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Abstract

Impulse radio (IR) is an ultra-wideband (UWB) modulation that uses waveforms
that consist of trains of time-shifted subnanosecond pulses. Data is transmitted using
pulse position modulation at a rate of many pulses per symbol. Multiple access ca-
pability is achieved using spread spectrum time hopping. Impulse radio promises to
be a viable technique to build relatively simple and low-cost, low-power transceivers
that can be used for short range, high speed multiple-access communications over

the multipath indoor wireless channel.

In [8] the single-user multiple-access performance of IR assuming free space prop-
agation conditions and additive white Gaussian noise (AWGN) was studied. The
analysis assumed that binary pulse-position-modulated (PPM) signals based on bi-
nary time-shift-keyed (TSK) modulation are detected using a correlation receiver.
The analysis in [8] is quite similar to that for code-division multiple-access made in
[44] and is based on the fact that both designs use single-channel correlation receivers

for phase-coherent detection of the bit waveform.

In this dissertation we generalize the ideas in [8] to investigate the use of block-
waveform signals to increase the data transmission rate supported by the system
without degrading the multiple-access performance for a given number of users, or
to increase the number of users supported by the system for a given multiple-access
performance and bit transmission rate. More specifically, we present three M-ary

block-coded PPM signal designs and analyze the multiple-access performance of IR

X1V



using these PPM signals. We also discuss some of the tradeoffs between performance
and receiver complexity. Using this idealized analysis, numerical examples given in
chapter 5 show that IR modulation is potentially able to support hundreds of users,
each transmitting at a rate over a Megabit per second at bit error rates as low as
1078, Similarly, it is shown that IR is potentially able to support thousands of users,
each transmitting at a rate about ten Kilobits per second at bit error rates in the
order of 107*. In either case, the combined transmission rates give a transmission

capacity of over 500 Megabits per second using receivers of moderate complexity.

We also include an assessment of the performance of IR modulation in the pres-
ence of dense multipath (no multiple-access interference is considered in this assess-
ment). Numerical results in chapter 6 show that for a particular set of M = 4 signals
and symbol error probability of 1072, the performance in the presence of multipath
using a mismatched Rake receiver with K' = 10 fingers is, on average, just 3 dB

worse than performance in the absence of multipath using a correlation receiver.
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Chapter 1

Introduction

This chapter briefly describes the ultra-wideband spread spectrum impulse radio
modulation rationale and the targeted application. It lists some of the research
problems and results that can be found in the literature. It also describes the

objective of this research.

1.1 Motivation for impulse radio modulation

Short range, high speed multiple-access communications over the multipath indoor
wireless channel is a technical challenge [1]. This channel is impaired with deep
multipath nulls (fading) produced by dense multiple path signals arriving at the
receiver with different time delays that can be as small as fractions of nanoseconds
[2]. For the signals to survive these nulls, an increase in the transmitted power
(fading margin) and/or the use of diversity techniques [3] [4] is required. Frequency
diversity can be achieved by using signals with bandwidths on the order of G-Hz to

allow a Rake receiver to be operable in this environment [5].



One convenient way to generate this UWB communication signals is to use sub-
nanosecond pulses.! The technology for receiving and generating such pulses con-
trolling their relative position in the time axis with great accuracy is now available
[6] [7]. Impulse radio modulation uses UWB waveforms that consist of trains of
time-shifted subnanosecond pulses. Data is transmitted using PPM data modula-
tion at a rate of many pulses per symbol, and multiple-access capability is achieved
using spread spectrum (SS) time hopping (TH). The TH PPM combination results
in non-constant envelope, “carrier-less” UWB modulated waveforms that can be re-
ceived by correlation detection literally at the antenna terminals, making a relatively

simple and low-cost, low-power transceiver viable [§].

Although an IR system and a CDMA system operating with the same bandwidth
can be shown to be quite comparable when used in a multiple-access environment,
the current impulse technology gives an advantage to IR on the basis of achievable
effective processing gains for the two systems [9]. In IR, an effective processing gain
of about 50 (30) dB paired with a data transmission rate of about 9.6 (1024) Kilo
bits per second is automatically achievable with the use of subnanosecond pulses,
allowing a large number of users to be accommodated in the system. These large
processing gains are essential for IR equipment to be operable license-free, and be
able to coexist with a large number of services with narrower bandwidths without

significant mutual interference.

In comparison to a fast-frequency hopping receiver operating with the same pro-

cessing gain, IR has an edge in uncoded error-probability because of its coherence.

!Depending on the pulse shape and the definition of bandwidth, the range of frequencies occu-
pied goes from a few hundred of K-Hz to a few G-Hz.



Finally, when compared with other technologies capable of supporting G-Hz
bandwidths, IR has an advantage over infrared technology since radio communi-
cation can easily penetrate the structure of buildings facilitating wireless communi-
cations. Also, impulse radio potentially is cheaper than millimeter wave communi-

cations for the same short-range communications environment.

1.2 Current research areas

The same qualities that make IR technologically attractive [8] [10] also provide the
communication design challenges [11] [12], yielding a rich source of research prob-
lems . Among them are UWB channel propagation measurements [13] [14], channel
modeling, including multipath angle of arrival characterization [17] [15] [16] [18],
PPM signal selection [19] [20] [21] [23] [22] [34], PPM signal design [24] [25] [26],
TH sequence design, fast TH sequence acquisition and tracking, demodulation and
synchronization with limited radiated power, multiple-access performance calcula-
tion [8] [27] [28] [29] [31] [32], receiver implementation issues [33] [34] [36] [24] [25]
[26] [35], as well as network issues [37] [38] [39] [40]. Other possible research topics

are listed in section 7.2.

1.3 Objective of this research

In this dissertation we analyze and quantify the benefits of using block-coded PPM
signals in IR modulation. We present three M-ary block-coded PPM signal designs.
We analyze the multiple-access performance of IR using these PPM signals and
discuss some of the tradeoffs between performance and receiver complexity. Finally,

we conclude this thesis making an assessment of the performance of IR modulation



in the presence of dense multipath (no multiple-access interference is considered in

this assessment).

This thesis is organized as follows. Chapter 2 describes the channel and signal
models. In chapter 3 the demodulation processing when TH-PPM signals are used
to transmit information is discussed. In chapter 4 we describe three block waveform
PPM signal designs. In each case the construction method is given, the performance
is analyzed, and receiver simplification is discussed. In chapter 5 we analyze the
single-user multiple-access performance of IR using block-waveform PPM signals.
In chapter 6 we investigate the performance of IR modulation in the presence of

dense multipath. Chapter 7 contains the conclusions and future research.



Chapter 2

Channel, signals and multiple-access interference

models

This chapter begins with a description of the assumed channel model and the char-
acteristics of the impulse waveform used to carry information. It then discusses the
structure and properties of the TH PPM communications signals used in IR. Finally,

it describes the assumed statistical properties of the multiple-access interference.

2.1 Channel model

The model assumed is a channel with free space propagation conditions and AWGN,
and is denoted IR-AWGN. The transmitted pulse is wy, (1) 2 Jf w(€)dé and the
received pulse is Aw(t —7)+n(t).! The constants A and 7 represent the attenuation
and propagation delay, respectively, that the signal experiences over the link path
between the transmitter and receiver. The noise n(t) is AWGN with two-sided power

density %2 Watts/Hz.

IThe combined effect of the channel and the antenna system is modeled as a derivation operation.
Hence, the received pulse is the derivative of the transmitted pulse.



2.2 Signals models

2.2.1 Impulse signal

The UWB signal w(t) is the basic subnanosecond impulse used to convey informa-
tion. It has duration T, seconds, two-sided bandwidth of W Hertz, and energy

E, = [ [w(t)]’ dt Joules. The normalized signal correlation function of w(t) is

I

(T Eiw/_i w(tho(t — 7)dt > —1 V. (2.1)

The minimum value of ~,,(7) will be denoted ., and 7,,;, Will denote the smallest
value of 7 in [0, 7),] such that v, = V(7w ). The correlation value between w(t—7;)
and w(t — 7;),1 # 7, is given by v,(7; — 7;). Note that the signals w(t — 7;) and

w(t — 7;) are linearly independent, hence they can never be antipodal.

