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Abstract

Over the years, the Internet has become increasingly popular and people’s dependence on

it has increased dramatically.  Whether it be to communicate to someone across the

world, find blueprints, or check sports scores, the Internet has become a necessary

resource for everyone.  In emergency situations, this need increases further.  After the

terrorist attacks on the Pentagon, it took several days to restore communications.  This is

not an acceptable time frame when people’s lives are at stake.  Virginia Tech’s Center for

Wireless Telecommunication has developed a prototype of a rapidly deployable high

bandwidth wireless communication system at 28 GHz (Local Multipoint Distribution

Service frequency).  This system provides a large bandwidth radio link to a disaster zone

up to 5 km away and puts Ethernet speeds and 802.11 accesses to users within hours.  

Because of the possible variability in locations that the system can be deployed, it is

necessary to find the most useable channel at the site as quickly as possible.  In addition

to 28GHz radio links, the system also has a built-in channel sounder that measures and

captures the channel impulse response of the current channel.  Until now, there has been

limited research on the relationship between the channel impulse response and the

usability of the channel quantified using bit error rate.  
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This thesis examines several different channels captured by CWT’s channel sounder and

simulates the BER using Cadence’s SPW with time-domain models of the channels.  This

thesis goes on further to show that BER greatly depends on the channel impulse response

and the symbol rate.  
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Chapter 1

Introduction

1.1  Microwave Communications

The term Local Multipoint Distribution Service (LMDS) describes 1.3 GHz of spectrum

allocation between 27 GHz and 32 GHz (27.5 to 28.35 GHz, 29.1 to 29.25 GHz, 31.075

to 31.225 GHz, 31 to 31.075 GHz, and 31.225 to 31.3 GHz).  LMDS has the bandwidth

needed to provide data, voice, and video communications to thousands of subscribers at

once.  LMDS systems usually consist of a base station or hub unit that connects via a

wireless link to several subscriber or remote units several miles away.  Because other

alternatives such as fiber or cable may not be economically or physically feasible, LMDS

systems have traditionally been described as “last mile” solutions.  Their wireless nature

conveniently provides the necessary bandwidth for that part of a communication system

that interfaces the subscriber to the backbone of the network.  

Although LMDS systems have their advantages, certain notable disadvantages are

inherent in all communication systems at microwave frequencies.  In general, the

hardware used to build the radios in an LMDS system tend to be more expensive and

more difficult to manufacture because of the short wavelength associated with high

frequencies.  In addition, the frequency of operation limits the distance the signal can

travel because the path loss increases as a square of the frequency (assuming antennas of

fixed gain).
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When designing any communication system, it is important to do a link budget analysis

of the power tradeoffs within the system.  The Friis Transmission Formula is one way to

quantify the amount of receive power one should expect in free space given the antenna

gains, the link distance and the transmit power Proakis [5].  This equation uses absolute

and ratio values.  

r t t r pP PG G L� [1]

where   Pr = received power in Watts

Pt = transmit power in Watts

Gt = transmit antenna gain

Gr = receive antenna gain

Lp = path loss 

All radio systems tend to have a limited operational range that is set by propagation loss

and the noise floor of the receiver.  Propagation loss or path loss does not describe a

power absorption effect; instead, it quantifies the way in which the electromagnetic

energy spreads between the transmitting source and the receiver.  

The path loss of the system (Lp) takes into account the frequency of operation and

the link distance.  Lp = [�/(4 � R)]-2 , where R = link distance and � = speed of light /

frequency of operation = wavelength.    The loss increases as a square of the frequency.

Although this equation is for the free space environment, which may not be applicable
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due to the rich multipath environment and diffuse scattering examined in this study, it

gives the minimum loss one should expect to see.  Companies usually design microwave

systems including LMDS systems to be fixed and line of sight (LOS) in order to get the

greatest coverage for a given output power.  

1.2 Channel Characterization

1.2.1 Link Geometry

A systematic way to categorize channels uses Fresnel zone geometry.  Consider a screen

of height h and infinite width between a transmitter and receiver.  The transmitter is

located at a distance d1 from the screen and the receiver is at a distance d2 from the

screen.  The direct path and the diffracted path over the top of the screen will differ in

distance by �.  �, the excess path length, with phase difference � can be defined as 

2
1 2

1 2

( )
2

d dh
d d
�

� �

2
1 2

1 2

( )2 2
2

d dh
d d

� �
�

� �

��
� �

assuming h<<d1,d2 and h>>�.  See Figure 1.  

[2]

[3]
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Figure 1:  Fresnel Geometry. Taken from C. Dillard, “A Study of Rough Surface
Scattering Phenomena in the LMDS Band 28 GHz),” Master’s Thesis,
Department of Electrical and Computer Engineering, Virginia Tech, 2003.

The difference in path length leads to diffraction loss.  In order to quantify the amount of

diffraction loss a path has, consider a several concentric circles representing regions

where the secondary wavelets from the transmitter have an excess path length of n �/2,

where n is an integer.  Each successive circle’s excess path length increases by �/2.  Each

of these regions, called Fresnel zones, map the received signal strength showing the

effects of alternating constructive and deconstructive interference.  The radius, rn, of each

successive zone is 

1 2

1 2
n

n d dr
d d
�

�

�

given that d1,d2 >> rn.  Rappaport noted that “a rule of thumb used for design of line-of-

sight microwave links is that as long as 55% of the first Fresnel zone is kept clear, then

further Fresnel zone clearance does not significantly alter the diffraction loss” Rappaport

[6].”  

[4]
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A Free Fresnel Zone LOS path is one in which the antenna are directly pointed at one

another and there is no natural or man-made obstruction within the 1st Free Fresnel Zone

(making diffraction effects negligible) Parsons [3].  

Several other channel categories also exist since LOS is not always available.  A LOS

path with minor obstruction within the 1st Free Fresnel Zone is considered an Obstructed

Fresnel Zone LOS path.  Any path with dense vegetation or a large solid obstruction

between the antennas is considered a Non-Line-of-Sight (NLOS) path Maurer [4].

Although a LOS path is clearly the ideal environment, if one is not available, it is

important to know whether a slightly obstructed path or a strong reflection path is

sufficient for the communication link.  

1.2.1  Channel Variation with Time

Because of the random nature of channels, channel models are statistical.  The models act

as filters to incoming waveforms.  More specifically, the models or channel impulse

responses are the resultant waveforms if a single ideal impulse were sent through the

system.  

If the channel is not a Free Fresnel LOS path, there may be some distortion of the signal

at the receiver due to attenuated, time-delayed, and phase shifted replicas of the

transmitted signal.  The following equation gives the received signal after the Nth replica

of the transmitted signal arrives in terms of absolute time, t, and relative time, �
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1

0
( , ) ( , ) exp{ 2 ( ) ( , )} ( ( ))

N

i c i i i
i

h t a t j f t t t� � � � � � � � �
�

�

� � ��

where ai(t, )� is the path gain, �i(t) is the time delay of the ith component and �(�-�i) is the

impulse transmitted into the system at time t=�0.  The term within the exponential

quantifies the phase shifts of the various multipath components.  The equation assumes

that all reflections are specular and ignores any diffuse scattering along the path.  Diffuse

scattering adds a continuum of multipath components that cannot be represented as a

finite sum of impulses like that in [5].

Since LMDS systems are not used as mobile wireless links, if there are no mobile

obstructions within the path (or the channel’s pdf is wide sense stationary over a small-

scale time or distance interval), they may be considered time-invariant.  If the channel is

Linear Time-Invariant (LTI), then equation [5] can be further reduced to Proakis [5]

1

0
( ) exp{ } ( )

N

i i i
i

h a j� � � � �

�

�

� � ��   

Since in actuality an ideal impulse will not be the transmitted signal, the resultant signal

is the convolution (in time) of the transmitted waveform and the channel impulse

response.  In the frequency domain, the received signal is equal to the Fourier transform

[5]

[6]
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of the channel impulse response multiplied by the Fourier transform of the transmitted

signal.  See Figure 2.

Figure 2:  Channel Impulse Response Defined

Once the path is modeled, a more effective estimate of the path loss can be determined.

1.3  Impulse Response Parameters

There are several different metrics or parameters by which one can compare impulse

responses.  

The power delay profile (PDP or P(t)) of the channel is defined as the time distribution of

the received signal power that results from a transmitted impulse or mathematically

Janssen [13]

2 2

1
( ) ( ) *( ) | ( ) | ( )

N

k k
k

P t h t h t h t t� � �
�

� � � ��   

Rms delay spread, �rms, is a measure of the amount of signal dispersion in the channel.

�rms is defined as

2
rms ( ) ( )m normt P t dt� �

�

��

� ��

y(t)

y(�)

[7]

[8]

x(t)

x(�)

h(t) = Channel Impulse Response (time)
or

H(�) = Channel Impulse Response (frequency)
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where ( ) ( ) / ( )normP t P t P t dt
�

��

� �  and ( )m normtP t dt�

�

��

� �

The rms delay spread can give a rough estimate of the maximum symbol rate that the

channel can support by the approximation Rmax = 1/(4�rms)  

The statistical average bandwidth over which signal propagation characteristics are

correlated is the 50% coherence bandwidth, Bcoh.  Bcoh � 1/�rms.  The 50% coherence

bandwidth is more specifically the value of �f where the complex autocorrelation

function decreased by 3 dB.  The complex autocorrelation function, |R(�f )|, of the

channel frequency response H(f) is given as

( ) ( ) *( )R f H f H f f df
�

��

� � � ��

If Bcoh is smaller than the bandwidth of the transmitted signal, then the channel is

considered frequency selective Proakis [5].

Thus far the mathematical development has considered only specular multipath or one in

which no spreading of the transmitted signal occurs.  In the case of diffuse scattering, the

channel response would incorporate a continuum of energy over time rather than a set of

discrete impulses.  

[9]

[10]



To predict the signal strength at the receiver when diffuse scattering is present, more

complicated models have to be derived.  

1.4  Bit Error Rate

Path loss is not the only cause of degradation to the system.  Noise due to other

atmospheric effects, thermal effects, impedance mismatch, absorption, and other sources

can diminish the signal quality in a system.  

The bit-error rate (BER) or probability of bit error is one way to characterize the

performance quality of the entire system.  The following is a derivation summarized from

Couch [15] of the BER for a detected binary signal.  

The binary transmitted signal over the bit interval (0,T) is 

s(t) =   {

where T is the tim

for a binary 0 trans

At the receiver, the

r0  =   r0(t0)

[11]
s1(t),      0 < t � T,      for a binary 1
s (t),      0 < t � T,      for a binary 0
e it takes to transmit one bit of data, s1(t) is the signal waveform used

mission and s2(t) is the waveform for the transmission of a binary 1.  

 binary signal plus noise becomes

 =  {

2

[12]
r01(t0),      0 < t0 � T,      for a binary 1
r (t ),      0 < t � T,      for a binary 0
9

02 0 0
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where t0 is the time at which r0(t) is sampled.

The receiver assumes that a binary 1 is sent if r0 >Vt and that a binary 0 is sent if r0 < Vt,

where Vt is the threshold voltage of the comparator.  In order for an error to occur, either

r0 < Vt when a binary 1 was sent or r0 > Vt when a binary 0 was sent.  Therefore,

P(error| s1(t) sent) = 0 1 0( | )tV
f r s dr

��
� [13]

P(error| s2(t) sent) = 0 2 0( | )
tV

f r s dr
�

� [14]

where f(x) is the conditional probability density function given a certain signal waveform

was sent.   

