure

pl ot ( RnsDl yCal cNoi seThresh, ProcRnsDl y*1e9, 'k' );
hol d on
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pl ot ( [m n(RmsDl yCal cNoi seThresh) max(RrsDI yCal cNoi seThresh)]

, [ TrueRmsDly TrueRnmsDl y]*1e9, 'c')

axis( [-155 -120 0 550] )

hol d of f

title( 'Calculated RVS del ay spread versus noise threshold |evel')
x|l abel ( ' Noi se Threshold Level (dB)' )

yl abel ( ' RMS Del ay Spread (ns)' )

figure

pl ot ( RnsDl yCal cNoi seThresh, ProcRnsDl y*1e9, 'k' );

hol d on

pl ot ( [m n(RmsDl yCal cNoi seThresh) max(RrsDI yCal cNoi seThresh)]

, [ TrueRmsDly TrueRnmsDl y]*1e9, 'c')

axis( [-170 -120 0 5200] )

hol d of f

title( 'Calculated RVS del ay spread versus noise threshold |evel"')
x|l abel ( ' Noi se Threshold Level (dB)' )

yl abel ( ' RMS Del ay Spread (ns)' )

Sample Component Detection Run

% ProcEx1l. m

% Denonstrates power delay profile processing
% usi ng conponent detection

% WIliam G Newhal |

cl ear;

% User defi neabl es

propDelay = [1, 2, 3, 4,5, 6] *1e-6; % mul ti path propagation del ay
(sec)

componentPw = [O0,-4,-8,-12,-16, -20]; % mul ti path conponent power
(dBm

obsLevel = -35; % observation | evel (dBm

m ni munCr ossi ngSep = 0. le- 6; % m ni mum crossing sep to
identify signal conponent

fl oorLevel = -200; % floor level after noise is renoved
(dBm

peakMar gi ndB = 2; % peak margin (dB)

% Produce and plot profile

[ PABm tau] = pdpgen( propDel ay, componentPw, 1 );
title( 'Sinmulated Power Delay Profile' )
PdBm = PdBm( 1: 2500 ); %limt to first 2500 points
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tau = tau( 1:2500 );

axi s([ 500, 6500, -55,01);

hol d on

plot( [ min(tau) max(tau) ]*1e9 , [ obsLevel obsLevel ] , 'r-' );
hol d of f

% Find all crossings

for crindex = 1:( length( PdBm) - 1)
i f( PdBm crlndex ) < obsLevel & PdBn{ crlndex+l ) > obsLevel )
crossRecord( crlndex ) = 1;
el seif( PdBm( crindex ) > obsLevel & PdBm( crlndex+l ) < obsLevel )
crossRecord( crlndex ) = -1;
el se
crossRecord( crlndex ) = 0;
end %if
end % for crlndex
if( length( crossRecord ) == 0 )
error( 'No observation |level crossings found.' )
end

% | dentify peaks by di stance between + to - crossing pairs

crossl ndexes = find( crossRecord );
firstlndex = 1;

| ast I ndex = | ength( crosslndexes );
i f( crossRecord( crosslindexes( 1) ) ==-1) %use first upward
crossing
firstlndex = 2;
end
i f( crossRecord( crosslndexes( lastlndex ) ) == 1)
| astlndex = lastlndex - 1; %only use |last downward crossing
end
for seplndex = firstlndex : 2 : lastlndex %by pairs

% cal cul ate separation between upward and downward crossi ngs
tauSep( seplndex ) = tau( crosslndexes( seplndex+l ) ) - tau(
crossl ndexes( seplndex ) );
end % for sepl ndex

tauSep = tauSep( find( tauSep ) ); %elininate zero val ues
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% Deci de where conponents coul d exi st based on separation of crossings

conponent | ndexes = [];
for seplndex = 1 : length( tauSep )
i f( tauSep( seplndex ) > mini munCrossi ngSep )
conponent | ndexes = [ conponent | ndexes crosslndexes( firstlindex - 1 +
( 2*seplndex-1 : 2*seplndex ) )];
end %if tauSep
end % for sepl ndex

if( length( conmponentlndexes ) == 0 )
error( 'No Conmponents Found' )
end

% conponent | ndexes cont ai ns endpoi nts of peaks. First elenent is |eft
bound of first peak,