2.2.2 TH-PPM signals
The TH PPM signal conveying information exclusively in the time shifts is

eW(t) = 3wt — KTy — T — 6%, ). (2.2)
k=0

Lk/Ns ]

The superscript (v), (I < v < N,) indicates user-dependent quantities. The in-
dex k is the number of time hops that the signal 2(*)(¢) has experienced, and also
the number of impulses that has been transmitted. The impulse duration satisfies
T, << Ty, where T} is the frame (impulse repetition) time and equals the average
time between pulse transmissions. The {cg')} is the pseudo-random time-hopping
sequence assigned to user v. It is periodic with period N, (i.e., cgﬁwp = cggy),‘v’k,l
integers) and each sequence element is an integer in the range 0 < cg') < Np. The

time hopping code provides an additional time shift to each impulse, each time shift



being a discrete time value between 0 < CE:)TC < NpT1. seconds. The time shift
corresponding to the data modulation is 55@) E{n=0<m<...<7N,}, with

Lk/Ns ]
7w, small relative to T. To simplify the analysis, we further assume that

NT. + Q(TNd + Tw) < Tf/2 (23)

The data sequence {d)} of user v is an M-ary (1 < d®) < M) symbol stream that
conveys information in some form. Impulse radio is a fast hopping system, which
means that there are N; impulses transmitted per symbol. The data symbol changes
only every N hops, and assuming that a new data symbol begins with pulse index
k = 0, the index of the data modulating pulse k is [k/N,| (Here the notation |¢|

denotes the integer part of ¢). Hence (2.2) can be written as

21 = 3 XY (), (2.4)
m=0
where
(m+1)Ns—1
XO L) 2wl — KTy = T = g, (2.5)

k=mN,
mNSTf S t S [(m + 1)N5]Tf,

where m indexes the number of transmitted symbols. If we define

(m+1)N.—1
COW £ Y Tdpt—kTy), (2.6)
k=mN,
where
1, if0<t<Ty
Q {0, otherwise 27



and

S 2SS w(t— KTy — b, i=1,2... M, (2.8)
k=0
then we can write
X () = Syt =mNT; = Cl(), (2:9)
l.e,
21 = 3 St —mN, T — C(0)). (2.10)
m=0

Hence the user’s signal «(")(¢) is composed of a sequence of signals Xf(:,)dgﬁ) (1), where
each frame-shifted Xf(:,)dgﬁ) (t) is a fast-hopped version of one of the M possible PPM
symbol waveforms {5;(¢)}. A single symbol waveform has duration T} = N,Ty. For
a fixed T}, the M-ary symbol rate R, = T ' determines the number N, of impulses
that are modulated by a given symbol. Note that when the hopping pattern in (2.6)
is known, the signals in (2.8) and (2.9) have the same correlation properties

[ XSO X de= [ 5 Si6) de (2.11)

o0

These properties will be discussed in the next section.

2.2.3 PPM signals

The PPM signal S;(¢) in (2.8) represents the i-th signal in an ensemble of M in-

formation signals,? each signal completely identified by the sequence of time shifts

2The signal S;(t) is the received signal when fioo S;(€)d¢ is transmitted over the TR-AWGN

channel in the absence of noise and interference.



{6¥;k=0,1,2,..., N, —1}. The complete ensemble of signals {5;(¢)} will be repre-

sented by the M x N, matrix

B T L A
sy 82 gk s
A= : ,
§Los2 .. gm 5N
T TR | P 1o

where each row corresponds to the time shifts {§%;k = 0,1,2, ...,

the i-th signal. The correlation between S5;(¢) and S;(¢) is defined as

I

Ry & [ sisind

— Z/ w(t — 8F) w(t — &F) dt

(2.12)

Ns; — 1} defining

(2.13)

since for k # [ the pulses are non overlapping (see (2.3)). In terms of the correlation

properties of w(t), we can write R;; as
-1
k <k
Ri; = F, Z’yw(s 5j).
k=0
The energy in the " signal is

@:m:fﬂwwzmm,

— 00

and the normalized correlation value is

1N—1

Oé” é i = Z F)/u) 5k 5k > F)/min'

S SkO

(2.14)

(2.15)

(2.16)



The complete set of normalized correlation values o;; corresponding to the ensem-
ble of signals A is given by the M x M symmetric non negative definite correlation

matrix

>
Q
s
.o —
Q
g
)

(2.17)

Note that the signals in the set {S;(¢)} are linearly independent. Hence the
dimensionality of the set {S;(¢)} is always M,? and the signals S;(¢), S;(¢), 1 # J,

can never be antipodal.

The power spectrum density of the ensemble of signals {5;(¢)} for a wide sense

stationary stream of iid symbols can be shown to be [42]

1 M
Fs(f) — TZPZ|FS ‘I’
5 q=1
1 M
7 |2 Pk, [ 1+— Z o(f (2.18)
5 =1 Sm——oo s

where P; is the probability of signal S;(¢) being used, and Fs,(f) is the Fourier

transform of S;(¢) given by

Fs(f) = [ Sit) exp(—j2nftydt = Fu(F) (), (2.19)

where

Fu(f) = /Oo w(t) exp (—j2m ft) dt (2.20)

— 00

3The linear independence also implies that, when the signals are equicorrelated with a;; =
then necessarily a > M_—_ll, i.e., we can not achieve the “simplex bound” for the maximum value of

correlation [41].
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and

/ Z §(t — kTy — 6F) exp (—j2n f1) dt

Ooko

= Z exp [—52m f(KT; + 6%)), (2.21)

k=0

If we substitute (2.19) in (2.18) we get

F(f) = |ng {ZP|F

=1

l
1+—25 —

5 l=—c0 s

M
IS PE(Sf)

=1

} . (2.22)

2.3 Multiple-access interference model

The following assumptions are made to facilitate our analytical treatment.

(a) We assume that the signals ) (¢ — 7)), for v = 1,2,..., N, and n(t) are

independently generated.

(b) To estimate performance without choosing a hopping sequence family, we as-
sume that the hopping sequences {CE:)}, for v =1,2,3,..., Ny, and for all £,
are samples of purely random sequences, and compute performance based on
signal-to-noise ratios averaged over the hopping sequence variables. To guar-
antee that no hopping sequence random variable occurs more than once in a
symbol time, we assume that N, < N,. Also, for many hops to occur in a
symbol time, we further assume that Ny >> 1. The elements of each user’s
hopping sequence will be modeled as random variables selected independently

and uniformly from the time interval [0, N,T.], and therefore the probability

11



density function of a time shift CE:)TC produced by the element cg/) of the

hopping sequence is approximated by

(2.23)

P =

Ck

() = { (N, T)™h, 0 <o < N,
Te

0, otherwise

The time delay 7 is related to the time when the ** radio starts transmitting
in asynchronous operation, and its magnitude spans many frames 7'y. We can

model?
Ty

T
) = OTy + ¢, where 7f <o < 5

(2.24)

hence ® is the value of 7 rounded to the nearest frame time, and ¢ is the
error in this rounding process. Since ¢ is a round-off error of a large random
variable, it is reasonable to assume that ¢ is uniformly distributed over it’s

range, therefore the probability density function of ¢ is

T7l, 0<¢ < NiT.

0, otherwise

ps(ep) = { (2.25)

A model for ® won’t be needed because the final calculations are independent

of it.

Since the received signal is modeled as the derivative of the transmitted signal,

we assume that the impulse w(t) satisfies the relation

/mw@y%:u (2.26)

— 00

Let §,, = maxdéF, i =1,2,..., M, k=0,1,2,...,N,—1,i.e, 8, = 7v,. We will
assume that ¢,, is much smaller than both the time uncertainty parameter ¢

and the time hopping window width N,T.. We further assume that the data

4This model will be also valid for ) — 7(1),

12



modulation on the signals of users 2,3,..., N, has no significant effect on the

calculation of multiple-access interference statistics for user 1. Hence, the time

shift values 55@) =0forrvr=2,3,..., Ny, and all k.

(f) To simplify the analysis we assume that the time interval over which the im-

pulse w(t) can be time hopped is less than a half a frame time so that

T
N T, < 7f — e, (2.27)
where
¢ 22T, +6,) (2.28)

is two times the sum of widths of w(t) and w(t) — w(t — §,,).