The BER is then

Pe = P(error| s1(t) sent)*P(s1(t) sent) + P(error| s2(t) sent)*P(s2(t) sent) [15]

Assuming that the probability of a binary 1 or a binary 0 being sent are equally likely or 

P(s1(t) sent) = P(s2(t) sent) = ½ [16]

then the BER equation reduces to 

Pe = ½ P(error| s1(t) sent) + ½ P(error| s2(t) sent) [17]
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For zero mean additive white Gaussian noise(AWGN), the PDF’s become

2 2
0 01 0( ) /(2 )

0 1
0

1( | )
2

r sf r s e �

��

� �

� [18]

2 2
0 02 0( ) /(2 )

0 2
0

1( | )
2

r sf r s e �

��

� �

� [19]

where 2
0�  is the average power of the output noise.

The Q function is a useful tabulated integral defined as 

/ 21( )
2 z

Q z e d�
�

�

�
�

� � [20]

Making the substitutions � = -(r0  - s01)/	0 and � = -(r0  - s02)/	0 into their respective

PDF’s, the BER can be rewritten as 

01 02

0 0

1 1( ) ( )
2 2

t t
e

V s V sP Q Q
� �

� � � �

� � [21]
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Assigning the proper threshold voltage can minimize the probability of error.  By solving

dPe/dVt = 0 and solving for Vt, the threshold voltage should be set as follows

01 02

2t
s sV �

� [22]

Substituting, the probability of error becomes

2
01 02

2
0

( )( )
4e

s sP Q
�

�

� [23]

The BER can be further reduced by matching the transmit and receive filters.  Finding a

linear filter that maximizes the argument of the Q(x) in turn minimizes Pe.  In this

example with AWGN, the matched filter should be matched to the difference signal sd(t)

= s1(t) – s2(t).  Making the following substitutions for difference signal energy and noise

power

2
1 20
2

0 0

( ( ) ( ))

/ 2

T

dE s t s t dt

N �

� �

�

� [24]

where 
2

0
2
0 0

[ ( )] 2d ds t E
N�

� , the BER becomes

0

( )
2

d
e

EP Q
N

� [25]
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Using polar signaling, where s1(t) = +A and s2(t) = -A, then Ed = (2A)2t0 = 4Eb or 4 times

the energy per bit, the final BER equation becomes

0

( 2( )b
e

EP Q
N

� [26]

Quadrature Phase Shift Keying (QPSK) uses 2 bits or 4 levels to transmit data where one

bit of data is carried on a cosine wave and the other on a sine wave.  The transmitted

signal can be denoted by

( ) ( ) cos( ) ( )sin( )c c c cs t A t A t� � � �� � � � � � ,     0 < t � T [27]

The input noise for both the in-phase and quadrature channels is

( ) ( )cos( ) ( )sin( )c n c nn t x t t y t t� � � �� � � � [28]

Both the in-phase and quadrature channels of the receiver are BPSK receivers, so the

BER derived above is the same for QPSK.

For multilevel signaling other than QPSK, an exact equation for the probability of bit

error cannot be obtained.  Instead bounds on the symbol error probability have been

derived such as
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2
2

0

( ) [ 2 (log )sin ( )]bEP E Q M
N M

�

� [29]

for MPSK with M = number of signal levels

and

0

( ) 4 [ 2 ]b
M

EP E Q
N

�� , for MQAM [30]

where M� is –4dB for 16 QAM, -6dB for 32 QAM, -8.5 for 64 QAM, -10.2 for 128 QAM

and –13.3 for 256 QAM.  [Couch]  
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Chapter 2

LMDS Research

2.1  Previous Research

LMDS frequencies have only just recently been the subject of investigation for

researchers interested in broadband or digital applications.  The FCC auctioned off three

United States bands (27.5-28.35 GHz, 29.1-29.25 GHz, and 31.075-31.225 GHz) in 1998.

Since LMDS research has only been under recent investigation, there are limited

information resources.  

Several researchers including Papazian [10], Seidel [7], and Ravi [9], have used different

channel sounding techniques and models in order to characterize LMDS propagation.

Ravi and Papazian both make initial assumptions that their observations for their received

signals will follow a Rice distribution.  Papazian later concludes that although the K-

factor seems to be a good measure of the variability of the observed signal, the Rice

distribution did not accurately model the channel paths.  It predicted deeper fades than

were actually observed.  Ravi’s results, however, “show strong Rician behavior with the

K-factor in the range of –4 dB to 12 dB.”  In addition, his results show an average rms

delay spread of 200 – 250 ns.  Ravi [9]

Seidel observed the variability of signal strength with azimuth angle and receiver antenna

height.  As the receive antennas were lowered, the signal strength decreased.  For some

NLOS paths, Seidel noticed also that the received signal level for some lower antenna
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heights was stronger at different azimuth angles compared to reflected paths with the

antenna elevated.  Although some NLOS paths can be used for data transmission, he also

noted that blockage due to buildings is a major limitation for providing maximum

coverage.  Seidel [7]  Thus, finely adjusting the location and orientation of an antenna

can greatly increase the coverage area and reliability of the signal path.  

Chuang’s and Janssen’s work were not performed at LMDS frequencies, but their results

do illuminate the effects of frequency selective multipath channels on BER.  Chuang’s

work focused on portable radio communications channels, which implies commonly

accepted assumptions about the channel model.  Specifically, the model proposes that the

channel impulse response, h(t),  is a zero-mean complex Gaussian random process with

amplitude ai(t, )� and phase 
i(t,�).  ai(t, )� is a random variable with Rayleigh distribution

and 
i(t,�) is a random variable with a uniform distribution from 0 to 2�. Chuang [14]

With this assumption, he concludes, “with increasing signal to noise ratio (SNR), an

irreducible ‘floor’ of bit error rate (BER) is approached because ISI increases in

proportion to the signal level.”  Chuang [14]   When discussing his results for modulation

types with spectral-shaping filters, he concludes that the shape of the delay profiles is not

a factor in BER.  Figure 3 shows Chuang’s plot of irreducible BER versus different

raised- cosine roll-off factors for a QPSK system.  The figure also plots the results for

different rms delay spreads, d, normalized by symbol period.  
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Figure 3: Irreducible BER vs Raised Cosine Filter roll-off, a, and RMS
delay spread, d.  Taken from Justin C-I Chuang.  “The Effects of Time
Delay Spread on Portable Radio Communications Channels with Digital
Modulation” IEEE Journal on Selected Areas in Communications, Vol.
SAC-5, pp. 879-889, June 1987.

Janssen’s results significantly differed from Chuang’s conclusion about the effect of

spectral shaping (and therefore PDP) on the BER.  Janssen did a series of indoor impulse

response measurements at six different positions within a circular cluster in several

highly reflective and shadowed environments.  The indoor lab environment consisted of

labs, offices, and hallways, each having concrete floors, brick/stone walls, and

plasterboard walls.  The points within the clusters vary only a small amount in distance

(�/2 - 4�).  The measurements were taken at three different frequencies: 2.4, 4.75, and

11.5 GHz.  With such a short distance variation, the PDP and therefore the RMS delay

spread (�rms) of the channel are approximately the same as seen in Figure 4.  



18

        
Figure 4:  PDP of averaged LOS pulses (a) and one specific PDP (b).  Taken
from G. J.M. Janssen, P.A. Stigter, R. Prasad, “Wideband indoor channel
measurements and BER analysis of frequency selective multipath channels at
2.4, 4.75, and 11.5 GHz,” IEEE Trans. Commun. , Vol. 44, pp. 1272-1288, Oct
1996.

However, Janssen’s analytical BER results for the measured channels did show a large

variation in BER for constant bit rate shown in Figure 5 depending on positioning within

the cluster.  The path phases vary enough within the different channels to cause different

frequency responses.  Another surprising trend in the BER curve shows that the BER

does not always increase with bit rate as expected.  Again, the phases play a large part in

this with multipath components summing more advantageously at the receiver for certain

bit rates.  These results showed similar trends among the different frequencies and among

different channel types.  
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Figure 5:  BER as a function of data rate for 6 different positions within a circular cluster.  Taken
from G. J.M. Janssen, P.A. Stigter, R. Prasad, “Wideband indoor channel measurements and BER
analysis of frequency selective multipath channels at 2.4, 4.75, and 11.5 GHz,” IEEE Trans.
Commun. , Vol. 44, pp. 1272-1288, Oct 1996.

This thesis shows there is indeed a relationship between BER and PDP, as suggested by

Janssen’s work.  The following sections describe the LMDS system hardware and

process that I used in my investigation.  In the remainder of Chapter 2 and 3, I describe

my channel response data collection process and the broadband channel sounder

hardware used to collect the information.  Using that information, I create time-domain

channel filter models in Cadence SPW further detailed in Chapter 4.   These filters are

then used in my BER simulations analyzed in the latter half of Chapter 4.   
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2.2  System Description

Virginia Tech’s Center for Wireless Telecommunication designed a high bandwidth

rapidly deployable wireless communication system for disaster regions needing

communications.  The system consists of a hub unit and multiple remote units.  The hub

unit connects back to existing undamaged data infrastructure via ethernet.  Its 90 degree

beamwidth antenna illuminates a sector of the disaster region where a remote unit is

located as in Figure 6.  

           Figure 6:  System Description

The remote unit converts the received signal (transmitted by the hub) to a wireless local-

area network enabling emergency personnel and all others needing voice and data

communications in the area to connect their radios, laptops and routers to the internet via

Hub

2-3 km

Remote

Remote

120 Mbps

Internet
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the remote unit.  The wireless links between the remote and hub units provide a 120

Mbps data rate at the LMDS frequency of 28 GHz.  

There are several factors to consider when placing the remote unit within the region

including signal strength, interference, and geography.   Ideally, there should be a clear

Line of Sight (LOS) path between the hub and remote units.  Unfortunately, especially in

urban environments, this is not always available.  In order to quickly place and direct the

antennas to provide the optimal configuration, we have developed a two-stage tuning

method for our LMDS system.  The first stage employs Geographic Information System

tools in order to roughly place the remote unit based on the geography of the disaster

zone.  The second stage provides finer tuning to the system using the Sampling Swept

Time Delay Short Pulse (SSTDSP) wireless channel sounder also developed at Virginia

Tech which will be described in detail in Chapter 3.  

The hub and remote units both have transceiver architectures.  The hub, as seen in Figure

7, consists of a Spike modem and the radio.  (“Spike” is the name of the modem

manufacturer, now out of business.)  The modem is capable of several types of

modulation including QPSK, 16 QAM, and 256 QAM.  The radio employs a one-stage

superheterodyne architecture.  The signal exits and enters the modem at 140 MHz with

and an output power of 4 dBm and an input range of –25dBm to –13dBm.  The radio

receives the incoming signal from the modem and translates it to 3050 MHz.  It is then

filtered, amplified, and mixed up to a center frequency of 27.85 GHz.  The system uses

different transmit and receive frequencies.  The receive frequency is centered at 28.3
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GHz and downconverted to an intermediary frequency of 2300 MHz before its final

translation to 140 MHz.