% second el enent is right bound of first peak, third elenent is left
bound of second peak, etc.

hol d on % pl ot conmponent bounds as x's on the PDP pl ot
pl ot ( tau( conponentl ndexes )*1e9, PdBn{ conponentlndexes ), 'rx' );
hol d of f

% Renove noi se (between conponent bound pairs) from pl ot

PDPNoNoi sedBm = PdBm

PDPNoNoi sedBm( 1 : conponentlindexes( 1 ) - 1) = floorLevel * ones( 1
conponent I ndexes( 1) - 1 );

PDPNoNoi sedBm( ( conponent | ndexes( | ength( conmponentlndexes ) ) + 1)

| engt h( PDPNoNoi sedBm ) ) = floorLevel * ones( 1
| engt h( PDPNoNoi sedBm ) - conponent | ndexes( | engt h(
conmponent | ndexes ) ) );

for sanplelndex =2 : 2 : ( length( conponentlndexes ) - 2 )
PDPNoNoi sedBm( ( conponent | ndexes( sanplelndex ) + 1) (
conmponent | ndexes( sanplelndex + 1) - 1) )
= floorLevel * ones( 1, conponentlndexes( sanplelndex + 1) -
conmponent | ndexes( sanplelndex ) - 1 );
end % for sanpl el ndex

% pl ot PDP with noise renpved

figure;

pl ot ( tau*le9, PDPNoNoi sedBm 'k-' )

axi s([ 500, 6500, -35,0 1);

title( 'Sinmulated power delay profile with noise suppressed' )
x|l abel ( ' Propagation Delay (ns)' )

ylabel ( ' Rel ative Power (dB)' )
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% Search for all peaks in the "noiseless" profile

peakRecord = [];
peakRecordl ndex = 1;
for peaklndex = 2 : ( length( PDPNoNoisedBm) - 1)
i f( ( PDPNoNoi sedBm( peakl ndex ) > PDPNoNoi sedBm( peaklndex - 1) ) &

( PDPNoNoi sedBm peakl ndex ) > PDPNoNoi sedBm( peaklndex + 1) ) )
peakRecor d( peakRecordl ndex ) = peakl ndex;
peakRecor dl ndex = peakRecordl ndex + 1;
end %if peak
end % for peakl ndex
hol d on
pl ot ( tau( peakRecord )*1e9 , PDPNoNoi sedBn( peakRecord ), 'rx' )
hol d of f
title( 'Sinulated power delay profile with noise suppressed and peaks
detected' )

% El'i mi nate peaks which do not rise above peakMargi ndB above adj acent
m ni mumns

% Fi nd endpoi nts of |ocal maxi ma (peak endpoints)

for peaklndex = 1:length( peakRecord ) % oop through all peak records
di sp( ['Working on peak ' nunRstr( peaklndex ) of ' nunstr( | ength(
peakRecord) ) '..."'] );
m nFound = O;
peakTenp = peakRecord( peakl ndex );

while( mnFound == 0 ) % Find index of mninmmon right side of peak
% peakTenp
% | engt h( PDPNoNoi sedBm )

% PDPNoNoi sedBm( peakTenp )
% PDPNoNoi sedBm( peakTenp + 1 )
i f( peakTenp == | engt h( PDPNoNoi sedBm ) ) % right-nost point case
m nFound = 1;
ri ght M nl ndex = peakTenp;
el sei f ( PDPNoNoi sedBnm( peakTenp ) <= PDPNoNoi sedBnm({ peakTenp + 1 ) )
m nFound = 1; % found | ocal m ninmm
ri ght M nl ndex( peakl ndex ) = peakTenp;
el se
peakTenp = peakTenp + 1;
end %if
% m nFound
end % while (right min)

m nFound = O;
peakTenp = peakRecord( peakl ndex );
while( mnFound == 0 ) %Find index of m nimumon left side of peak
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i f( peakTenmp == 1) %l eft-nost point case
m nFound = 1;
| eft M nl ndex = peakTenp;

el sei f ( PDPNoNoi sedBnm( peakTenp ) <= PDPNoNoi sedBnm({ peakTenmp - 1) )
m nFound = 1; % found | ocal m ninmum
| eft M nl ndex( peakl ndex ) = peakTenp;