These assumptions allow the use of the Central Limit Theorem [43] to conclude that
the net effect of the ultra-wideband multiple-access interference caused by users
2,3,..., N, in user one’s correlation receiver can be modeled as a Gaussian random

variable.
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Chapter 3

Receiver signal processing and multiple-access

performance

In this chapter we discuss the receiver signal processing and analyze the single-
user multiple-access performance of IR using block-waveform TH-PPM signals. The
multiple-access performance is analyzed in terms of the number of users supported
by the system for a given bit error rate, bit transmission rate, and number of signals

in the block waveform set.

The calculations made here are quite similar to the calculations in [8] for the
single-user multiple-access performance of IR using binary PPM communications
signals. The analysis in [8] is in turn quite similar to that for code-division multiple-
access made in [44] and is based on the fact that both designs use single-channel

correlation receivers for phase-coherent detection of the bit waveform.

In the present work we generalize the ideas in [§] to investigate the use of block-
waveform signals to increase the data transmission rate supported by the system
without degrading the multiple-access performance for a given number of users, or
to improve the multiple-access performance of the system for a given number of
users and bit transmission rate. Using this idealized analysis, numerical examples

given in chapter 5 show that IR modulation is potentially able to support hundreds

14



of users, each transmitting at a rate over a Megabit per second at bit error rates
as low as 107%, using receivers of moderate complexity. Similarly, it is shown that
IR is potentially able to support thousands of users, each transmitting at a rate
about ten Kilobits per second at bit error rates in the order of 107*. The combined
transmission rate in either case gives a transmission capacity of over 500 Megabits

per second.

3.1 Receiver signal processing

Consider a multiple-access system with N, users transmitting IR modulation. The

signal at the receiver r(¢) can be modeled as

Noy

r(t) = Z A(”)x(”)(t — T(”)) + n(t), (3.1)

v=1

where A™) is the attenuation of user v’s signal over the channel, 7(*) represents
time asynchronisms between the clocks of user v’s transmitter and the receiver, and
the signal n(t) represents non-multiple-access interference modeled as AWGN. Let’s
assume that the receiver wants to demodulate user one’s signal representing the m®”
data symbol d(1), where d!) is one of M equally-likely symbols. The received signal
r(t) in (3.1) can be viewed as

r(t) = AUXY =20 L), t €T, (3.2)

W“m

where

Ton 2 [mN,Ty + 7D, (m + )N,y + ), (3.3)

15



and
nw(t) 23 AW (1 — 7Y 4on(1). (3.4)

When the receiver is perfectly synchronized to the first user signal, e.g., having
learned the value of 70 (or at least 7(Y) mod N,T}), the receiver is able to deter-
mine the sequence {7,,} of time intervals, with interval 7,, containing the waveform

representing data symbol d(!) (or dii) In this case the detection problem

mod Np)'
becomes the coherent detection of M equal-energy, equally-likely signals in the pres-
ence of multiple-access interference in addition to AWGN. In this case the optimal

receiver (multi-user detector) is a complicated structure that takes advantage of

all of the receiver’s knowledge regarding the characteristics of the multiple-access

interference [45] [46].

Due to the complexity of the analysis, the multi-user detector will not be con-
sidered here. Instead, we will assume that ns.(?) is a zero-mean Gaussian random
process (see section 2.3). Hence, the detection problem will be the coherent detec-
tion of M equal-energy, equally-likely signals in the presence of mean-zero Gaussian
interference in addition to AWGN. A suboptimum receiver for this case is the M-ary

correlation receiver [47]. This receiver is described in the next section.

3.2 Decoding of block waveform TH-PPM signals

The M-ary correlation receiver consists of M filters matched to the signals {XT(n{)i(t—
TN}, i =1,2,...,M,t € T, followed by samplers and a decision circuit that selects

the maximum among the decision variables

)

Vi :/ r() XUt =+ Oy at, = 1,2,..., M. (3.5)
teTm
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The error probability in decoding a symbol is the probability that an incorrect
decision variable exceeds the correct one. When d\) = j is sent, the conditioned

symbol error probability is
Prob(error|d}) = j) =1 — Prob(y; > wi [dV =4), i =1,2,..., i # ], (3.6)

We can use the union bound [47] to upper bound the conditioned error probability
in (3.6). This bound states that the probability that a particular y; is less than the
M —1 remaining decision variables is bounded from above by the sum of probabilities
that y; is less than y;, 1 = 1,2,..., M, 7 # 7, individually. The union bound implies
that
M
Prob(error|d!) = j) < > Prob(y; < i ESEE (3.7)
i

The average error probability then satisfies

Prob(d!) = j)Prob(error|d}) = j)

M=

Prob(error) <

o
Il
—

M
> Prob(y; < wildl) =j). (3.8)

1
M

Il
Mz

-

o
Ly

By properly pairing terms, we can rewrite 3.8 as

Prob(error) = £ ¥ PE;;, (3.9)
(e
where
PEji = Prob(y; < yildy) =j) + 5Prob(y; < y;|dy) = 1) (3.10)
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The PE;; is the probability of error in the binary test attempting to decide between

the pair of signals xW (t) and X l)i(t). The observation variable in this binary test

m7] m7

can be written

Tb(t) — A(I)Xf:)d(l) (t - 7—(1)) -I' ntot(t)7 t € Tm7 dg) S {ZL]}? (311)

W“m

and the decision variable in this binary test is

_ (1)
yj,i - /te’]’m rb(t)Ym7]‘7i(t — T(l))dt

= AOXW Oy W= Dyar o, (3.12)
teTm m7dm m7]72 '
where
(1) v AN (1) v (1) v
Y, ,j,i(t — 7l )) = [Xm, (t — 7l )) - Xm,i(t — 7 ))]7 (3-13)
and

m 2 ) V=)t (3.14)
t€7m

The binary decision variable y;; in (3.12) is a Gaussian random variable with two
components. One produced by the correlation with the transmitted signal (which
can be either XT(nl)](t) or X(l)i(t)), and one due to the Gaussian noise n;,(t). The

my

conditioned mean of y;; is

A .
mj; = E{yld)) =5}
_ 1) (1)
= i A(I)de(t — T(l))Ym7]‘7Z’(t — T(l))dt

= AWE,(1 - ay), (3.15)
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where E{-} is the expected value operator. Here we have assumed that

E{n;;|dV = j} = E{n;|d" =i} = 0. (3.16)
The conditioned mean of y;; when dg) =1 is m;; = —m; ;. The variance of y;; in

the presence of N, users is

o5i(Nu) = E{[n;]"}. (3.17)
A symbol error is made in decoding when d{!) = j and y;; is negative or when
d) = and y;j; is positive. Since m;; = —m,;,; and 0-]2‘72'(Nu) = O'Zj(Nu), the average

probability of error in this binary test is simply
PE;; = Q ( SNRE{;’j)(Nu)) : (3.18)

where

Q)= [P, (3.19)

is the Gaussian-tail integral, and

SNRUI(N,) = 2t (3.20)

out

is user one’s output symbol signal-to-noise ratio (SNR) observed in binary commu-
nications in the presence of Nu users, when user one uses either XT(nl)] () or XT(nl)Z(t)

to communicate information. The bit SNR SNRbgif)(Nu) is related to the symbol
SNR SNRU(N,) by

SNRbUI(N,) = ———SNRUI(N,)

= L (3.21)
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Using (3.18) in (3.9), the union bound on the symbol error probability is

I

UBP.(N.) £ g5, Q (VSNREI(N)) | (322
(e

If only the desired transmitter is active (N, = 1), then n.(t) = n(t) is AWGN

and

Blnld! =} = [ E{(ld!) =) v -y dt = 0, (323)
teTy b

" E{n(t)}=0

and

W = [ [ Bpn©)
Y = 2Oy (¢ 2 Wygeqr

m7]72 7]72

= NoEs(l — Oé]‘i). (324)

Hence

(AD)2E,

SNRU(1) = ~ (= ai). (3.25)

out

When more than one user is present, the calculation of SNREi’j)(Nu) in (3.20) re-
quires the evaluation of the variance in (3.17) and the verification that the expected

value in (3.16) is indeed zero. This calculation is made in the next subsection.