Figure 7:  Radio Hub

The antenna on the hub is a 90 degree beamwidth horn.  In order to characterize the hub’s

antenna, we set the hub and remote unit’s radios (without the modems) in a LOS

configuration and sent a single 140 MHz CW tone generated by a signal generator from a

remote unit to the hub.  The 140 MHz tone was upconverted to 28 GHz and transmitted.

The tone was received and downconverted to 140 MHz before being captured by a

spectrum analyzer.  We measured the gain and then rotated the hub in 15 degree intervals

and measured the gain again.  We repeated this for half of the symmetrical beamwidth.

Its antenna gain pattern is shown in Figure 8.  

    
Figure 8:  Hub Antenna Pattern                               
Figure 9:  CPE Antenna Pattern     
The remote units or Customer Premises Equip

modem and a radio.  As in the hub, the CPE is

Spike
modem Radio
Figure 9:  CPE Antenna Pattern
tt
ment (CPE) units also consist of a Spike

 a superheterodyne radio.  The 140 MHz IF
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from the modem is upconverted to 2300 MHz in the first stage and then to the final

transmit center frequency of 28.3 GHz.  The receiver inputs data from a center frequency

of 27.85 GHz and downconverts it to 1850 MHz before a second downconversion to 140

MHz.  Figure 10 illustrates the CPE system components.  Table 1 summarizes the

frequency plans for both the hub and CPE units.  Due to the nature of the disaster region

where the CPE units are designed to be employed, the antenna and user interface are

physically located in two separate canisters connected by a cable. This allows the antenna

to be mounted on a pole for example, while the user interface remains on the ground.  

 IF from Modem TX IF TX Fc BW RX Fc RX IF IF to Modem

Hub 140 MHz 3050 MHz 27.85 GHz 100 MHz 28.3 GHz 2300 MHz 140 MHz

CPE 140 MHz 2300 MHz 28.3 GHz 100 MHz 27.85 GHz 1850 MHz 140 MHz

Table 1:  Frequency Summary for Hub and CPE Units

The CPE antenna is a dish antenna and has a much smaller beamwidth than the hub unit:

2-3 degrees.  Its antenna pattern, measured in a similar way to the hub’s antenna, can be

seen in Figure 9.  

LMDS systems are very sensitive to multipath due to their high data rates.  The hub

antennas are high gain sector antennas allowing them to communicate with several CPE

units in the field.  The CPE units use their small beamwidth antennas to create a highly

directional path back to the hub units.  Their small beamwidth minimizes the effects of

multipath by limiting the power of received signals at large incident angles.  
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Figure 10: Transceiver Block Diagram of CPE
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Chapter 3

Channel Sounding

3.1  Types of Channel Sounders

The next section discusses three major types of wideband channel sounders.  

1. The direct RF pulse method uses wideband RF pulses to approximate an ideal

transmitted impulse.  The squared magnitude of the received signal is the power

delay profile of the channel.  Pulse compression can be used to increase both the

time and frequency resolution by using a long time duration signal and

modulation.  Although there are three degrees of freedom for the transmitted

pulse (pulse duration, shape, and repetition rate), the wideband filter at the

receiver front sets the noise floor and limits the resolution.  Rappaport [6]

2. The spread spectrum sliding correlator channel sounder transmits pseudonoise

(PN) sequences modulated on a carrier at a rate of R chips/s.  The receiver

correlates the received signal with the transmitted sequence at a slightly slower

rate (R-�R).  This is done for the full time duration as the transmitted PN

sequence slides past the receiver sequence.  Since the PN sequence itself is

comprised of uncorrelated data, the cross correlation between the transmitted and

received sequences is maximum only at a certain delay and approximately zero at

all other delay times.  Although the measurements are not made in real time,

sliding correlator channel sounders do reject passband noise very well.  Rappaport

[6] 
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3. The last channel sounder type, frequency domain channel sounder, measures the

frequency response of the channel.  The frequency domain channel sounder uses a

vector network analyzer to sweep through a band of frequencies.  For each step,

the vector network analyzer measures the transmissivity, S21(�) of the channel.

This transmissivity response can then be transformed into the time domain

representation of the impulse response so that amplitude and phase information

can be extracted.  To avoid erroneous impulse response measurements, fast sweep

times are necessary especially for time-varying channels.  This method requires

precise calibration and is distance limited due to hardware synchronization.  Like

the spread spectrum sliding correlator, the measurements are not made in real

time.  Rappaport [6]  

3.2  Sampling Swept Time Delay Short Pulse Wireless Channel Sounder

Rieser [1] and Sweeney [8] developed a new channel sounding technique which takes

advantage of the sampling swept time delay processing element of the spread spectrum

time-domain sliding correlator discussed earlier.  To eliminate the need for a high-speed

chip clock, the Sampling Swept Time Delay Short Pulse channel sounder (SSTDSP)

combines short pulses at the transmitter and sample gating at the receiver.  Figure 11

shows the basic block diagram of the transmit and receive side of the SSTDSP and its

connection with the LMDS radio.  
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        Figure 11: Sounder Block Diagram

The pulser creates a train of Gaussian monocycle pulses about .5 ns wide at a repetition

rate of � = 1/T� = 200 kHz.  Figure 12 shows one such pulse.

Figure 12:  Gaussian Monocycle Pulse

The pulses ring the bandpass filter, are upconverted to 27.85 GHz and then transmitted.

Figure 13 shows a simulated single output pulse waveform.  The pulse in Figure 13 was

Direct Digital
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generated using an ideal BPF simulation (creating the non-causal effect in the pulse).

Although it is not the exact pulse transmitted, it does demonstrate the ringing effect a

BPF has on a Gaussian monocycle.  

Figure 13:  Modulated Gaussian Monocycle

The receiver downconverts the incoming pulses to 1850 MHz and then inputs them into

the sampler.  The sampler samples the data at a frequency of  = 1/ T� = 199.995 kHz.

The DSP board contains the analog to digital converter and the processors needed to

reconstruct the pulse.  It should be noted that the pulses are being undersampled in a

controlled manner.  The time difference T� - T� is called the bin size.  Although, it can be

arbitrarily set, with the given offset, the bin size is 0.125ns = tbin.  The receiver performs a

sliding correlation on the data using N = T� / tbin = 40000 pulses to reconstruct one

complete pulse.  The total time needed to reconstruct a pulse is t = N* T� .  Figure 14

illustrates the sliding correlator technique.  
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                   Figure 14:  Depiction of a Sliding Correlator.  Taken from C. Dillard, “A Study of Rough
Surface Scattering Phenomena in the LMDS Band 28 GHz),” Master’s Thesis, Department of
Electrical and Computer Engineering, Virginia Tech, 2003.
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Chapter 4

Measurement Description and Results

4.1  Measurement Environment

Virginia Tech’s Burchard Hall provided a unique environment for measurements.  The

building is underground with four large skylights atop.   Buildings and foliage surround

all sides of the Burchard Hall courtyard area as seen in the following three figures.  

     

Figure 15:  Burchard Hall as seen from Johnson 
Student Center*        

Figure 16:  Burchard Hall, Photo by Harry Yeatt

    Figure 17:  Aerial photo of Burchard Hall**

* Taken from http://www.unirel.vt.edu/vtmag/spring99/feature1.html
** Taken from http://www.ufis.vt.edu/aerials.htm

Figure 16:  Burchard Hall, Photo by Harry Yeatts
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For my series of measurements, the hub unit sat on the raised platform marked as H in the

courtyard drawing in Figure 18.   The remote antenna, marked as R was mounted on a

three feet (1 meter) tripod and set in several different positions in the courtyard.  The

dotted paths indicated on the figure are the projected paths that the main pulses (with the

most received energy) traveled.  The paths are labeled according to where the antennas

were pointed except for the courtyard path in which the antennas were directed at each

other.  Because of the LOS nature of the courtyard path, it also became my reference

LOS pulse.

Figure 18:  Hub and Remote Locations Atop Burchard Hall

GBJ

Cowgill Hall

Hancock
Hall

Burruss Hall

Courtyard LOS
Burruss
GBJ
Hancock
Cowgill
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Sweeney [8], Reiser [1], Anderson [17] developed a software interface program to collect

the impulse responses from the sounder hardware.  Figure 19 shows a screenshot from

the sounder’s interface software.  We collected five power delay profiles at each location

using the SSTDSP wireless channel sounder.  

Figure 19:  Sounder Screen Capture

4.2 Power Delay Profiles

The sounder interface software produced a file for each location containing the recorded

data points.  I used Matlab (code found in Appendix A) to low pass filter the data and

calculate frequency and phase information for all the locations.  The resultant channel

response magnitudes for the locations are labeled in Figure 20.  Each of the different

colored plots within each location plot represent a separate measurement at that location.
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Figure 20:  Magnitude of Impulse Response of All Channels
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All of the impulse responses at the five locations had variation due to noise, but the

Burruss and Cowgill channels also had significant fluctuation in the channel over time

due to foliage or other environmental movement.  For the time-invariant channels

(Courtyard LOS Reference, GBJ, and Hancock) I averaged and normalized the pulses as

seen in Figure 21.  These pulses did not seem to have significant scattering either.  

  Figure 21:  Time Plots of Averaged Pulses

The magnitudes of the Burruss pulses, however, do not appear to have differed

significantly, but their phase information does differ significantly.  The Burruss pulses

passed through trees full of leaves moving in the wind creating channels too different to

average.  Instead, three of the pulses were examined and modeled separately.  The
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Cowgill channel impulse response has significant variation and dips due to the presence

of people walking through the channel path.  Two Cowgill paths were modeled

separately.  All of the surrounding buildings have limestone walls and several windows.

The skylights on the courtyard are made of glass and the platform and columns are made

of concrete.  With such a diverse environment comprised of rough surfaces, significant

diffuse scattering is to be expected.  The following figure overlaps all of the filtered time

waveforms that I examined.  There is certainly significant multipath (less than 15 dB

from the peak) and some pulse spreading.  

   

Figure 22:  Overlaid Time Plot of Pulses From All Channels
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4.3  SPW System and Channel Models

Quantifying the usability of a channel is an important step needed to tune the Disaster

Response System.  SPW is a simulation program that I used in order to create time

domain models of the different measured channels’ responses.  To model the time

domain channel in SPW, the program needs to know the magnitude of the real and

imaginary impulse responses and the time at which they occur.  To visually inspect the

quality of the model, I sent a LOS pulse through my newly created channel impulse

response models and compared them to the measured channel impulse response from the

sounder.  Figure 23 shows the block diagram from SPW that I used to create the different

channel models.  The “complex convolutional filter” is my channel impulse response

model.  The delay block is strictly used to line up the signals in time so that I could

measure the real and imaginary values of the resultant impulse responses.  The source

blocks read in the reference LOS pulse and the sounder channel measured data.  The sink

block records the signals for comparison in SPW’s Signal Calculator.  

Figure 23:  SPW Block Diagram for Channel Model Development



Figure 24 is a plot of the magnitude and phase of the channel filter model used for

Burruss 1.  The phase is quite linear with respect to time.  The magnitude plot contains a

series of short pulses which explains the amount of multipath in the channel response.

The specific values used in the channel filter models for all the locations can be found in

Appendix B.  Figures 25 through 38 are the resultant magnitude and phase models after

the LOS pulse was convolved with the channel filter for each specific location.  The

measured sounder data for each location is what the model is replicating.  The models did

not have to be an exact duplicate to demonstrate the same performance.  Changes in the

channel delay profile that were 20 dB down from the peak were considered to be

insignificant.  