el se
peakTenp = peakTenp - 1

end %if

end %while ( left min)
end % for peakl ndex

% Append conponents to signal Record if power margin is satisfied

si gnal Record = [];
for peaklndex = 1:length( peakRecord )
i f( ( PDPNoNoi sedBm( peakRecord( peaklndex ) ) - PDPNoNoi sedBm(
| eft M nl ndex( peakl ndex ) )
> peakMargindB ) & ..
( PDPNoNoi sedBm peakRecord( peaklndex ) ) - PDPNoNoi sedBm(
ri ght M nl ndex( peakl ndex ) )
> peakMargi ndB ) )
si gnal Record = [signal Record peakRecord( peaklndex )];
end %if
end % for peakl ndex

hol d on
pl ot ( tau( signal Record )*1e9 , PDPNoNoi sedBn({ signal Record ), 'bo' )
hol d of f

% Check that each peak has at |east one signal conmponent assigned to it
assi gnment Check = zeros( 1, ( length( conponentindexes ) / 2 ) ); % one
el enment for each peak
for signallndex = 1 : length( signal Record )
for checklndex = 1 : length( assignnentCheck )
if( ( signal Record( signallndex ) > conponentlndexes( 2*checkl ndex-1
) ) & ...
( signal Record( signallndex ) < conponentlndexes( 2*checkl ndex )
) )
assi gnment Check( checklndex ) = assignnent Check( checklndex ) + 1;
br eak;
end %if
end % checkl ndex
end % for signal |l ndex

% assi gnnent check is a vector whos el enents are the nunber of

"si gnal Record peaks" assigned

% to each peak. For exanple, if three peaks exist, and one signal is
detected in each of the

% first two, and two signal conmponents are detected in the |ast peak
t hen assi gnnment Check = [1 1 2]

% assi gn a signal conponent if no detected signal exists within a peak.
Assign the max val ue
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% of the peak.

for checklndex = 1 : length( assignnentCheck )
i f( assignment Check( checklndex ) == 0 )
[ maxTrmp , maxl ndexTnp ] = max( PDPNoNoi sedBm( conponent | ndexes(
2*checkl ndex-1 ) : conponent | ndexes( 2*checklndex ) ) );
max| ndexTnp = mex| ndexTnp + conponent | ndexes( 2*checklndex-1 ) - 1;
si gnal Record = [ signal Record maxI| ndexTnp ];
end %if
end % for checkl ndex

figure

plotline( tau( signal Record )*1e9 , PDPNoNoi sedBn( signal Record ), -200,
1} k_l )

axi s([ 500, 6500, -35,0 1);

title( "Inmpul se representati on of power delay profile' )

x|l abel ( ' Propagation Delay (ns)' )

ylabel ( ' Rel ative Power (dB)' )

Produces Power Delay Profile for Detection Processing Simulation

% PdpGen. m

%

% WIliam G Newhal |

%

% Pl ots sinulated power delay profile using the self-noise sinulation
nodel .

% SigDelay is a vector that defines the delays for the signal conponent
power s

% given in SigPower. Pdbmis the power delay profile in dBmand P is

t he power

% delay profile in nW Use plotflag=1 to plot resulting profile.

%

% Si mul ati on uses a 9-stage shift register [4,9] an a 10 MHz chip rate.
% Probsi g1l4. mat defines the probing signal in varibles y and t. Run
Probsi g14. m

%to produce this file and place in same directory as Pdpgen.m A
Gaussi an

%filter is used for this sinulation.

%

% function [Pdbm tau] = pdpgen( SigDel ay, SigPowerdBm plotflag );

function [Pdbmtau] = pdpgen( SigDel ay, SigPowerdBm plotflag );

chDel Sec = Si gDel ay; % Channel del ay vector (sec)
chAttendB = 0 - Si gPowerdBm % Channel attenuation vector (dB)
K = 1000; % slide factor used for probing signal