3.2.1 Evaluation of the moments of nj;

For clarity in the notation, we will assume m = 0 in the mathematical expression

involving the desired user (v = 1), and will drop the index m from these expressions.
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Also, for clarity in the calculations, random quantities will be indexed by the random

index u.! From the definition of nj;; in (3.14) we can write

ni(u Z AW )+ 0! (w), (3.26)
where
W 2 et =) YD (1 =) di (3.27)

is the component of n;;(u) caused by multiple-access noise from the ' user, for

v=2,3,...,N,, and

]72

nW) 2 /t n(u, )Y (u,t — 70)dt (3.28)

is the component of n;;(u) caused by receiver noise and other forms of non-impulsive

interference.

Recall from (2.2) that the v user’s signal is

e (u,t — 7 () = > w(t— () — KTy — cggy)(u)Tc — 55,

g
k=0

()’ (3.29)
Lr/Ns ]\

and from (3.13) that

YW — 70y = [X 1)(t - T<1>) — XM =70y

]72

=

=
L

wt—T ka—cgg)( )Tc—(Sf)—

I
i M

Z (t — 70 ka—cgg)(u)Tc—(Sf)

In this notation the deterministic signal a(t) is a function of the time index ¢, the random
variable a(u) is a function of the random index wu, and the random process a(u,t) is a function of
both w and .
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= Y vt — O — kT — ()T, (3.30)
k=0
where
orgt) 2 w(t =88 — w(t - &F) (3.31)

fori,7=1,2,... ., M,1# j,and k=0,1,2,..., Ny — 1. Therefore

o) rW 4N Ty o0 NeZl ) .
Wl = [T Y et =) kT - Ty )
7 k=0 [=0

[k/Ns]
v,ﬂ( 1Ty — M ()T di
- +(+1)Ty °©
-y f2w<t—r<”><u> KT - T - 8 )
= S, = Ay ()

mt — 7 1Ty — V() T.) dt

_ Z—: /_c w)T 4Ty Ul”(g)g:
w(f — (7' )() r) — (k=T -

[l () = V)T = 85y ) do.
Ay ()

(3.32)

We now use some of the assumptions made in section 2.3. By assumption (e) we make
5k, =0 for v = 2,3,..., N, and by assumption (c) we make 70)(u) — (1) =

L) ,
O(u)Ty + Pp(u), [p(u)] < 3, hence

1)

e () Te4T5
nil(u) = Z/_l o)
>~ (0= o) = [ (1= ®))Ty = [ ) = V) T2) .

(3.33)
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Noting that the integrand is always zero for k # [ — ® and that v;;,;(6) is non-zero

for |8] < € (i.e., only for a few nanoseconds), we can write

W) = 2 [ 00 = ()~ ) o

_ ]Zz_%l ) (u), (3.34)

where
w0y & [ w0 = Bu) = Q) ve0) do (3.35)

and
) = (el g (w) = (@), (3.36)

Being the difference of two independent, continuous time-shift sequence variables

(see assumption (b)), the probability density function (p.d.f) of Qx(u) is given by

Par()(#) = /—oo pcgj_)q)(u) (u)Tc(f) pcgf)(u)Tc(5 — )

{ (ML) L= REb] L Jel < NuT

0, otherwise

forv#1.

(3.37)

The random variables Q(u) for distinct values of & are conditionally independent,

given the value of the time shift parameter ®.

We now verify that E{n;;(u)} = 0. Since E{nglz)(u)} = 0, we just need to verify
that E{nﬁi)(u)} =0, for v = 2,3,..., N,. Note that this result can be obtained
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by averaging over ¢(u) alone by using assumptions (c), (d) and (f). That is, the

conditional expectation over ¢(u), given the TH sequence random variables, is

Ty /2

Blw(0 - ¢(0) - ()} = 77" [ w(0 - ¢~ Q) dy

—Ty/2
Ty /2~ (u)+0

= 77 / w(€) de.

T /2= ()4
(3.38)

The constraint in assumption (f) guarantees that

<5 ¢ [—% Q) + 0, % Q) + 0],
i.e, the interval where w(§) is non-zero is contained fully within the region of in-
tegration, regardless of the sequence element values, and regardless of those values
of § for which v(#) is non-zero. Therefore, the domain of the integral can be ex-
tended to cover the whole real line, and by using assumption (d), E{nﬁi)(u)} =0,
forv =2,3,..., N,.

Now that it has been verified that all the random variables on the right side of
(3.26) has mean zero, and since they are independent by assumption (a), it follows

that n;;(u) has variance 0]27i(Nu) given by
o) = 1)+ S AP B ) (339

We can now evaluate E{[ngi)(u)]z} Since ngl;)(u) has mean zero, it’s variance,

conditioned on the time shift parameter ®(u), is given by

N.—1
E{[n (]} = E{Y nl)(v) Z
k=0 =0
N.—1N:—-1

= > 2 E{n(wni(w)}

k=0 (=0
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= Z Uk,j,i + k=0 ; Ok,l,4,19 (340)

k=0 Kt
where
. A v
UZ,J‘,Z' = E{[né}z(u)]z}
= /_OO _ Pow(@) Pay(w(@)
%] 2
[/_OO w(p —o— @) viilp)dp| dode, (3.41)
and for k # {

>

E{n{").(w)n")(u)}

= /Oopqsu(@)

[/ /OO p— o= @) vrilp)dp Pa,w(¥) dc,o]
[/ / p— 0= ) vi;ilp)dp pa,(¥) d;/;]

Okl

(3.42)

The calculation of this moments is conditioned on the time shift parameter ®(u), but
the results are independent of its value. These integrals can be evaluated numerically.

To save computation, they can be simplified. Let’s define

: w(p = <) vii(p) dp. (3.43)

—
D

(>

—
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Notice that fk(g) takes on significant values only for [¢| < e. With a change of

variables of integration, &7 .; reduces to
1

6rii = /_Oo F2(<) /_Oo Pa(u) (S — ¢) P, (@)dp| ds . (3.44)

p.d.f. of &(u) + Qp(u)

The constraint in assumption (f) can be rewritten e < % — N,T.. With this con-

straint we can assume
R Ty
Je(s) = 0 for [¢] > 5 NyT.. (3.45)

Also notice that, for |¢| < % — N, T., the probability density function of ¢(u)+Qp(u)

reduces to
o0 1 c-l—Tf
/_Oop¢<u)(<—¢)pak<u>(¢)d¢ = T; / 7 Pt y(p)dg
Nth
= T Pay () (@)de, (3.46)
Nh c
since (¢ + %) > N,T. and (¢ — ﬂ) < —N,,T.. Therefore, the calculation of &z,j,i
simplifies to
Grji = T‘l/_oofxf(c) ds
€ < 2
= T‘l/ l/iw(/f—@ vk,ji(P) dp] ds
— 3556, (3.47)
where
52(0,n) = T‘l/ m(s,0,n) ds, (3.48)
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and

mals0.m) 2 [ wlp = <) fwlp—0) = wip—m)]dp

— 00

= Ey[yu(c —0) = yuls —n)]. (3.49)

The function m,(s,8,n) and the parameters # and n play an important role in

determining the level of multiple-access interference.

The term 64 ;;, being a cross-correlation, might be expected to have a magnitude
that is small with respect to 6, X 7, but this must be checked out, because
there are N;(N; — 1) cross-correlation terms, as opposed to N correlation terms (see

(3.40)). Notice that we can write

l T;/2

(Grigi)’ = / (o + ) Pay ) (9) d@)

[ it + ) poo () ) de]

1 Tf/2 o0 ~ 2
< |77 / ( Trlo+ @) pa, (e )d99) do
Tf/2 — OO0
1 Tf/2 o0 2
Ty / (/ 19/—|-<P/ Py () (1) dw) do!
Tf/2 o0
(3.50)
We now define
R A o
o) & [ Je+e)pawle)ds
= /_Oo (o — ©) Pay () de
= [ e =) Jily) dg (351)

Since fk(g) takes significant values for |p| < ¢ only, it is of short duration relative to

Pa,(wy(0). If we omit the values ¢ = 0 and ¢ = £N, T, the pg, (,)(0) is sufficiently

27



smooth so that pg, w)(¢ — ¥) ~ pa,(w)(e) for ¢ < ¢ We can therefore apply the

moment expansion [48] to write

Glo) = paywle) [ fule)dg, (3.52)

but notice that using (3.43) in (3.52) we get

ge(0) = pay( /_/_ w(p = @) dp vii(p) dp =0 (3.53)

by assumption (d). Therefore, using (3.50) through (3.53) as evidence we conclude
that

|5'k,l,j,i| << OA']W‘J' &17]'72'. (354)

and approximate &4 ;; ~ 0. Notice that the larger N,T. is in comparison to the
parameter € (a function of the width of the impulse w(¢) and the time-shifts values
used for data modulation ), then the better the approximation in (3.52) is. Combin-
ing (3.40) and (3.47) and using &x,;; =~ 0, we get the following model for the total

output noise variance

Ny Ne—1
02 i(Nw) = a3,(1) + D (AW 37 5067, 60), (3.55)
v=2 k=0

with &2 (8%, 8F) given by (3.48).