  

Burruss 1 Channel Impulse Response Filter Model

           

   Figure 24:  Channel Impulse R
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Burruss 1 Channel Response Model

             

Figure 25:  Burruss 1 Channel Response Model

Measured Burruss 1 Channel Response

            
            Figure 26:  Measured Burruss 1 C
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Burruss 2 Channel Response Model

                        Figure 27:  Burruss 2 Channel R

Measured Burr

                        Figure 28:  Measured Burruss 2 
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Burruss 3 Channel Response Model

          Figure 29:  Burruss 3 Channel R

Measured B

          Figure 30:  Measured Burruss 3 
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GBJ Channel Response Model

        Figure 31:  GBJ Channel Respon

Measured G

        Figure 32:  Measured GBJ Chann
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Hancock Channel Response Model

                        Figure 33:  Hancock Channel Impu

Measured Hanco

                     Figure 34:  Measured Hancock Chan
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Cowgill 1 Channel Response Model

         Figure 35:  Cowgill 1 Channel Res

Measured Cowgi

     Figure 36:  Cowgill 1 Channel Respo
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Cowgill 2 Channel Response Model

       Figure 37:  Cowgill 2 Channel Resp

Measured Cowgi

       Figure 38:  Measured Cowgill 2 Cha
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Once the models were created, I used the channel impulse response filter models in the

following SPW simulation in order to record the BER.  I varied Eb/No from 2 to 8 dB

and also chose three different symbol rates: 3.23 Msps, 4.76 Msps, and 9.09 Msps for

each location.  The block diagram from SPW can be summarized in the below figure.

Figure 39:  SPW Block Diagram Summarized

This simulation was used for all the channels with minor phase and delay adjustments per

location made to compare the bits properly.  The phase adjustments were made by

visually inspecting the rotation of the scatterplots in Appendix C.  Eb/No was varied

along with the samples per symbol in order to compare the signal-to-noise ratio at

different symbol rates.  The next section shows the results of the simulations.  

4.4  Bit Error Rate

For a QPSK system, the lowest BER achievable for a given Eb/No can be seen in Figure

40.  This theoretical result, from Equation 26, is not dependant on the symbol rate.    
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         Figure 40:  Theoretical BER vs Eb/No QPSK Channels

This section displays each location’s BER curve at 3 different symbol rates with the

theoretical QPSK curve.  Although some of the plotted curves nearly achieve the

theoretical BER minimum, the location plots show great dependence of the symbol rate.

The Burruss 1 plot, shown in Figure 41, exhibits a 1dB difference between the 9.09 Msps

and the 4.76 Msps curves for most of the Eb/No range.  The 3.23 Msps curve lies directly

between the two curves.  The 4.76 Msps traces the theoretical results for this location.

The most interesting point to note is that the 4.76 Msps curve is 0.5 dB better than the

lowest symbol rate curve.  
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        Figure 41:  BER vs Eb/No of Burruss 1 Channels

The Burruss 2 and Burruss 3 curves (in Figures 42 and 43) show vastly different results

than that of Burruss 1.  The 3.23 Msps curves follow the theoretical QPSK curve rather

than the 4.76 Msps curve of Burruss 1.  The 4.76 Msps curves are 2.3 dB and 1.3 dB

poorer than theory and the 9.09 Msps curves are show very little improvement in BER

over the range in Eb/No.  
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         Figure 42:  BER vs Eb/No of Burruss 2 Channels

         Figure 43:  BER vs Eb/No of Burruss 3 Channels
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Since the channel impulse responses of the GBJ channels had a linear phase response and

little multipath, I expected them to have nearly theoretical results for all the symbol rates.

This is not the case as seen in Figure 44.  The 4.76 Msps curves are 0.5 dB poorer than

theory.  The 9.09 Msps curve follows the 4.76 Msps curve in the Eb/No range of 2-5 dB,

but then worsens to 1.5 dB off from theory.  The 3.23 Msps curve actually had the worst

performance at the GBJ location.  Over the entire Eb/No range, Eb/No for a given BER

increased from 1.2dB more than theory to 2.5dB greater than theory.  

      Figure 44:  BER vs Eb/No of GBJ Channels

The Hancock channel impulse responses were captured directly after the GBJ channels

(see Figure 45).  Both the transmitter and receiver were spun 180 degrees to point at



50

Hancock rather than GBJ.  There were unequal distances between the transmitter and

receiver.  The transmitter was closer to the bounce path at the GBJ location and the

receiver was closer to the bounce path for the Hancock location.  Since the Hancock data

has poorer BER results than GBJ (see Figure 46), it would support the claim that the

channel is more useable when the transmitter is nearer the bounce path as was claimed by

Dillard.  [Dillard]  

         Figure 45:  BER vs Eb/No of Hancock Channels
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GBJ vs. Hancock BER Comparison

Figure 46:  BER vs Eb/No Comparison of GBJ and Hancock Channels

Unlike the Burruss results, the two Cowgill channel impulse responses (Figure 47 and

Figure 48) have similar results.  The performance is far better for the two lower symbol

rates than for the 9.06 Mbps symbol rate.  Despite being the channels with the most

multipath, the performances of the 3.23 and 4.76 Mbps simulations are some of the best.

The two lower symbol rates’ curves both have almost identical BER’s over the entire

range which increasingly stray further from the theoretical results as the Eb/No increased.

The 9.09 Msps curve has far poorer results with degradation from theory over 2 dB

across the entire Eb/No range.  The Cowgill 2 results show minor improvement in the

9.09 Msps curve.  In addition, the 4.76 Msps curve nearly achieves theoretical results

across the entire range.  
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         Figure 47:  BER vs Eb/No of Cowgill 1 Channels

          Figure 48:  BER vs Eb/No of Cowgill 2 Channels
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The next set of graphs (Figures 49-51) summarizes the performance of all the channels at

the same symbol rate.  None of the channel impulse responses at one specific location

gave the best results at all three symbol rates.  At the highest symbol rate, 9.09 Mbps,

Burruss 1 and GBJ demonstrated the best results.  The performance over all the channels

varied the most at this symbol rate.  

        Figure 49:  BER vs Eb/No of All Channels with Symbol Rate = 9.09 Mbps

Cowgill 1 and Burruss 1 gave the best results for the simulations with symbol rate of 4.76

Mbps.  The performance of most of the signals improved as compared to those with a

9.09 Msps symbol rate.  The BER spread was also less.  In addition, there seems to be 3

groups with similar trends in performance.  Burruss 2 is in a category of its own with the
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worst BER curve.  Burruss 3 and Hancock are the mid performance group, while the rest

are clustered in similar curves with the best BER varying only 0.5 dB from theory.  

        Figure 50:  BER vs Eb/No of All Channels with Symbol Rate = 4.76 Mbps

Figure 51 shows all the channels with symbol rates of 3.23 Msps.  They can be divided

into two clusters of signals.  The two signals with the least multipath in the channel

impulse response, Hancock and GBJ have worse BER curves than the rest of the signals.

At an Eb/No less than 6, the degradation from theory for all the signals (except GBJ and

Hancock) is less than 0.5 dB.
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       Figure 51:  BER vs Eb/No of All Channels with Symbol Rate = 3.23 Mbps
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This last figure (Figure 52) plots the BER degradation from QPSK theoretical results (at a

BER of 0.01).    The bar graph is sectioned into groups by location.  
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Figure 52:  BER Degradation from theory.

Because of noise and interference, there is certainly a dependence.  Since there is

specular and diffuse scattering present, I would expect the symbol rate to effect the BER.

Intuition tells us that as the symbol rate increases, the BER should also increase.  This

was only the case for Burruss 2 and 3.  Referring back to the simulation set up, the noise

injection block in SPW bases the noise power added on the average power from the

signal.  Since the same proportionate amount of noise is added for each signal, the

variation in BER curves can only be due to constructive and deconstructive interference.

Even within the same location (at different times) the results vary.  Comparing the

Burruss 1 plot to the Burruss 2 and 3 plots seen in Figures 41 and 42, leaves little
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similarity.  In all 3 plots, the 9 Msps curves had the poorest results, but the amount of

degradation depended on the condition of the channel at a certain time.  The Cowgill

results, however, showed the same trends in the symbol rate curves independent of when

the plots were taken.  

When two electromagnetic waves (information carrying or noise) are combined, they are

said to interfere.  If the two waves are in phase and the superposition of their amplitudes

create a wave whose amplitude is greater than the original two waves, then the

interference is considered constructive interference.  If the resultant superimposed wave

is smaller than the original waves, then the interference is deconstructive.  There are

varying levels of deconstructive interference depending on the amplitude and phase of the

interacting signal.  A signal that is 180 degrees out of phase with the other signal will

produce the greatest amount of deconstructive interference. 

Because all of the signals in this study used a bounce path off a rough surface in a

building congested area, the channel impulse responses in all the locations showed

multipath.  Multipath consists of several copies of the original signal with varying

amplitude, phase, and delay spread.  This study showed that the channel impulse response

not only varies by location but also with time in the same location.  BER performance

was highly dependant on the channel impulse response and in some cases could get near

theoretical results using a bounce path.  It would be difficult to recognize a channel with

a near theoretical BER response simply by looking at its channel impulse response

because the channels with the least multipath did not always have a minimum BER.  
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Conclusions

The results of my simulations show that BER is highly dependant on the detailed

structure of the channel impulse response.  The electromagnetic pulsed signal interacted

with the noise and the multipath in each location differently.   Among the seven

locations, the degradation in BER ranged from 2-5 dB.  Not only can the dependence on

channel impulse response be seen comparing different locations but also for time variant

channels at the same location.  The three Burruss locations had consistently minimal BER

results at 3.23 Msps, but had 2-5 dB of loss for the other two symbol rates.  These results

are supported by Janassen’s work that showed there wasn’t an irreducible BER but

instead that BER depends on Power Delay Profile.  Constructive and deconstructive

interference play a major role in determining the BER performance in a particular

channel.  

Although it is usually desirable to maximize the bitrate, my simulations showed that for

certain channels, selecting a lower symbol rate made an improvement of several dB.  The

channels with less interfering multipath or spreading seemed to give better performance

with higher bitrates.  By making physical adjustments in the transmitter and receiver

positions (thus creating a slightly different channel impulse response) and by selecting a

suitable symbol rate, near theoretical results for minimizing the BER can occur even off

building bounce paths.  
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For a system such as a rapidly-deployable disaster response system, where changing

channels and bounce paths may be the only available channels, the results of my

measurements and simulations show the viability of these paths for communication.  