% Cal cul ati ons
% | oad probi ng signal

| oad probsgl4; %read y and t from di sk
t = t/K; % account for slide factor

150



y=y/ max(y); % Normalize probing signal to 0 dB

sanmpl ePeriod = ( max(t)-mn(t) ) / length( yv ); %calculate profile
sanpl e period

chDel = round( chDel Sec / sanplePeriod ); % cal cul ate channel del ay
vect or
PDP = ( chan( y, chDel, chAttendB ) )."2; % produce channel out put
PDPdB = 10*| 0ogl10( abs(PDP) ); % form PDP in dB
if( nargin == 3 ) %check for 3 input argynents
if( plotflag ~= 0 )
figure

plot( t*1le9, PDPdB, 'k-');

%axi s( [0,5000,-40,0] )

title( 'Sinmulated Power Delay Profile (Gaussian Filter)' )
x|l abel ( ' Propagation Delay (ns)' )

ylabel ( ' Rel ative Power (dB)' )

grid on
end
end
tau=t;
Pdbm = PDPdB;

P = 10.~(PDPdB/ 10);
Component Detection/Conventional RM S Delay Spread Comparison

% pl otpr4. m
% Plots rms dly vs obs |evel/noise thresh using procexl4. mat dat a.

cl ear;
| oad procex4

figure

pl ot ( obsLevel Array, rmsRecord*1e9, 'k-' );

title( 'Calculated RVS Del ay Spread' )

x|l abel ( ' Rel ative Observation Level or Noise Threshold Level (dB)' )
yl abel ( ' RMS Del ay Spread (ns)' )

axis( [-60 -5 0 2000] )

| oad ndenp6

hol d on
pl ot ( RnsDl yCal cNoi seThresh, ProcRnsDl y*1e9, 'k:' );
hol d of f

Data for Detection/Conventional RM S Delay Spread Comparison

% ndenmp6. m

% Plots rns delay spread versus noise threshold for a

% user-defined channel. True RMS delay spread is al so cal cul at ed
% f or conpari son.

% WIIliam G Newhal

% Al'l variabl es saved in noi sex4. mat
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% User definabl es

delay =1[1,2,3,4,5,6]*1le-6; % del ays at which path loss is cal cul ated
(sec)

RmsDl yCal cNoi seThresh = -60:0.5:0;

conmponent PwrdBm = [0, -4,-8,-12,-16,-20]; %

% Cal cul ati ons

[ PDPdBm t au] = pdpgen( del ay, conponentPwrdBm, 1 ); % generate PDP
title('Simulated Power Delay Profile')
axi s([ 500, 6500, -55,0 1);

TrueRmsDly = RnsDl y( del ay, conponent PwmrdBm ) % actual RMS del ay

for threshlindex = 1:1ength( RmsDl yCal cNoi seThresh )
di sp([' Processing ' nunstr( threshindex ) ' out of ' nunmRstr( |ength(
RmsDl yCal cNoi seThresh ) ) ]);
ProcRmsDl y( threshlndex ) = RrsDl y( tau, PDPdBm
RmsDl yCal cNoi seThresh( threshlndex ) );
end

figure

pl ot ( RnsDl yCal cNoi seThresh, ProcRnsDl y*1e9, 'k' );

hol d on

plot( [m n(RmsDl yCal cNoi seThresh) max(RrsDI yCal cNoi seThresh)]

, [ TrueRmsDly TrueRnmsDl y]*1e9, 'c')

axis( [-50 0 0 1000] )

hol d of f

title( 'Calculated RVS del ay spread versus noise threshold |evel')
x|l abel ( ' Noi se Threshold Level (dB)' )

yl abel ( ' RMS Del ay Spread (ns)' )

figure

pl ot ( RnsDl yCal cNoi seThresh, ProcRnsDl y*1e9, 'k' );

hol d on

plot( [m n(RmsDl yCal cNoi seThresh) max(RrsDI yCal cNoi seThresh)]

, [ TrueRmsDly TrueRnmsDl y]*1e9, 'c')

%axis( [-60 0 O 1000] )

hol d of f

title( 'Calculated RVS del ay spread versus noise threshold |evel')
x|l abel ( ' Noi se Threshold Level (dB)' )

yl abel ( ' RMS Del ay Spread (ns)' )

save ndenp6

Data For Detection/Conventional RM S Delay Spread Comparison

% ProcEx4. m
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% Denonstrates power delay profile processing
% usi ng conponent detection
% WIliam G Newhal |

cl ear;