7Y%

3.3 Single-user multiple-access performance

In this work the multiple-access performance of IR is analyzed in terms of the number
of users supported by the system for a given bit error rate, bit transmission rate, and
number of signals in the block waveform set. The substitution of the symbol signal-

to-noise-ratio SNR: Z)(Nu) in (3.20) into the symbol error probability UBP.(N,) in

out
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(3.22) will provide the desired relation between error probability, number of users,

transmission rate, and number of signals.

To calculate SNREi’ti)(Nu), note that we can rewrite (3.15) as follows

m;; = A(l)Es(l—Oéﬁ)

= AVNE, L=+ Z Yu(8
5 k=0
Ne—1
= AW 3" m,, (65, 6%, 65). (3.56)
k=0

SNRUI(N,) = L

out

where

[Nt (85,08, 68
N, Speg " 62(0F, o)

7Y%

I

B(5,7)

(3.58)

is a normalized SNR parameter which is defined in terms of the pulse shape w(t)

and the data modulation times 5;“ , 08 k=0,1,...,N, — 1. In (3.57) we have use

the fact that the symbol transmission rate Ry = TL = w7 T . The expression in 3.57

shows that the total symbol SNR is smaller than the smallest of SNR((){I;Z)(l) and

Tf (J ) The bit SNR can be found by substituting (3.57) in (3.21) to get
St (4

SNRbU(N,) = |[SNRbUI(1)]™
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(3.59)

where Ry 1s the bit transmission rate.
Note that (3.57) can be rewritten

(AW E,(1 — ayy)

SNRUD(N,) = , 3.60
out ( ) NO_I_NMA ( )
where
A N
Nus £ YN, (3.61)
v=2

is the equivalent power spectral density level of the total multiple-access interference,

and
Yico ' 01
NW oL 4)y2 =0 "Ry 3.62
MA ( ) [Es(l _aji)] ( )
is the contribution corresponding to the v** user for v =2.3,..., N,.

In chapter 5 we will evaluate SNRE{;’ti)(Nu) in (3.57) for the three types of M-ary

signals discussed in chapter 4.

3.4 Multiple-access degradation factor

In order to simplify this analysis, let’s assume that the signals are equally corre-
lated with aj; = o, 8(j,1) = 3, SNRbU)(1) = SNRb,,, (1) and SNRbVI(N,) =
SNRb,,.(N,). Hence, we can write
141
L B/ ]

SNRbout(Nu) = EZNu (A(”) )2
v=2 \ A1)

[SNRb,,.(1)]" +

(3.63)
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Let’s define SNRb,,.. to be the specified operating bit SNR to achieve the desired
probability of error. Recall that SNRb,,,(1) is the bit SNR value when only user
one is active, and that SNRb,,,(N,) < SNRb,, (1) is the actual bit SNR when
N, users are active in the system. The SNRb,..(N,) > SNRb,,.. is the required
value of SNRb,,,(1) that makes SNRb,,,(N,) = SNRb,,.., so user one can still
meet the specified value of bit error probability even when N, users are active. The

value of SNRb,..(V,) can be calculated solving

SNRb,..(Nu) = SNRb,,..
SNRb,..(N,)

= . (3.64)
1+ SNRb, (N,) |~ —20
u (v)
bZi\T=2(f‘(1))
to get
SNRb,
SNRb,..(N,) = — (3.65)
1 —SNRb.,.. |+ —214
e | R )
s (4)
The ratio
SNRb...(N,)
DF(N,) = ————= 3.66
(W) SNRb,,..(1) (366)

is a degradation factor that measures the additional amount of SNR required by
user one to overcome the negative effect of the multiple-access interference caused

by the N, users. Using (3.65) in (3.66) we get

DF(N,) = . (3.67)
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It can be observed that, as N, increases, DF(N,) also increases, meaning that
SNRb,..(N,) must increase in order to keep constant the right hand side of (3.64).
Ultimately, however, no amount of increase in SNRb,..(N,) can offset the increase
in the other term. As a result, the number of users can be increased to a maxi-
mum number in which DF in (3.67) becomes infinity. On the other hand, note that

SNRb,..(N,) — SNRb,,.. as N, — 1, as would be expected with only one user

active.

3.4.1 Degradation factor under ideal power control

When AW = A® for v = 2,3, ..., N,, DF(N,) in (3.67) can be written

DF(N,) = ! . (3.68)

1 — SNRb,,.. {R%(Jiﬁfl)}_l

The expression in (3.68) gives DF(N,) as a function of N,. It is also possible to get
an expression for N,(DF) as a function of DF as follows

N(DF) = 1 18 1

S | [— 3.69
SNRb.,,.. &, T} pi) (369)

The maximum number of users is

lim 1 1 B
N, DF) = ———— + 1. 3.70
i oo PP = SNRD BT, T (3.10)

>

N

Similarly, it is also possible to get an expression for R,(DF) as a function of DF as

follows

Ry(DF) = —— L Sl

= —(1 - —)+ 1. 71
SNRb.,.. Nu—le( DF)+ (3:71)
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The maximum bit transmission rate is

lim 1 1 p
R, (DF) = — + 1. 3.72
I T A (3.72)

I

Rmax

The values N.,, and R,., are the largest values that N, and R, can attain, re-
spectively, when the performance is determined by the amount of multiple-access
interference produced by N, active users, for a given value of SNRb,,... Notice that
there is a limit on how large SNRb,,.. can be for a given number of users N,. This
maximum value can be found if we let SNRb,. (N,) take on large values in (3.64)

to get

lim

I

SNRbspec—max(Nu) SNRbSPeC

SNRbyee (Ny) — OO

1 BT

B (Nu— 1) (3.73)

The limit on how small SNRb,,.. can be is investigated in the next section.

3.5 Multiple-access transmission capacity under

ideal power control

In this section we perform an approximate analysis to estimate the total multiple-
access capacity of IR in bits per second under ideal power control. To simplify the

analysis, we again assume that the signals are equally correlated, with bit SNR given
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by SNRb,,...? It is well known from communication theory that the M-ary symbol

error probability PWE for equally correlated signals

PWE = 1 —/O:o [1 e (g 4 \/QSNTW)]M_l (3.74)

has the following limiting behavior [49]

1, ifSNRb,,.. < log,(2)
0, ifSNRb,,.. > log,(2)

;
" (3.75)

M —> OQ

PWE:{

Hence SNRb.,.c—jim = log.(2) is the smallest value that SNRb,,.. can be assigned
when the performance is determined by the amount of multiple access interference
produced by N, active users. We can use the condition in (3.75) together with (3.70)

to write

s 1 10

N, N ——+ 1.
max < IR 10g6(2) Rb Tf —I_

(3.76)

Hence, Ny is attainable, in principle, using block waveforms signals with M — oco.