For future investigation, more channels should be analyzed and BER should be measured

in the field rather than simulated.  It would also be beneficial to change not only the

symbol rate, but also the forward error correction and the modulation to see if there can

be significant gains in performance.  
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Appendix A – Matlab Code
A.1  Pulse_lineup.m

The following code formats the raw data from the channel sounder by low-pass filtering
it and plotting it with all of the highest amplitude points on the main lobes in line.  

function [RX_filt_freq,t,f_fft] = pulse_lineup(filename)

Num_Signals = 5;        % Number of signals captured in file
p = -1;

switch lower(filename)
    case 'courtyard'
        fid = fopen('courtyard_1518_51_184.txt','r');
        fc = 2.45-.14; %courtyard,gbj
    case 'burruss'
        fid = fopen('burruss_1508_04_294.txt','r');
        fc = 2.45-.26; %burruss
    case 'gbj'
        fid = fopen('gbj_1536_37_397.txt','r');
        fc = 2.45-.14; %courtyard,gbj
    case 'los'
        fid = fopen('LOS1449_36_821.txt','r');
        fc = 2.45-.136; %LOS 
    case 'hancock'
        fid = fopen('hancock_1503_28_607.txt','r');
        fc = 2.45-.14; %hancock 
    case 'cowgill'
        fid = fopen('cowgill_shadowed_1457_56_299.txt','r');
        fc = 2.45-.61+.06; %cowgill shadowed
    otherwise
        disp('ERROR')
        
    end
max_ind = 40000;
rng = 1:5000;
for k = 1:Num_Signals
    tmp = fscanf(fid,'%f',max_ind);
    sndr(:,k) = tmp(rng);
end
fclose(fid);
rx_raw = sndr;
t_cnt = 0:length(rng)-1;
t = t_cnt*0.125;
avg = mean(rx_raw);
for k = 1:length(avg)
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    rx_raw_v(:,k) = rx_raw(:,k) - avg(k);
end

%-----------------Time
RX_filt = pulse_filter(rx_raw_v, fc, p,t);
RX_filt_mag = abs(RX_filt);
RX_filt_phase= angle(RX_filt);
%RX_filt_power = (abs(RX_filt)./max(max(abs(RX_filt)))).^2;
%RX_filt_power_db = 10*log10(RX_filt_power);

%figure
%subplot(2,1,1)
%plot(t(1000:2000),RX_filt_mag(1000:2000,:))
%title('mag time plot of other pulse')
%subplot(2,1,2)
%plot(t(1000:2000),RX_filt_phase(1000:2000,:))
%title('phase in time of other pulse')

%AMP = abs(max(RX_filt))
%find(abs(RX_filt_ref(:,5)) >= .1246)

switch lower(filename)
    case 'courtyard'

        phz(:,1)=mean(unwrap(angle(RX_filt(1576:1640,1))));
        phz(:,2)=mean(unwrap(angle(RX_filt(1541:1605,2))));
        phz(:,3)=mean(unwrap(angle(RX_filt(1519:1583,3))));
        phz(:,4)=mean(unwrap(angle(RX_filt(1482:1546,4))));
        phz(:,5)=mean(unwrap(angle(RX_filt(1610:1674,5))));

        pulse(:,1) = RX_filt(1576-255:1706+255,1)*exp(-j*phz(1,1));
        pulse(:,2) = RX_filt(1541-255:1671+255,2)*exp(-j*phz(1,2));
        pulse(:,3) = RX_filt(1519-255:1649+255,3)*exp(-j*phz(1,3));
        pulse(:,4) = RX_filt(1482-255:1612+255,4)*exp(-j*phz(1,4));
        pulse(:,5) = RX_filt(1610-255:1740+255,5)*exp(-j*phz(1,5));

    case 'burruss'
        %phz(:,1)=mean(unwrap(angle(RX_filt(1579:1643,1))));
        %phz(:,2)=mean(unwrap(angle(RX_filt(1544:1608,2))));
        %phz(:,3)=mean(unwrap(angle(RX_filt(1514:1578,3))));
        %phz(:,4)=mean(unwrap(angle(RX_filt(1488:1552,4))));
        %phz(:,5)=mean(unwrap(angle(RX_filt(1605:1669,5))));

        pulse(:,1) = RX_filt(1579-255:1709+255,1);%*exp(-j*phz(1,1));
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        pulse(:,2) = RX_filt(1544-255:1674+255,2);%*exp(-j*phz(1,2));
        pulse(:,3) = RX_filt(1514-255:1644+255,3);%*exp(-j*phz(1,3));
        pulse(:,4) = RX_filt(1488-255:1618+255,4);%*exp(-j*phz(1,4));
        pulse(:,5) = RX_filt(1605-255:1735+255,5);%*exp(-j*phz(1,5));
    case 'gbj'
        phz(:,1)=mean(unwrap(angle(RX_filt(1572:1636,1))));
        phz(:,2)=mean(unwrap(angle(RX_filt(1544:1608,2))));
        phz(:,3)=mean(unwrap(angle(RX_filt(1667:1731,3))));
        phz(:,4)=mean(unwrap(angle(RX_filt(1646:1710,4))));
        phz(:,5)=mean(unwrap(angle(RX_filt(1617:1681,5))));

        pulse(:,1) = RX_filt(1572-255:1702+255,1)*exp(-j*phz(1,1));
        pulse(:,2) = RX_filt(1544-255:1674+255,2)*exp(-j*phz(1,2));
        pulse(:,3) = RX_filt(1667-255:1797+255,3)*exp(-j*phz(1,3));
        pulse(:,4) = RX_filt(1646-255:1776+255,4)*exp(-j*phz(1,4));
        pulse(:,5) = RX_filt(1617-255:1747+255,5)*exp(-j*phz(1,5));
    case 'los'
        %phz(:,1)=mean(unwrap(angle(RX_filt(1592:1656,1))));
        %phz(:,2)=mean(unwrap(angle(RX_filt(1554:1618,2))));
        %phz(:,3)=mean(unwrap(angle(RX_filt(1534:1598,3))));
        %phz(:,4)=mean(unwrap(angle(RX_filt(1495:1559,4))));
        %phz(:,5)=mean(unwrap(angle(RX_filt(1469:1533,5))));

        pulse(:,1) = RX_filt(1592-255:1722+255,1);%*exp(-j*phz(1,1));
        pulse(:,2) = RX_filt(1554-255:1684+255,2);%*exp(-j*phz(1,2));
        pulse(:,3) = RX_filt(1534-255:1664+255,3);%*exp(-j*phz(1,3));
        pulse(:,4) = RX_filt(1495-255:1625+255,4);%*exp(-j*phz(1,4));
        pulse(:,5) = RX_filt(1469-255:1599+255,5);%*exp(-j*phz(1,5));    
    case 'hancock'
        phz(:,1)=mean(unwrap(angle(RX_filt(1580:1644,1))));
        phz(:,2)=mean(unwrap(angle(RX_filt(1554:1618,2))));
        phz(:,3)=mean(unwrap(angle(RX_filt(1513:1577,3))));
        phz(:,4)=mean(unwrap(angle(RX_filt(1490:1554,4))));
        phz(:,5)=mean(unwrap(angle(RX_filt(1458:1522,5))));

        pulse(:,1) = RX_filt(1580-255:1710+255,1)*exp(-j*phz(1,1));
        pulse(:,2) = RX_filt(1554-255:1684+255,2)*exp(-j*phz(1,2));
        pulse(:,3) = RX_filt(1513-255:1643+255,3)*exp(-j*phz(1,3));
        pulse(:,4) = RX_filt(1490-255:1620+255,4)*exp(-j*phz(1,4));
        pulse(:,5) = RX_filt(1458-255:1588+255,5)*exp(-j*phz(1,5));
    case 'cowgill'
        %phz(:,1)=mean(unwrap(angle(RX_filt(1573-50:1637+0,1))));
        %phz(:,2)=mean(unwrap(angle(RX_filt(1538-50:1602+0,2))));
        %phz(:,3)=mean(unwrap(angle(RX_filt(1530-50:1594+0,3))));
        %phz(:,4)=mean(unwrap(angle(RX_filt(1617-50:1681+0,4))));
        %phz(:,5)=mean(unwrap(angle(RX_filt(1585-50:1649+0,5))));
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        pulse(:,1) = RX_filt(1573-252:1703+258,1);%*exp(-j*phz(1,1));
        pulse(:,2) = RX_filt(1538-252:1668+258,2);%*exp(-j*phz(1,2));
        pulse(:,3) = RX_filt(1530-252:1660+258,3);%*exp(-j*phz(1,3));
        pulse(:,4) = RX_filt(1617-252:1747+258,4);%*exp(-j*phz(1,4));
        pulse(:,5) = RX_filt(1585-252:1715+258,5);%*exp(-j*phz(1,5));
    otherwise
        disp('ERROR 2')
        
    end
pulse_mag = abs(pulse);
pulse_phz= angle(pulse);

%for k=1:Num_Signals
%figure
% %subplot(2,1,1)
% plot(t(1:640),pulse_mag(1:640,:))
% title('Magnitude vs Time of Pulses')
% xlabel('Time, ns');
% ylabel('Magnitude, V');
 %subplot(2,1,2)
 %plot(t(1:640),RX_filt_phase(1:640,:))
 %title('phase in time of pulses')
 %end

%---------------Frequency
for k = 1:Num_Signals
    RX_filt_padded(k,:) = [pulse(:,k)' zeros(1,14359)];
%    RX_filt_padded(k,:) = [RX_filt(:,k)' zeros(1,9999)];
    RX_filt_freq(k,:) = fft(RX_filt_padded(k,:));
end
fs_fft = 1/0.125;
f_step = fs_fft/length(RX_filt_padded);
f_fft = 0:f_step:fs_fft/2 - f_step;

RX_filt_freq_mag = abs(RX_filt_freq);
RX_filt_freq_phz = angle(RX_filt_freq);

%figure
% subplot(2,1,1)
% plot(f_fft,RX_filt_freq_mag(:,1:length(RX_filt_freq)/2));
% title('Burruss Pulses Filtered Magnitude and Phase Frequency Responses')
% axis([0 .25 0 7]);
% grid on
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% subplot(2,1,2)
% plot(f_fft,RX_filt_freq_phz(:,1:length(RX_filt_freq)/2));
% axis([0 .25 -pi pi])
% grid on
 

A.2  Pulse_avging.m
The data from measurements taken at locations where the amplitude and phase did not
vary significantly were averaged.  

clear all
close all

Num_Signals = 5; 

[RX_filt_freq,t,f_fft] = pulse_lineup('courtyard');

RX_filt_freq_avg(1,:) = mean(RX_filt_freq);
RX_filt_freq_mag_avg(1,:) = abs(RX_filt_freq_avg(1,1:length(RX_filt_freq_avg)/2));
RX_filt_freq_phz_avg(1,:) = angle(RX_filt_freq_avg(1,1:length(RX_filt_freq_avg)/2));

RX_filt_time_avg(1,:) = ifft(RX_filt_freq_avg(1,:));
RX_filt_time_mag(1,:) = abs(RX_filt_time_avg(1,:));
RX_filt_time_phz(1,:) = angle(RX_filt_time_avg(1,:));
%----------------------------------------------------------------

[RX_filt_freq,t,f_fft] = pulse_lineup('burruss');

RX_filt_freq_avg(2,:) = mean(RX_filt_freq);
RX_filt_freq_mag_avg(2,:) = abs(RX_filt_freq_avg(2,1:length(RX_filt_freq_avg)/2));
RX_filt_freq_phz_avg(2,:) = angle(RX_filt_freq_avg(2,1:length(RX_filt_freq_avg)/2));
for k=1:Num_Signals
    RX_filt_time(k,:) = ifft(RX_filt_freq(k,:));
end
RX_filt_time_avg(2,:) = ifft(RX_filt_freq_avg(2,:));
RX_filt_time_mag(2,:) = abs(RX_filt_time_avg(2,:));
RX_filt_time_phz(2,:) = angle(RX_filt_time_avg(2,:));