% User defi neabl es

propDelay = [1, 2, 3,4,5, 6]*1e-6; % mul ti path propagati on del ay
(sec)

conponentPw = [0,-4,-8,-12,-16, -20]; % mul ti path conponent power
(dBm

% obsLevel = -35; % observation | evel (dBm

obsLevel Array = -60:0.5:-5;

m ni munCr ossi ngSep = 0. le-6; % m ni mum crossing sep to

i dentify signal conponent

fl oorLevel = -200; % floor level after noise is renoved
(dBm

peakMar gi ndB = 2; % peak margi n (dB)

%

% Produce and plot profile

[ PdBm tau] = pdpgen( propDel ay, componentPw, 1 );

title( 'Sinmulated Power Delay Profile' )

PdBm = PdBm( 1: 2500 ); %limt to first 2500 points

tau = tau( 1:2500 );

axi s([ 500, 6500, -55,0 1);

%ol d on

Yplot( [ min(tau) nax(tau) ]*1e9 , [ obsLevel obsLevel ] , 'r-' );
%ol d of f

% Loop through followi ng code once for each observation | evel
%

R S R R S R b S S O R R R S O SR S S S I I

khkkkhkkkhkhkkhkk*k

for obsLooplndex = 1:1ength( obsLevel Array )

di sp( ['Process nunber ' nun2str( obsLoopl ndex)
| engt h( obsLevel Array ) )] )

obsLevel = obsLevel Array( obsLoopl ndex );

of ' nunRstr(

% Find all crossings
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for crindex = 1:( length( PdBm) - 1)
i f( PdBm crlndex ) < obsLevel & PdBn{ crlndex+l ) > obsLevel )
crossRecord( crlndex ) = 1;
el seif( PdBm( crindex ) > obsLevel & PdBm( crlndex+l ) < obsLevel )
crossRecord( crlndex ) = -1;
el se
crossRecord( crlndex ) = 0;
end %if
end % for crlndex
if( length( crossRecord ) == 0 )
error( 'No observation |level crossings found.' )
end

% | dentify peaks by di stance between + to - crossing pairs

crossl ndexes = find( crossRecord );
firstlndex = 1;

| ast I ndex = | ength( crosslndexes );
i f( crossRecord( crosslindexes( 1) ) ==-1) %use first upward
crossing
firstlndex = 2;
end
i f( crossRecord( crosslndexes( lastlndex ) ) == 1)
| astlndex = lastlndex - 1;, %only use |last downward crossing
end
tauSep = [];
for seplndex = firstlndex : 2 : lastlndex %by pairs

% cal cul ate separation between upward and downward crossi ngs
tauSep( seplndex ) = tau( crosslndexes( seplndex+l ) ) - tau(
crossl ndexes( seplndex ) );
end % for sepl ndex

tauSep = tauSep( find( tauSep ) ); %elininate zero val ues

% Deci de where conponents coul d exi st based on separation of crossings

conponent | ndexes = [];
for seplndex = 1 : length( tauSep )

i f( tauSep( seplndex ) > nmini munCrossi ngSep )

conponent | ndexes = [ conponent | ndexes crosslndexes( firstlndex - 1 +

( 2*seplndex-1 : 2*seplndex ) )];

end %if tauSep
end % for sepl ndex
if( length( conmponentlndexes ) == 0 )

error( 'No Conmponents Found' )
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end

% conponent | ndexes cont ai ns endpoi nts of peaks. First elenent is left
bound of first peak,

% second el enent is right bound of first peak, third elenent is left
bound of second peak, etc.

%ol d on % pl ot conmponent bounds as x's on the PDP pl ot
9%l ot ( tau( conponent| ndexes )*1e9, PdBn( conponentl| ndexes ),
%ol d of f

% Renove noi se (between conponent bound pairs) from pl ot

PDPNoNoi sedBm = PdBm

PDPNoNoi sedBm( 1 : conponentlindexes( 1 ) - 1) = floorLevel * ones( 1
conponent I ndexes( 1) - 1 );