Similarly, we can use the condition in (3.75) together with (3.72) to write

a 1 L 5 (3.77)

N,
Bnas < Cu(N) = 0 N T,

Hence, the term Cr(N,) plays the role of multiple-access channel capacity per user
of IR in bits per second. Another way to see this is by using Shannon’s formula for

channel capacity

C(B)= B log,(1 + & P(N) (3.78)

with bandwidth B £ TL in the order of Gigahertz, and

P(N,) £ Ry SNRb..._...(N,) (3.79)

2We have assumed that SNRb,, (1) = SNRb,..(N,) so that the condition SNRb,,;(N,) =
SNRDb,,.. can be satisfied.
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playing the role of effective signal power to power noise density ratio. Hence

C(B) = Blogy(l + 1 M)

BN, -1
OB & (M1 BTy
B 1og(2),; k (ENu —f1) (3.80)

With B in the order of Gigahertz, 3 on the order of hundreds and T} in the order

of hundreds of nanoseconds, it is clear that

1 B8/T;
BN,—-1

) < 0.01 (3.81)

and (3.80) can be approximated

C(B) ~ —
(B) log(2) N, — 1
= Cw(N,) (3.82)
If C'y 1s the multiple-access capacity per user of IR in bits per second, then
Cror & NimCim
1 B
~ —, N, 1, 3.83
o 1 7 o

plays the role of total multiple-access capacity of IR in bits per second and gives an
upper bound on the total combined bit transmission rate that can can be attained
when the performance is determined by the amount of multiple-access interference

with N, users active.

In chapter 5 we will evaluate N,(DF) in (3.69) and Ci(N,) in (3.77) for the

signals discussed in chapter 4.
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Chapter 4

Block waveform encoding PPM signal sets

In this chapter we describe three signal sets with the PPM structure described in
section 2.2.3. In each case the construction method is given, the correlation proper-
ties are discussed, the performance in AWGN is analyzed, and receiver simplification
is discussed. Finally, a numerical example is given. In this example the performance

in AWGN of the three sets of signals is calculated and compared.

4.1 Orthogonal signals

4.1.1 Construction of orthogonal signals

Equation (4.1) defines the construction of orthogonal (OR) signals

Si(t) = Nf w(t — ETF — [(k+i— Dmoa M]Tor), i=1,2,..., M. (4.1)

k=0

L As discussed in subsection 2.2.2, for the case under consideration (N, = 1) the time hopping

sequence {cg)} and the delay 7(!) have no effect in the correlation properties of the PPM signals,
and they will be omitted in the analysis done in this chapter.
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where Tor > T,. For the OR PPM signals in (4.1) the normalized correlation

coefficients are given by

L
=14 e (4.2)
0, 1#

and the normalized correlation matrix Ay is the M x M identity matrix.

4.1.2 Selection of T,

For a fixed impulse waveform w(t), Ny and T/, the signal design in (4.1) depends only
on Tog. Clearly, in the presence of AWGN any Tii > T, will perform identically. We
define Toy 2 2T, in order to simplify the analysis when multiple-access interference

is present (see section 5.1).

4.1.3 AWGN performance

For the OR PPM signals case, the bound on error probability in (3.22) (with N, = 1)

reduces to
UBP(1) & (M- 1)Q (\SNRI(D)). (4.3)
where
SNROM(1) = (A(?Vﬁ. (4.4)

This symbol error probability can be converted to bit error probability as follows

[49]

OR A M e exp(—fz/Q)
UBP(1) = 7/\/@ Tdf (4.5)
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4.1.4 Receiver simplification

To detect the M signals we will need to correlate the input signal with M reference
signals. For large M this can result in a receiver of great complexity. We can take
advantage of the structure of the OR PPM signals to simplify the construction of

the receiver.

Let x(t) = S;(t — (M) — Cél)(t — 7))+ n(t), where S;(1) is one of the signals in
(4.1), Cél)(t) is the TH function defined in (2.6), and n(?) is AWGN. Each of the M

channel correlation outputs can be written

N.T
wo= [ e St o - O — )
0

Ns—1M-1

= Z Z O, [(k+i—1)mod M] z(k, q), (4.6)
k=0 ¢=0
where
A RO el Tt (41 Tor (1)
2(k,q) & / e w(t — kT — 70 — DT — gy dt (A7)
KT 470 el Tt qTop

and 0,4 is the Kronecker delta. From the expression for y;, ¢ = 1,2,..., M, it
is clear that the receiver needs only one correlator and M store and sum circuits.
The y; can be calculated while x(%) is received and no symbol delay occur. This is

illustrated in figure 4.1.
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Figure 4.1: This diagram shows the single correlator and the M store and sum
circuits that are needed in the simplified receiver for the OR PPM signals.

39



4.2 Equally correlated signals

4.2.1 Construction of equally correlated signals

One method for generating equally correlated (EC) signals {S;(¢)} for M < Nj,

where the value of Ny satisfies one of the following three conditions

(H)Nyg=2"—=1, m2>1,or

(2) N; = p, p a prime, or

(3) Ny =p(p+2), pand (p+ 2) form a twin prime,
consists in deleting the first column and the first row a (N; + 1) x (N + 1) cyclic
Hadamard matrix [41], and then use the i-th row of this modified matrix and the
mapping (+1) — 7 and (—=1) = 7 = 0 to produce the time shift pattern {6%k =

0,1,2,..., Ny — 1} defining the i-th signal. For example, the following modified
Hadamard matrix with M = N, =3

+1 -1 -1
H=| -1 41 -1 (4.8)
—1 —1 +1

results in the ensemble of signals represented by

T2 0 0
Ape=10 m 0
0 0 T2

If in (4.8) we use the mapping (+1) — (+1) and (—=1) — (0), then the matrix

aj @t ay 1 00
= ay a3 a3 | =101 0
ai a3 aj 0 0 1
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provides an alternate way to represent the set of signals Age as follows

aj ai ay
Apc=7m X | ay a3 a
ay aj ag
In general, H is an N, x N, matrix where the i-th row {a¥,k =0,1,2,..., N,—1}
is an equivalent representation to the time shift pattern {6¥ = a*ry;k = 0,1,2,..., N,—

1} defining the i-th signal. Hence, the EC PPM signals can be written
N.—1

Sity=> wt—kTf—dfr), i=1,2....M (4.9)

k=0

For the EC PPM signals in 4.9 the correlation value is a;; = A, Vi # 7, and the

correlation matrix becomes

where

L 20+ ()

L+ v
T2l v ss (4.10)
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4.2.2 Selection of m

The signal design in (4.9) depends on w(t) and 7. From (4.10) we can see that by

using T, = T, the minimum value of X is

st_l F)/w (0) —I_ N52+1 Vmin
Ny

)\min

1 —I_ Vmin

5 for Ny >> 1.

%

(4.11)

The actual value of 7., depends on the particular impulse w(t) employed in the

IR communication link. Figure 4.2 plots A, versus N; for different hypothetical

values of ... Note that A\, <0 only for N, < m—m?“, and that for N, >> 1 the

Amin Value is strictly positive.

0.5
s K ORI
R
. * +++++++4+
+ e
* oo
o N o ©
=
£ + o
!
3 IS)
IS
<
=S .
3 * gamma_min=—0.2
=] | + gamma_min=—0.4 i
—0.5 o gamma_min=—0.6
-1 (e} 1 ‘ 2
10 10 10 10

value of Ns

Figure 4.2: The value of A_;, versus N, for different values of ~,,.
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4.2.3 AWGN performance

For equally correlated signals, the upper bound on error probability in (3.22) (with

N, = 1) reduces to

2

UBPEC(1) 2 (M =1)Q ( SNRff(l)) , (4.12)

where

SNREZY(1) =

out

(A(l))?j;;\;(l — A)' (4.13)

This symbol error probability can be converted to bit error probability as follows

[49]

0 _ 2
UBPFC(1) & ﬂ/ __ xp(=E/2) e (4.14)
2 SNR. . (1) 27

4.2.4 Receiver simplification

Let (1) = S;(t — (V) — Cél)(t — 7)) + n(t), where S;(t) is one of the signals in

(4.9). Each of the M channel correlation outputs can be written

N.T
o= [ e s -0 - o)

Ns—1 2

= D D Syt #mlk), (4.15)

k=0 m=1

where

A ka-I—T(1)+CE€1)TC-|—Tm-I—Tw (1) (1)
NOE /ka+T(l)+CS)TC+Tm c(t)wlt —kT; — 7D — DT r yd (4.16)
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From the expression for y;, + = 1,2,..., M, it is clear that the receiver needs only
two correlators and M store and sum circuits. The y; can be calculated while x(¢)

is received and no symbol delay occurs. This is illustrated in figure 4.3.