RX_filt_time_mag_bur = abs(RX_filt_time);
peak_bur = max(RX_filt_time_mag_bur');
for k=1:Num_Signals
    RX_filt_time_mag_bur(k,:) = RX_filt_time_mag_bur(k,:)/peak_bur(k)
end
RX_filt_time_phz_bur = angle(RX_filt_time);
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%----------------------------------------------------------------

[RX_filt_freq,t,f_fft] = pulse_lineup('gbj');

RX_filt_freq_avg(3,:) = mean(RX_filt_freq);
RX_filt_freq_mag_avg(3,:) = abs(RX_filt_freq_avg(3,1:length(RX_filt_freq_avg)/2));
RX_filt_freq_phz_avg(3,:) = angle(RX_filt_freq_avg(3,1:length(RX_filt_freq_avg)/2));

RX_filt_time_avg(3,:) = ifft(RX_filt_freq_avg(3,:));
RX_filt_time_mag(3,:) = abs(RX_filt_time_avg(3,:));
RX_filt_time_phz(3,:) = angle(RX_filt_time_avg(3,:));
%----------------------------------------------------------------

[RX_filt_freq,t,f_fft] = pulse_lineup('hancock');

RX_filt_freq_avg(4,:) = mean(RX_filt_freq);
RX_filt_freq_mag_avg(4,:) = abs(RX_filt_freq_avg(4,1:length(RX_filt_freq_avg)/2));
RX_filt_freq_phz_avg(4,:) = angle(RX_filt_freq_avg(4,1:length(RX_filt_freq_avg)/2));

RX_filt_time_avg(4,:) = ifft(RX_filt_freq_avg(4,:));
RX_filt_time_mag(4,:) = abs(RX_filt_time_avg(4,:));
RX_filt_time_phz(4,:) = angle(RX_filt_time_avg(4,:));
%----------------------------------------------------------------

[RX_filt_freq,t,f_fft] = pulse_lineup('los');

RX_filt_freq_avg(5,:) = mean(RX_filt_freq);
RX_filt_freq_mag_avg(5,:) = abs(RX_filt_freq_avg(5,1:length(RX_filt_freq_avg)/2));
RX_filt_freq_phz_avg(5,:) = angle(RX_filt_freq_avg(5,1:length(RX_filt_freq_avg)/2));

RX_filt_time_avg(5,:) = ifft(RX_filt_freq_avg(5,:));
RX_filt_time_mag(5,:) = abs(RX_filt_time_avg(5,:));
RX_filt_time_phz(5,:) = angle(RX_filt_time_avg(5,:));
%----------------------------------------------------------------

[RX_filt_freq,t,f_fft] = pulse_lineup('cowgill');

RX_filt_freq_avg(6,:) = mean(RX_filt_freq);
RX_filt_freq_mag_avg(6,:) = abs(RX_filt_freq_avg(6,1:length(RX_filt_freq_avg)/2));
RX_filt_freq_phz_avg(6,:) = angle(RX_filt_freq_avg(6,1:length(RX_filt_freq_avg)/2));

for k=1:Num_Signals
    RX_filt_time(k,:) = ifft(RX_filt_freq(k,:));
end
RX_filt_time_avg(6,:) = ifft(RX_filt_freq_avg(6,:));
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RX_filt_time_mag(6,:) = abs(RX_filt_time_avg(6,:));
RX_filt_time_phz(6,:) = angle(RX_filt_time_avg(6,:));

RX_filt_time_mag_cow = abs(RX_filt_time);
peak_cow = max(RX_filt_time_mag_cow');
for k=1:Num_Signals
    RX_filt_time_mag_cow(k,:) = RX_filt_time_mag_cow(k,:)/peak_cow(k)
end
RX_filt_time_phz_cow = angle(RX_filt_time);

%----------------------------------------------------------------
peaks = max(RX_filt_time_mag');

for k = 1:6
    RX_filt_time_mag_norm(k,:) = RX_filt_time_mag(k,:)/peaks(k);
end

%savefile = 'spwcowgill.ascsig';
%s_freq = 8E9;
%X=RX_filt_time_avg(6,:)';
%csvwrite(savefile,X)

%figure
% subplot(2,1,1)
% plot(f_fft,RX_filt_freq_mag_avg(:,1:length(RX_filt_freq)/2));
% legend('courtyard','burruss', 'gbj', 'hancock', 'los','cowgill');
% axis([0 .5 0 15]);
% title('all pulses filtered response in freq')
% grid on
% subplot(2,1,2)
% plot(f_fft,RX_filt_freq_phz_avg(:,1:length(RX_filt_freq)/2));
%  axis([0 .5 -pi pi])
% grid on

figure
 %subplot(2,1,1)

plot(t,RX_filt_time_mag_norm(1,1:5000),t,RX_filt_time_mag_bur(1,1:5000),t,RX_filt_t
ime_mag_bur(2,1:5000),t,RX_filt_time_mag_bur(4,1:5000),t,RX_filt_time_mag_norm(3
,1:5000),...

t,RX_filt_time_mag_norm(4,1:5000),t,RX_filt_time_mag_cow(1,1:5000),t,RX_filt_time
_mag_cow(3,1:5000))
 legend('Reference','Burruss 1','Burruss 2','Burruss 3', 'GBJ', 'Hancock', 'Cowgill 1',
'Cowgill 2');
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 title('Time Plot of All Pulses')
 axis([0 80 0 1])
% subplot(2,1,2)
%
plot(t,RX_filt_time_phz(1,1:5000),t,RX_filt_time_phz_bur(:,1:5000),t,RX_filt_time_phz
(3,1:5000),...
%     t,RX_filt_time_phz(4,1:5000),t,RX_filt_time_phz_cow(:,1:5000))
% axis([0 80 -pi pi])
% title('phase in time of avg other pulse in time')
 
 
 figure
 subplot(2,1,1)
 plot(t,RX_filt_time_mag_norm(1,1:5000),t,RX_filt_time_mag_norm(3,1:5000),...
     t,RX_filt_time_mag_norm(4,1:5000))
 legend('Reference', 'GBJ', 'Hancock');
 title('Time Plot of Averaged Pulses')
 axis([0 80 0 1])
 subplot(2,1,2)
  plot(t,RX_filt_time_phz(1,1:5000),t,RX_filt_time_phz(3,1:5000),...
     t,RX_filt_time_phz(4,1:5000))
 axis([0 80 -pi pi])
 title('Phase in Time of Averaged Pulses')

A.3  BERgraphs.m
The following code plots the BER curves from each of the locations at three different
symbol rates.  

close all
clear all

EbNo = 2:.5:8;

burruss1_11 = [0.046459 0.038523 0.032094 0.025716 0.020442 0.015821 0.012205
0.009392 0.006781 0.005023 0.003767 0.002562 0.002109];
burruss1_21 = [0.036464 0.027775 0.021447 0.016323 0.011853 0.008187 0.005826
0.003767 0.002662 0.001708 0.000804 0.000301 0.000251];
burruss1_31 = [0.039980 0.033199 0.026118 0.020844 0.016072 0.012054 0.008438
0.005876 0.003968 0.002310 0.001457 0.001005 0.000452];

burruss2_11 = [0.209593 0.203315 0.199448 0.195329 0.191713 0.188749 0.185384
0.181969 0.178704 0.176092 0.173682 0.171271 0.169965];
burruss2_21 = [0.063385 0.054244 0.046308 0.039980 0.034505 0.029332 0.024058
0.019890 0.016826 0.013963 0.011301 0.008438 0.006981];
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burruss2_31 = [0.034355 0.027423 0.020994 0.016173 0.011401 0.008187 0.005776
0.003968 0.002210 0.001406 0.000653 0.000452 0.000301];

burruss4_11 = [0.135309 0.128026 0.121547 0.115369 0.110497 0.104822 0.099448
0.094626 0.090005 0.086087 0.081919 0.079006 0.076092];
burruss4_21 = [0.051331 0.044450 0.037820 0.031090 0.025113 0.019538 0.015269
0.012205 0.008790 0.006178 0.004721 0.003265 0.002461]; 
burruss4_31 = [0.038122 0.031090 0.024661 0.017479 0.013310 0.009844 0.007032
0.004520 0.002863 0.002009 0.001105 0.000502 0.000251];

cowgill1_11 = [0.075439 0.066549 0.058513 0.051331 0.044299 0.038975 0.034555
0.029483 0.024862 0.020994 0.018332 0.015570 0.013561];
cowgill1_21 = [0.038373 0.030738 0.023707 0.019437 0.014515 0.010497 0.007986
0.005374 0.003968 0.002612 0.001657 0.001005 0.000452];
cowgill1_31 = [0.040683 0.032546 0.025766 0.019488 0.015118 0.011150 0.007685
0.005123 0.003466 0.002361 0.001758 0.001155 0.000502];

cowgill3_11 = [0.058614 0.050879 0.043646 0.036615 0.030939 0.026419 0.021899
0.018232 0.014365 0.011703 0.009392 0.007182 0.005726];
cowgill3_21 = [0.036765 0.029181 0.022702 0.017278 0.012858 0.009292 0.006228
0.004470 0.003064 0.001959 0.001306 0.000552 0.000201];
cowgill3_31 = [0.039227 0.031391 0.024912 0.019086 0.015068 0.011251 0.007735
0.005274 0.003616 0.002762 0.001758 0.001005 0.000502];

gbj_11 =      [0.045555 0.037820 0.030789 0.024761 0.019136 0.014013 0.010748
0.007785 0.005575 0.004420 0.003616 0.002712 0.001708];
gbj_21 =      [0.043094 0.035660 0.028780 0.023004 0.018282 0.013712 0.010196
0.006730 0.004671 0.003265 0.001808 0.001005 0.000703];
gbj_31 =      [0.059669 0.050779 0.042843 0.035811 0.030437 0.024812 0.020141
0.016826 0.012808 0.010547 0.008036 0.006077 0.004621];

hancock_11 =  [0.068257 0.059317 0.051683 0.044902 0.038624 0.033049 0.027875
0.024108 0.020944 0.017981 0.015620 0.013159 0.011150];
hancock_21 =  [0.051632 0.043646 0.036615 0.029935 0.024360 0.018935 0.014867
0.011652 0.008287 0.005676 0.004520 0.003214 0.002210];
hancock_31 =  [0.062632 0.053089 0.044852 0.038523 0.032948 0.028327 0.024058
0.019789 0.016625 0.013762 0.010849 0.008538 0.006630];

ref_11     =  [0.045555 0.037820 0.030789 0.024761 0.019136 0.014013 0.010748
0.007785 0.005575 0.004420 0.003616 0.002712 0.001708];
ref_21     =  [0.043094 0.035660 0.028780 0.023004 0.018282 0.013712 0.010196
0.006730 0.004671 0.003265 0.001808 0.001005 0.000703];
ref_31     =  [0.059669 0.050779 0.042843 0.035811 0.030437 0.024812 0.020141
0.016826 0.012808 0.010547 0.008036 0.006077 0.004621];
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theory = 1/2*erfc(sqrt(2*10.^(EbNo/10))/sqrt(2));

figure
semilogy(EbNo, theory);
  title('BER vs EB/No of Theory')
  xlabel('Eb/No (dB)')
  ylabel('BER')