PDPNoNoi sedBm( ( conponent | ndexes( | ength( conmponentlndexes ) ) + 1)

| engt h( PDPNoNoi sedBm ) ) = floorLevel * ones( 1
| engt h( PDPNoNoi sedBm ) - conponent | ndexes( | engt h(
conmponent | ndexes ) ) );

for sanplelndex =2 : 2 : ( length( conponentlndexes ) - 2 )
PDPNoNoi sedBm( ( conponent | ndexes( sanplelndex ) + 1) (
conmponent | ndexes( sanplelndex + 1) - 1) )
= floorLevel * ones( 1, conponentlndexes( sanplelndex + 1) -
conmponent | ndexes( sanplelndex ) - 1 );
end % for sanpl el ndex

% pl ot PDP with noise renpved

% i gure;

9%l ot ( tau*le9, PDPNoNoi sedBm 'k-' )

%axi s([ 500, 6500, -35,0]);

%itle( 'Simulated power delay profile with noise suppressed' )
%Il abel (' Propagation Delay (ns)' )

%1 abel ( ' Rel ative Power (dB)' )

% Search for all peaks in the "noiseless" profile

peakRecord = [];
peakRecordl ndex = 1
for peaklndex = 2 : ( length( PDPNoNoisedBm) - 1)
i f( ( PDPNoNoi sedBm( peakl ndex ) > PDPNoNoi sedBm( peaklndex - 1) ) &

( PDPNoNoi sedBm peakl ndex ) > PDPNoNoi sedBm( peaklndex + 1) ) )
peakRecor d( peakRecordl ndex ) = peakl ndex;
peakRecor dl ndex = peakRecordl ndex + 1
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end %if peak
end % for peakl ndex
hol d on

9%l ot ( tau( peakRecord )*1e9 , PDPNoNoi sedBn( peakRecord ), 'rx' )
%ol d of f

%itle( 'Simulated power delay profile with noise suppressed and peaks
detected' )

% El'i mi nate peaks which do not rise above peakMargi ndB above adj acent
m ni mumns

% Fi nd endpoi nts of |ocal maxi ma (peak endpoints)

right M nlndex = [];
leftMnlndex = [];
for peaklndex = 1:length( peakRecord ) % oop through all peak records

di sp( ['Working on peak ' nunstr( peaklindex ) ' of ' nunmRstr( |ength(
peakRecord) ) '..."'] );

m nFound = O;
peakTenp = peakRecord( peakl ndex );

while( mnFound == 0 ) % Find index of mninmumon right side of peak
% peakTenp
% | engt h( PDPNoNoi sedBm )

% PDPNoNoi sedBm( peakTenp )
% PDPNoNoi sedBm( peakTenp + 1 )
i f( peakTenp == | engt h( PDPNoNoi sedBm ) ) % right-nost point case
m nFound = 1;
ri ght M nl ndex = peakTenp;
el sei f ( PDPNoNoi sedBnm( peakTenp ) <= PDPNoNoi sedBnm({ peakTenmp + 1 ) )
m nFound = 1; % found | ocal m ninmm
ri ght M nl ndex( peakl ndex ) = peakTenp;
el se
peakTenp = peakTenp + 1;
end %if
% m nFound
end % while (right min)

m nFound = O;
peakTenp = peakRecord( peakl ndex );
while( mnFound == 0 ) %Find index of m ninmumon left side of peak

i f( peakTemp == 1) %l eft-nost point case
m nFound = 1;
| eft M nl ndex = peakTenp;

el sei f ( PDPNoNoi sedBnm( peakTenp ) <= PDPNoNoi sedBnm({ peakTenmp - 1) )
m nFound = 1; % found | ocal m ninmm
| eft M nl ndex( peakl ndex ) = peakTenp;

el se
peakTenp = peakTenp - 1;

end %if

end %while ( left mn)
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end % for peakl ndex
% Append conponents to signal Record if power margin is satisfied

si gnal Record = [];
for peaklndex = 1:length( peakRecord )
i f( ( PDPNoNoi sedBm( peakRecord( peaklndex ) ) - PDPNoNoi sedBm(
| eft M nl ndex( peakl ndex ) )
> peakMargindB ) & ..
( PDPNoNoi sedBm peakRecord( peaklndex ) ) - PDPNoNoi sedBm
ri ght M nl ndex( peakl ndex ) )
> peakMargi ndB ) )
si gnal Record = [signal Record peakRecord( peaklndex )];
end %if
end % for peakl ndex