4.3 N-Orthogonal signals

In this section we describe the construction of N-Orthogonal (NO) PPM signals.? A
given NO signal set consists of M = NL equal energy, equal time duration signals
that have the following two properties: (1) The signal set may be divided into L
disjoint subsets, each subset containing N signals, and (2) Signals from different

subsets are orthogonal.

In [50] they give a construction of NO coded sets, when L is an integer power
of N, using multiple phase-shift-keyed (MPSK) modulation with phase values 6, =

2(—1),s =1,2,...,N. The NL x NL matrix Ao containing the normalized

signal correlation values can be partitioned in the following form

AMPSK 0
A 0 AMPSK
ANo — )
0 0 AMPSK

where the N x N matrix Ay psk is given by

1 cos(f2—61) ... cos(6ny—061)
cos(f2—01) 1 ... cos(fy—02)
AMPSK =
i cos(fy—01) cos(fy—02) ... 1 |

2N-Orthogonal phase-modulated coded signals are the generalization of bi-orthogonal signal sets

and were first introduced by Reed and Scholtz [50], and later studied by Viterbi and Stiffler [51].
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Figure 4.3: This diagram shows one of the two correlators and the M store and sum
circuits that are needed in the simplified receiver for the EC PPM signals.
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In this section we describe the construction of NO PPM sets, when L is a positive

integer, using multiple time-shift-keyed (MTSK) modulation based on the set of N

time shifts values

T1:0,T1<T2§Tw,..

TN < T S (N = 1)T.

(4.17)

The NL x NL matrix Ay, containing the normalized signal correlation values can

be partitioned in the following form

AMTSK

where the N x N matrix Ayrsi 1s given by

AMTSK =

1

Yw (7'2_7'1)

Yw (TN_TI)

Yw (7'2_7'1)

1

Yw (TN_7'2)

AMTSK

Yw (TN_TI)

Yw (TN_7'2)

(4.18)

(4.19)

The matrix Ayrsx is the normalized correlation matrix for the set of N-ary signals

{w(t — m),w(t — 72),...,w(t — 7y)} defined by the pulse w(?) and the time shift

values in (4.17).

4.3.1

Construction of N-orthogonal signals

Equation (4.20) defines the construction of NO PPM sets

Sma(t) = Y05y

m=1,2,..., N,

w(t —kTy — 7 —

[(k+1) mod LIT,),

[=0,1,2,....,L—1,

(4.20)

46



where T, = T~ + Tor, and LT, < Ty (to avoid pulses overlapping between frames).

The relation between the double index (m,[) and the index j is given by

j = IN+m, j=1,2,..., M,
|5 [=0,1,2,...,[—1
m = j— |52 N, 1,2,...,N,

(4.21)

Y

where |z| denotes the integer part of z. It can be verified that for the signals in
(4.20) the normalized correlation coefficients are given by

0, |5 # L5
=7 , (4.22)
ylmi), L5 = 5]

where 7;; 2 Tz N~ Tjo =L N- Hence, the set of M signals has correlation matrix
N N
Ayo given by (4.18), and every subset of N signals has correlation matrix Ayrsx given

by (4.19).

4.3.2 Selection of (7, m,...,7)

One criterion for selecting the time shift values = 2 (T1,72,...,7y) is to choose the
values that minimize the probability of symbol error P. in coherent communications

using the N-ary signal set {w(t — ), w(t — 72),...,w(t — 7y)}. The P. (fv—z,/\)

depends only on the symbol SNR value (JEV—O) and the correlation properties A of the
communications signal set.> Hence, we want to find 7° = (™, 75, ..., TPY) that

3The probability of error can be expressed as [52]
1 1
Po(£=a)=1- i exp(—iﬁ—z)‘i( ﬁ—z,A)

where ®(4/ 52, A) = E¢ {exp,/ﬁ—z maxi; o, 1p 18 a Gaussian random vector with probability
density function N(0,A), and E¢ {-} is the expected value operator.
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minimize P. (JEV—Z,AMTSK(T))- This is an optimization problem that can be stated as

follows:

Tzr(rjjﬁlj?irie)ep Pe(%’ AMTSK(T)) -

where P is the region defined by*
(0 < Ti2 S Tw] X (0 < To3 S Tw] X ... X (0 < T(N—I)N S Tw] (424)
We can see that Ayrsx(7) € T, where T is the class of admissible Anyy defined by

1. A=AT,

[N]

. axAzT > 0,Ve e RV,
3. Oém:l,i:l,Q,...,N,
4. Vmingaivj:’)/w(Ti_Tj)Slvi%jvivj:LQv"'va

where R is the set of real numbers. For N = 2 it can be shown that the optimal

solution is 7" = (0, Toni ), and the corresponding correlation matrix is

1 min
Anrsk (TOPY) = [ K ] . (4.25)
Vmin 1

E

For N > 2, the optimal solution 7°* might depend on the (£=) value, and the

corresponding N x N correlation matrix has the form

B, B
1 gt (72) o (%)
alPt(Zsy 1 co. afP(Es
E 21 N, 2N\ N,
Aursk (TP (F5)) = C ) ) s (4.26)
E, Eg
i amcs . 1|

*Since vy, (135) = 0 for 7; > T, we need to consider only 0 < 7;; < Ty
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where
o (1) = (2 () = 7 (5) a1
Note that the time-shift values are interrelated. For example 74 = 75 + 723 + T34.

For any given pulse w(t), this optimization problem is difficult to solve both
by analytic methods and by computer search. For intermediate and high values
of (JEV—O), an approximate solution to the problem in (4.23) is given by substituting
P, (f,—z,AMTSK(T)) by the union bound on the probability of error UBP, (f,—z,AMTSK(T)),
and find by computer search the time shift values 7 2 (7P, 757, oL, TR that

minimize UBP, (ﬁ_ZvAMTSK(T))-E) The corresponding optimization problem is
minimize L o ( B, ) 4.28
i e N om @ (VR0 (4.28)
i#g

To find the solution in (4.28) for high (JEV—O) values,® the calculation in (4.28) can be

approximated by

Foninimize - max(,(7iz), Yu(Tis), - Yu(Tin),

Y T23), YulT24)s - - -5 Yol T2n),

: (4.29)
’Yw(T(N—z)(N—n)a ’Yw(T(N—z)N)n

YulT(N-1)N) )

®Both functions UBP, (ﬁ—z,A) and P, (ﬁ—z,A) are not only close at high (ﬁ—z) values, but also
both P. (£=,4) (weak simplex conjecture, see [52]) and UBP, (£=,a) (see [53]) are minimized by
the regular simplex set at all (ﬁ—z) values. Hence, we conjecture that both functions are minimized
by Awmrsk(TP*(52)) at high (2=) values.

5At high (ﬁ—z) values the signals of the set that are closest together in the signal space (i.e.,
have maximum correlation value) determines the performance bound.
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4.3.3 AWGN performance

For NO PPM signals, the upper bound on error probability in (3.22) (with N, = 1)

reduces to

UBPY°(1) = LYY s e O/SNR&T“K“@)) + (NL-N)Q ( SNR. (1 ))

t#]

(4.30)

where

(A2,
SNROI(1) = (4:31)
N,
and
A(l) 2E5 1 - Jw 7

SNRi/i’fbK(]Z)(l) _ ( ) []\/' i (T] )] (4.32)

[

For N = 2 notice that we have L — 1 orthogonal tests and one “quasi antipodal”

test” for determining the bound. Hence

UBPY(1 <\/SNR§{§>K” 1>> n (2L—2)Q< SNRfuf(l)) (4.33)

is the union bound for the symbol error probability, where

(AW E (1 — Yi)
N, '

SNRMTDK(I 2)(1) —

out

(4.34)

For N = 2 the union bound for the bit error probability UBP.°(1) can be calcu-
lated assuming that complementary binary patterns representing data symbols are
encoded using a pair of signals consisting of the signal and the pseudo-antipodal

version of it. If the decoder decides correctly the orthogonal dimension but errs in

"Recall that the signals w(t)andw(t — Tpi) can not be antipodal since Yy, > —1.
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the pseudo-antipodal test, every bit of the word is incorrect. If the decoder decides
the wrong orthogonal dimension, bit errors are equally distributed. The probability
of a given bit being in error is obtained by averaging over the probability of each of
these types of error. Hence

NO exp(—fz/Q)
UBP® / e =y
/SNR O 2 ¢t

ep(—£/2) |

(2L —2) /
/SINR (1) Vor

out

3 (4.35)

4.3.4 Receiver simplification

We can take advantage of the structure of the NO PPM signals to simplify the

construction of the receiver.