figure
semilogy(EbNo,burruss1_11,EbNo,burruss1_21,EbNo,burruss1_31,EbNo,theory, '+');
  title('BER vs EB/No of Burruss 1 Channels')
  legend('Symbol Rate = 9.09 Msps', 'Symbol Rate = 4.76 Msps','Symbol Rate = 3.23
Msps','Theory (QPSK)',3);
   xlabel('Eb/No (dB)')
  ylabel('BER')
%  grid on
  
figure
semilogy(EbNo,burruss2_11,EbNo,burruss2_21,EbNo,burruss2_31,EbNo, theory, '+');
  title('BER vs EB/No of Burruss 2 Channels')
  legend('Symbol Rate = 9.09 Msps', 'Symbol Rate = 4.76 Msps','Symbol Rate = 3.23
Msps','Theory (QPSK)',3);
  xlabel('Eb/No (dB)')
  ylabel('BER')
  %grid on
  
figure
semilogy(EbNo,burruss4_11,EbNo,burruss4_21,EbNo,burruss4_31,EbNo,theory, '+');
  title('BER vs EB/No of Burruss 3 Channels')
  legend('Symbol Rate = 9.09 Msps', 'Symbol Rate = 4.76 Msps','Symbol Rate = 3.23
Msps','Theory (QPSK)',3);
  xlabel('Eb/No (dB)')
  ylabel('BER')
%  grid on
  
figure
semilogy(EbNo,cowgill1_11,EbNo,cowgill1_21,EbNo,cowgill1_31,EbNo, theory, '+');
  title('BER vs EB/No of Cowgill 1 Channels')
  legend('Symbol Rate = 9.09 Msps', 'Symbol Rate = 4.76 Msps','Symbol Rate = 3.23
Msps','Theory (QPSK)',3);
  xlabel('Eb/No (dB)')
  ylabel('BER')
%  grid on
  
figure
semilogy(EbNo,cowgill3_11,EbNo,cowgill3_21,EbNo,cowgill3_31,EbNo, theory, '+');
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  title('BER vs EB/No of Cowgill 2 Channels')
  legend('Symbol Rate = 9.09 Msps', 'Symbol Rate = 4.76 Msps','Symbol Rate = 3.23
Msps','Theory (QPSK)',3);
   xlabel('Eb/No (dB)')
  ylabel('BER')
%  grid on
  
figure
semilogy(EbNo,gbj_11,EbNo,gbj_21,EbNo,gbj_31,EbNo, theory, '+');
  title('BER vs EB/No of GBJ Channels')
  legend('Symbol Rate = 9.09 Msps', 'Symbol Rate = 4.76 Msps','Symbol Rate = 3.23
Msps','Theory (QPSK)',3);
  xlabel('Eb/No (dB)')
  ylabel('BER')
%  grid on
  
figure
semilogy(EbNo,hancock_11,EbNo,hancock_21,EbNo,hancock_31,EbNo, theory, '+');
  title('BER vs EB/No of Hancock Channels')
  legend('Symbol Rate = 9.09 Msps', 'Symbol Rate = 4.76 Msps','Symbol Rate = 3.23
Msps','Theory (QPSK)',3);
  xlabel('Eb/No (dB)')
  ylabel('BER')
%  grid on
  
figure
semilogy(EbNo,ref_11,EbNo,ref_21,EbNo,ref_31,EbNo, theory, '+');
  title('BER vs EB/No of Reference Channels')
  legend('Symbol Rate = 9.09 Msps', 'Symbol Rate = 4.76 Msps','Symbol Rate = 3.23
Msps','Theory (QPSK)',3);
  xlabel('Eb/No (dB)')
  ylabel('BER')
%  grid on
  
figure

semilogy(EbNo,burruss1_11,EbNo,burruss2_11,EbNo,burruss4_11,EbNo,cowgill1_11,E
bNo,cowgill3_11,EbNo,gbj_11,EbNo,hancock_11,EbNo, theory, '+');
  legend('Burruss 1', 'Burruss 2','Burruss 3', 'Cowgill 1', 'Cowgill 2' ,'GBJ',
'Hancock','Theory (QPSK)',3);
  title('BER vs EB/No of All Channels  with Symbol Rate 9.09 Msps')
  xlabel('Eb/No (dB)')
  ylabel('BER')  
  %grid on
  
figure
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semilogy(EbNo,burruss1_21,EbNo,burruss2_21,EbNo,burruss4_21,EbNo,cowgill1_21,E
bNo,cowgill3_21,EbNo,gbj_21,EbNo,hancock_21,EbNo, theory, '+');
  legend('Burruss 1', 'Burruss 2','Burruss 3', 'Cowgill 1', 'Cowgill 2' ,'GBJ',
'Hancock','Theory (QPSK)',3);
  title('BER vs EB/No of All Channels  with Symbol Rate 4.76 Msps')
  xlabel('Eb/No (dB)')
  ylabel('BER')
   %grid on

figure

semilogy(EbNo,burruss1_31,EbNo,burruss2_31,EbNo,burruss4_31,EbNo,cowgill1_31,E
bNo,cowgill3_31,EbNo,gbj_31,EbNo,hancock_31,EbNo, theory, '+');
  legend('Burruss 1', 'Burruss 2','Burruss 3', 'Cowgill 1', 'Cowgill 2' ,'GBJ',
'Hancock','Theory (QPSK)',3);
  title('BER vs EB/No of All Channels  with Symbol Rate 3.23 Msps')
  xlabel('Eb/No (dB)')
  ylabel('BER')
  %grid on

figure

subplot(1,3,1)
semilogy(EbNo,gbj_31,'b',EbNo,hancock_31,'b.-');
legend('GBJ: 9.09 Msps', 'Hancock: 9.09 Msps',3);
xlabel('Eb/No (dB)')
ylabel('BER')

subplot(1,3,2)
semilogy(EbNo,gbj_21,'g',EbNo,hancock_21,'g.-');
legend('GBJ: 4.67 Msps', 'Hancock: 4.76 Msps',3);
xlabel('Eb/No (dB)')
ylabel('BER')

subplot(1,3,3)
semilogy(EbNo,gbj_11,'r',EbNo,hancock_11,'r.-');
legend('GBJ: 3.23 Msps', 'Hancock: 3.23 Msps',3);
xlabel('Eb/No (dB)')
ylabel('BER')

A.4  gaussian_pulse.m
This code plots a theoretical Gaussian monocycle pulse  and the effect an ideal BPF has
on the waveform.  
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clear all
close all

num_points = 30E9;
num_pulses = 40000;
num_samples = num_pulses;
Ts = 5E-6;
Tp = 370E-12;
interval = 1/(num_points);

n = 3;
f1 = 2925E6;
f2 = 3175E6;
f0 = 3050E6;
y = (f2 - f1)/f0;
BPFBW = 250E6;

t = 0:interval:Ts;
T = (1/2)*Tp;                                                               % Half pulse width
x = -2.*sqrt(pi.*exp(1)).*((t-500.*T)/T).*exp(-2.*pi.*((t-500.*T)/T).^2);   % Gaussian
Monocycle centered around 500T

figure
plot(t,x);
axis([9.15E-8 9.35E-8 -1 1])
title('Gaussian Monocycle Pulse')
xlabel('Time, sec')
ylabel('Amplitude')

X = fft(x);
[Xmax, BPFf0] = max(X);
Length = ceil(length(x));
FreqDiv = 1/(Ts);
f = 0:FreqDiv:floor(Length*FreqDiv-1);
O = (1./y).*((f./f0) - (f0./f));
BPF = 1 ./ (1+O.^(2*n));
 
X = X.*BPF;
x = ifft(X);

figure
plot(t,x);
axis([8E-8 10.5E-8 -.04 .04])
title('Gaussian Monocycle Pulse Modulated')
xlabel('Time, sec')
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ylabel('Amplitude')

A.5  PulseGenerator.m

function pulses = PulseGenerator(num_points, num_pulses, Ts, Tp)

n = 3;
f1 = 2925E6;
f2 = 3175E6;
f0 = 3050E6;
y = (f2 - f1)/f0;
BPFBW = 250E6;

interval = 1/(num_points);
fts = 1/Ts;
fp = 1/Tp;

pulse_length = Tp/interval;                        % Number of points in a pulse
period_length = Ts/interval;                       % Total number of points in the entire period
%time_base = 0:interval:num_pulses*Ts;              % Generate a time base for 40 pulses
%pulses = zeros(1, num_pulses*period_length+1);     % Generate a zeroed vector for the
pulses

t = 0:interval:Ts;
T = (1/2)*Tp;                                                               % Half pulse width
x = -2.*sqrt(pi.*exp(1)).*((t-500.*T)/T).*exp(-2.*pi.*((t-500.*T)/T).^2);   % Gaussian
Monocycle centered around 500T
    
X = fft(x);
[Xmax, BPFf0] = max(X);
Length = ceil(length(x));
FreqDiv = 1/(Ts);
f = 0:FreqDiv:floor(Length*FreqDiv-1);
O = (1./y).*((f./f0) - (f0./f));
BPF = 1 ./ (1+O.^(2*n));
 
X = X.*BPF;
x = ifft(X);

disp('Generating Pulses');
for i = 1:num_pulses
    N = 0.0001*randn(1, period_length+1);              % Generate a new noise floor for this
pulse
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    % Half Sinusoidal Pulse Generator
    %xp = zeros(1, period_length);                  % Generate a zeroed vector for a single
pulse
    %ts = 0:interval:Ts;                            % Generate time base for single pulse
    %for j =1:(pulse_length)
    %    xp(j) = sin(2*pi*fp*ts(j));
    %end
    %xp = xp + N;                                   % Add noise
    %j = 1;
    %for k = ((i-1)*period_length)+1:((i-1)*period_length + period_length)
    %    pulses(k) =xp(j );
    %    j = j+1;
    %end
    
    % Triangular Pulse Generator
    %x = tripuls(-(period_length/2 - 0.5):(period_length/2 - 0.5), period_length);
    %x = x + N;
    %pulses(((i-1)*period_length)+1:((i-1)*period_length + period_length)) = x;
    
    % Gaussian Monocycle Pulse Generator
    name = sprintf('Pulse%d.dat', i);
    xn = x + N;
    save(name, 'xn', '-ascii', '-double');
    clear xn;
    
%    pulses(((i-1)*period_length)+1:((i-1)*period_length + period_length + 1)) = xn;
    
end

clear N;
clear t;
clear x;

%figure(1)
%clf 
%title('UWB Pulses');
%xlabel('Time (s)');
%ylabel('Amplitude');
%plot(time_base, pulses)                             % Plot pulse without noise

clear time_base;
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Appendix B – Channel Model Parameters

B.1  LOS

filter table
$
signal type = double
vector type = interlaced
vector length = 9
number of vectors = 3
number of signal points = 9
sampling frequency = 8000
starting time = 0
$
0 1 0
1e-6 0 0
1500e-3 0 0