%ol d on
9%l ot ( tau( signal Record )*1e9 , PDPNoNoi sedBn( signal Record ), 'bo' )
%ol d of f

% Check that each peak has at |east one signal conmponent assigned to it
assi gnment Check = zeros( 1, ( length( conponentindexes ) / 2 ) ); % one
el ement for each peak
for signallndex = 1 : length( signal Record )
for checklndex = 1 : length( assignnentCheck )
i f( ( signal Record( signallndex ) > conponentlndexes( 2*checkl ndex-1
) ) & ...
( signal Record( signallndex ) < conponentlndexes( 2*checkl ndex )
) )
assi gnment Check( checklndex ) = assignnent Check( checklndex ) + 1;
br eak;
end %if
end % checkl ndex
end % for signal |l ndex

% assi gnnent check is a vector whos el enents are the nunber of

"si gnal Record peaks" assigned

% to each peak. For exanple, if three peaks exist, and one signal is
detected in each of the

% first two, and two signal conmponents are detected in the |ast peak
t hen assi gnnment Check = [1 1 2]

% Danci ng on the beach, getting taken “for a ride” in Boston, | don’'t
know about you, Roger

% assi gn a signal conponent if no detected signal exists within a peak.
Assign the max val ue
% of the peak.

for checklndex = 1 : length( assignnentCheck )
i f( assignnment Check( checklndex ) == 0 )
[ maxTrp , maxl ndexTnp ] = max( PDPNoNoi sedBm( conponent | ndexes(
2*checkl ndex-1 ) : conponentl| ndexes( 2*checklndex ) ) );
max| ndexTnp = mex| ndexTnp + conponent | ndexes( 2*checklndex-1 ) - 1;
si gnal Record = [ signal Record maxI| ndexTnp ];
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end %if
end % for checkl ndex

% i gure

%l otline( tau( signal Record )*1e9 , PDPNoNoi sedBn( signal Record ), -
200, 'k-' )

%axi s([ 500, 6500, -35,0]);

%itle( 'lInpulse representation of power delay profile' )

%l abel ( ' Propagation Delay (ns)' )

%1 abel ( ' Rel ative Power (dB)' )

rmsRecord( obsLooplndex ) = rmsdly( tau( signal Record ), PDPNoNoi sedBm(
si gnal Record ), floorLevel +1 );

end % for obsLoopl ndex
%

R S R R S R b O R R I R S S R I S S S S I R

khkkkhkkkhkhkkhkk*k

figure

pl ot ( obsLevel Array, rmsRecord*1e9, 'k-' );

title( 'Calculated RVS Del ay Spread' )

xl abel ( 'Rel ative Observation Level or Noise Threshold Level (dB)' )
yl abel ( ' RMS Del ay Spread (ns)' )

save ProcEx4

CalculatesRM S Delay Spread for Profiles

% RnmsDl y. m

%

% WIliam G Newhal |

%

% Cal cul ates RMS del ay spread for an i nput power

% del ay profile.

%tau is a vector of delays (any tine units). PdBmis a vector of power
in dBm

% Noi seThreshdBm i s the noise threshold in dBm (bel ow which all points
are

% di scarded fromthe calculation). [If NoiseThreshdBmis left out, no
noi se

% threshold is applied.

%

% functi on RMsdl ySpread = RmsDl y( tau, PdBm Noi seThreshdBm )

%

function RMSdl ySpread = RrsDl y( tau, PdBm Noi seThreshdBm )

P =10.~ PdBmM 10 );
NunPts = length( tau );

% Handl e noi se threshol d
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if( nargin == 3 ) % noise thresh defined if 3 argunents
Noi seThresh = 10~( Noi seThreshdBm 10 );
for i=1:NunPts
if( P(i) < NoiseThresh ) % set all power bel ow noise thresh to 0 nmW
P(i) = 0;
end
end
end

% Cal cul ate RMS Del ay spread
if( sum( P) ~=0)
taubar = ( P*tau' ) / sum P );
tausquaredbar = ( P*( tau.”2 )" ) [/ sum P );
RMSdl ySpread = sqrt( tausquaredbar - ( taubar™2 ) );
el se
RMSdI y Spr ead
end

0;
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