B.2  Burruss 1

filter table
$
signal type = double
vector type = interlaced
vector length = 153
number of vectors = 3
number of signal points = 153
sampling frequency = 8000
starting time = 0
$
0 -.04 0
1e-6 0 0
12.9999e-3 0 0
13e-3 -.055 -.04
13.0001e-3 0 0
15.9999e-3 0 0
16e-3 .05 .02
16.0001e-3 0 0
19.9999e-3 0 0
20e-3 -.05 .02
20.0001e-3 0 0
33.9999e-3 0 0
34.0e-3 -.1 0
34.0001e-3 0 0
34.9999e-3 0 0
35e-3 .63 0
35.0001e-3 0 0
35.9999e-3 0 0
36e-3 -.52 0
36.0001e-3 0 0
36.9999e-3 0 0
37.0e-3 .75 -.8
37.0001e-3 0 0
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40.9999e-3 0 0
41.0e-3 -0.11 0.08
41.0001e-3 0 0
42.9999e-3 0 0
43.0e-3 0.3 -.2
43.0001e-3 0 0
46.9999e-3 0 0
47.0e-3 -0.1 0
47.0001e-3 0 0
50.9999e-3 0 0
51.0e-3 .08 0.02
51.0001e-3 0 0
52.9999e-3 0 0
53.0e-3 -.05 0
53.0001e-3 0 0
55.9999e-3 0 0
56.0e-3 .08 0
56.0001e-3 0 0
60.9999e-3 0 0
61.0e-3 0 -0.08
61.0001e-3 0 0
63.9999e-3 0 0
64.0e-3 0 .06
64.0001e-3 0 0
72.9999e-3 0 0
73.0e-3 0 .08
73.0001e-3 0 0
1500e-3 0 0

B.3  Burruss 2

filter table
$
signal type = double
vector type = interlaced
vector length = 249
number of vectors = 3
number of signal points = 249
sampling frequency = 8000
starting time = 0
$
0 0 0
3.9999e-3 0 0
4e-3 0 -.06
4.0001e-3 0 0
6.9999e-3 0 0
7e-3 .03 0
7.0001e-3 0 0
12.9999e-3 0 0
13e-3 .08 -.05
13.0001e-3 0 0
17.9999e-3 0 0
18e-3 -.1 0
18.0001e-3 0 0
19.4999e-3 0 0
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19.5e-3 .08 0
19.5001e-3 0 0
21.9999e-3 0 0
22e-3 -.18 0
22.0001e-3 0 0
23.9999e-3 0 0
24e-3 .15 0
24.0001e-3 0 0
26.4999e-3 0 0
26.5e-3 -.15 -.02
26.5001e-3 0 0
27.9999e-3 0 0
28e-3 .2 .04
28.0001e-3 0 0
30.9999e-3 0 0
31.0e-3 -.1 -.05
31.0001e-3 0 0
33.9999e-3 0 0
34.0e-3 -.1 0
34.0001e-3 0 0
35.9999e-3 0 0
36.0e-3 .8 0
36.0001e-3 0 0
36.9999e-3 0 0
37.0e-3 0 -.8
37.0001e-3 0 0
38.9999e-3 0 0
39.0e-3 -.11 0
39.0001e-3 0 0
40.9999e-3 0 0
41.0e-3 0 0.08
41.0001e-3 0 0
42.9999e-3 0 0
43.0e-3 0.25 -.2
43.0001e-3 0 0
46.9999e-3 0 0
47.0e-3 -0.1 0.1
47.0001e-3 0 0
47.9999e-3 0 0
48.0e-3 .15 -0.02
48.0001e-3 0 0
49.9999e-3 0 0
50.0e-3 -.12 0.02
50.0001e-3 0 0
51.9999e-3 0 0
52.0e-3 .15 0
52.0001e-3 0 0
53.9999e-3 0 0
54.0e-3 -.07 0.08
54.0001e-3 0 0
55.9999e-3 0 0
56.0e-3 .05 -.08
56.0001e-3 0 0
59.9999e-3 0 0
60.0e-3 .05 0
60.0001e-3 0 0
62.9999e-3 0 0
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63.0e-3 -.08 0
63.0001e-3 0 0
66.9999e-3 0 0
67.0e-3 .05 0.05
67.0001e-3 0 0
69.9999e-3 0 0
70.0e-3 -.08 0
70.0001e-3 0 0
72.9999e-3 0 0
73.0e-3 .08 0
73.0001e-3 0 0
1500e-3 0 0

B.4  Burruss 3

filter table
$
signal type = double
vector type = interlaced
vector length = 81
number of vectors = 3
number of signal points = 81
sampling frequency = 8000
starting time = 0
$
0 .07 0
1e-6 0 0
4.9999e-3 0 0
5e-3 0 -.076
5.0001e-3 0 0
5.9999e-3 0 0
6e-3 .09 -.03
6.0001e-3 0 0
18.9999e-3 0 0
19.0e-3 .05 -.05
19.0001e-3 0 0
29.4999e-3 0 0
29.5e-3 -.8 0
29.5001e-3 0 0
30.9999e-3 0 0
31e-3 .3 .85
31.0001e-3 0 0
32.9999e-3 0 0
33e-3 -.5 0
33.0001e-3 0 0
34.9999e-3 0 0
35e-3 .2 0
35.0001e-3 0 0
39.9999e-3 0 0
40e-3 -.2 .2
40.0001e-3 0 0
1500e-3 0 0
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B.5  GBJ

filter table
$
signal type = double
vector type = interlaced
vector length = 99
number of vectors = 3
number of signal points = 99
sampling frequency = 8000
starting time = 0
$
0 1 0
1e-6 0 0
2.999e-3 0 0
3e-3 0 -.05
3.0001e-3 0 0
3.999e-3 0 0
4.0e-3 0 .04
4.0001e-3 0 0
11.999e-3 0 0
12e-3 0 -0.05
12.001e-3 0 0
17.999e-3 0 0
18e-3 .08 -0.15
18.001e-3 0 0
18.399e-3 0 0
18.4e-3 .3 0
18.4001e-3 0 0
25.499e-3 0 0
25.5e-3 0 .05
25.5001e-3 0 0
27.9e-3 0 0
28.0e-3 .1 .23
28.1e-3 0 0
33.999e-3 0 0
34e-3 0 -.1
34.0001e-3 0 0
37.999e-3 0 0
38e-3 0 -.03
38.0001e-3 0 0
41.999e-3 0 0
42.0e-3 0 -.1
42.0001e-3 0 0
1500e-3 0 0

B.6  Hancock

filter table
$
signal type = double
vector type = interlaced
vector length = 54
number of vectors = 3
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number of signal points = 54
sampling frequency = 8000
starting time = 0
$
0 -0.18 0.17
1e-6 0 0
5.999e-3 0 0
6e-3 .14 0
6.0001e-3 0 0
14.999e-3 0 0
15e-3 0 -.02
15.0001e-3 0 0
20.999e-3 0 0
21.0e-3 1 -.02
21.001e-3 0 0
23.9999e-3 0 0
24e-3 0 .2
24.0001e-3 0 0
29.999e-3 0 0
30.0e-3 0 -.1
30.0001e-3 0 0
1500e-3 0 0

B.7  Cowgill 1

filter table
$
signal type = double
vector type = interlaced
vector length = 180
number of vectors = 3
number of signal points = 180
sampling frequency = 8000
starting time = 0
$
0 -.15 0
1e-6 0 0
1.9999e-3 0 0
2.0e-3 0 .08
2.0001e-3 0 0
3.4999e-3 0 0
3.5e-3 .13 0
3.5001e-3 0 0
6.4999e-3 0 0
6.5e-3 -.13 .14
6.5001e-3 0 0
9.9999e-3 0 0
10.0e-3 .13 -.15
10.0001e-3 0 0
12.9999e-3 0 0
13.0e-3 -.13 0
13.0001e-3 0 0
14.9999e-3 0 0
15.0e-3 .13 0
15.0001e-3 0 0
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23.9999e-3 0 0
24e-3 -.35 -.3
24.0001e-3 0 0
24.9999e-3 0 0
25e-3 0 .6
25.0001e-3 0 0
26.9999e-3 0 0
27e-3 .8 0
27.0001e-3 0 0
27.9999e-3 0 0
28e-3 -.3 -1.4
28.0001e-3 0 0
29.4999e-3 0 0
29.5e-3 0 1.3
29.5001e-3 0 0
29.9999e-3 0 0
30e-3 .35 0
30.0001e-3 0 0
31.9999e-3 0 0
32e-3 -.7 0
32.0001e-3 0 0
32.9999e-3 0 0
33e-3 0 -1.4
33.0001e-3 0 0
35.9999e-3 0 0
36.0e-3 0 1
36.0001e-3 0 0
36.9999e-3 0 0
37.0e-3 -.18 0
37.0001e-3 0 0
38.9999e-3 0 0
39.0e-3 0 -.8
39.0001e-3 0 0
43.9999e-3 0 0
44.0e-3 0 0.4
44.0001e-3 0 0
45.9999e-3 0 0
46.0e-3 0 -.6
46.0001e-3 0 0
1500e-3 0 0

B.8  Cowgill 2

filter table
$
signal type = double
vector type = interlaced
vector length = 171
number of vectors = 3
number of signal points = 171
sampling frequency = 8000
starting time = 0
$
0 .183 0
1e-6 0 0
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18.9999e-3 0 0
19.0e-3 -.3 0
19.0001e-3 0 0
20.9999e-3 0 0
21.0e-3 .5 .5
21.0001e-3 0 0
23.9999e-3 0 0
24.0e-3 -.8 -.8
24.0001e-3 0 0
25.9999e-3 0 0
26.0e-3 0 1.2
26.0001e-3 0 0
26.9999e-3 0 0
27.0e-3 3 .3
27.0001e-3 0 0
27.9999e-3 0 0
28.0e-3 -2.2 -1.7
28.0001e-3 0 0
28.9999e-3 0 0
29.0e-3 -1.4 -1
29.0001e-3 0 0
29.9999e-3 0 0
30.0e-3 0 2
30.0001e-3 0 0
30.9999e-3 0 0
31.00e-3 4.5 1
31.0001e-3 0 0
31.9999e-3 0 0
32.00e-3 -2.3 -1.5
32.0001e-3 0 0
32.9999e-3 0 0
33.00e-3 -1 -.6
33.0001e-3 0 0
34.9999e-3 0 0
35.0e-3 1.4 0
35.0001e-3 0 0
37.9999e-3 0 0
38.0e-3 -1 1
38.0001e-3 0 0
38.9999e-3 0 0
39.0e-3 .4 -.5
39.0001e-3 0 0
39.9999e-3 0 0
40.0e-3 .3 -.3
40.0001e-3 0 0
42.9999e-3 0 0
43.0e-3 0 .3
43.0001e-3 0 0
45.9999e-3 0 0
46.0e-3 -.3 .3
46.0001e-3 0 0
48.9999e-3 0 0
49.0e-3 .2 -.1
49.0001e-3 0 0
1500e-3 0 0
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Appendix C – Scatter Plots

LOS

Figure C1:  LOS Scatter Plot

Burruss 1

 

Figure C2:  Burruss 1 Scatter Plot
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Burruss 2

 

Figure C3:  Burruss 2 Scatter Plot

Burruss 3

 

Figure C4:  Burruss 3 Scatter Plot
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GBJ

 

Figure C5:  GBJ Scatter Plot

Hancock

 

Figure C6:  Hancock Scatter Plot
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Cowgill1

 

Figure C7:  Cowgill 1 Scatter Plot

Cowgill3

 

Figure C8:  Cowgill 2 Scatter Plot

Burruss 2 had the most significant scattering and its performance reflected this at the two
higher symbol rates.  
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