Let x(t) = S;(t — (M) — Cél)(t — 7))+ n(t), where S;(1) is one of the signals in

(4.20). Each of the M channel correlation output can be written

N.T
Ymi = / " ()it — 7O — C§(t — 7 D))t
0
N:—1L-1
- Z Z(S (k+1) modLZm(k Q) (436)
k=0 g¢g=0

where

A ka-I—T( )—|—c§C )Tc-|—(q-|—1)To 1
Lk :/ Duw(t — kT — 7O — D o oy i
Zm (k. q) KT 40 4D T T, z(t) w( FT Cyp, T qTs)
(4.37)

From the expression for y,, , it is clear that the receiver needs only N correlators and
M = NL store and sum circuits. The y,,; can be calculated while x(¢) is received

and no symbol delay occur. This is illustrated in figure 4.4.
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Figure 4.4: This diagram shows one of the N correlators and L of the M = N L store
and sum circuits that are needed in the simplified receiver for NO PPM signals.
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4.4 Numerical example

In this section we calculate the symbol error probability in AWGN for M = 8 for
the three types of signals just discussed. In IR modulation, the UWRB received pulse

w(t) can be modeled by

w(t) = [1 . [tiﬂ exp (—zw Hz) (4.38)

where the value ¢, = 0.4472 ns was used to fit the model w(¢) to the measured
waveform wr(t). The UWB pulse wr(t) is a unit-energy template with duration
T, = 1.0 ns that was taken from a multipath-free and noise-free measurement in a

particular IR link. The signal correlation function corresponding to w(t) is

T(T) = [1 — 4r [ir + 43L2 [i] 4] P (_W [%

In this case 7, = 0.2419 ns and 4, = —0.6183. Both w(? — TTUJ) and ~,(7) are

2). (4.39)

shown in figure 4.5. Using this w(¢) we can calculate

tn)? tn)?
Fu(f) = V2t, lm; ) ]exp—Lf2 ) (4.40)
which has a maximum at f = i % = 1.7842 Gigahertz. Figure 4.6 shows a a

normalized plot of F,(f) calculated using t,, = 0.4472 ns.

To calculate the performance bound for OR PPM signals, notice that (4.3) can
be rewritten

UBPZ™(1) = UBP, (£.005) (4.41)
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Figure 4.6: Fourier transform F,(f) of the pulse w(t).
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and we just need to evaluate (4.41) for different values of (ﬁ—) To calculate the

performance for EC PPM signals, notice that (4.12) can be rewritten

UBPF(1) = UBP, (£ aec)

= UBP, (£20-3)80n) - (4.42)
To calculate the performance for NO PPM signals, notice that (4.30) can be rewritten

UBPY(1) = UBP, (£ ay)

= UBP. (£ 0n) — DUBPe (£ Aurerdon ) - (4.43)

where DUBPe (fv—z,AMTSK,Z\OR) is the difference in performance between the NO PPM

signal set and the OR PPM signal set for the same value of M, and is given by

2

DUBPe (£ Awrer.for ) UBP, (£ .005) — UBP, (£ a0 (4.44)

= (NL—-1)Q (/£) — UBP, (Lturer ) —
(NL-N)Q (/%)
= (N=1)Q (/%) — UBP. (£ anrer)

= UBP, ( AOR) UBP, ( AMTDK)

where Aoy is an N x N identity matrix corresponding to a set of N orthogonal
signals. Hence, the difference in performance DUBPe (fv—z,AMTSK,Z\OR) is dictated by

N and is independent of L.

In this example we evaluate (4.43) for M = 8 with L = 2. This requires the
calculation of 7°%* (JEV—O) in (4.28) for N = 4 and different values of (JEV—O) For each

value of (JEV—O) considered, the minimization is carried in two steps. In the first step
~opt ~opt 2opt ~opt

a coarse approximation to 7" = (777, 75", 757, 747") is found by exhaustive search

in the region P defined in (4.24) with an incremental step of 0.01 nanoseconds. In
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the second step this coarse value is used as a starting point of a simplex search

method [54]. This provided a more precise value of 7°7" = (77", 757, 757", 747"). Table

4.1 shows 7°" (JEV—O) for different values of (JEV—O) Table 4.2 shows the corresponding
values of UBP, (ff_ZvAMTSK(j—OPt(&))) and DUBPe (ﬁ—Z,AMTSK(f’m(ﬂ)),AOR)-

No No

(%) P (A A A )
(dB) (ns)
2 (0.0,0.19381752,0.35302358, 0.54683541 )
4 (0.0,0.19068768, 0.35045188,0.54113714)
6 (0.0,0.18725300, 0.34807298, 0.53531977)
8 (0.0,0.18460247,0.34689223, 0.53149639 )
10 | (0.0,0.19072413,0.35430263, 0.54500740)
12 | (0.0,0.15057900, 0.30033943, 0.45092310)
14 | (0.0,0.14558436,0.29101003, 0.43657833)
16 | (0.0,0.14279746,0.28555227,0.42832342)
18 | (0.0,0.14095107,0.28180320, 0.42274070)

Table 4.1: Values 7 (JEV—O) for N=4 calculated using the pulse in (4.38) to solve the

minimization problem in (4.28).

Figure 4.7 shows UBP, (£2a05), UBP, (£2a5c) and UBP, (£2.4y,) for N =4,
L=2M=S8

4.5 Conclusion

This section described the construction of orthogonal, equally correlated and N-
orthogonal block waveform PPM signals for ultra-wideband impulse radio modula-
tion. The construction uses a set of time-shift-keyed signals to construct the PPM
signals. In the N-orthogonal PPM case the signal design depends on the SNR value
at which the communications link is operated, since in this case the optimum set of

time-shift-keyed signals is a function of the SNR value.
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UBPe(fz—ZAMTSK)
(prob. of error)

UBP,(£.40)
(prob. of error)

DUBPe(ff—ZyAMTSKJXOR)

—~
OOCTJ»Jk[\')g_j‘

10
12
14
16
18

2.4003952F !
1.1726925 1
4.1460574 F 2
9.1811626 K
1.0597741 £~
4.4588128 F~°
3.2869771E~7
1.55400285~1°
9.3470225 K16

3.1208591 K1
1.6948590 !
6.9021416 2
1.8013159 K2
2.3481033 F~°
1.0290787E~*
8.0854443 7
4.1970834 E~10
2.9535000 £~ 1°

7.2046391 £ 2
5.2216648 F 2
2.7560842F 2
8.8319966 >
1.2883292
5.8319742F~°
4.7984672E 7
2.6430805F£ 10
2.0187984 1%

Table 4.2:

vahles UBPe(ﬁ_Z7AMTSK)7 UBPe(f]—Z,AOR) and DUBPe(ff_ZvAMTSKJXOR) corre-
sponding to 7°™ (E—) in table 4.1.

No

Symbol Error Probability
=
o

+ Equally correlated
O Orthogonal
% N-Orthogonal

5 6 7 8

Symbol (Es/No) in dB

Figure 4.7: The UBPe(ﬁ—Z,AEC), UBPe(ﬁ—Z,AOR) and UBPe(ﬁ—Z,ANO) for N =4, L =2,

M = 8.
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Since the PPM signals are linearly independent, it is not possible to reduce the
dimensionality M of the signal set. Nevertheless, we can take advantage of the
structure of the PPM signals to reduce the complexity of the receiver and use less
than M correlators combined with M store and sum circuits without introducing a

symbol delay.
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Chapter 5

Multiple-access performance using block

waveform encoding TH PPM signals

In this chapter we evaluate SNRU:)(N,) in (3.57) for the three types of block wave-
form encoding PPM signal sets presented in chapter 4. Once SNREi’j)(Nu) is known,
we can use the corresponding expressions for symbol error probability derived in

chapter 4 to analyze the multiple-access performance of these signals.

5.1 Performance using orthogonal signals

For the orthogonal signals in section 4.1 we have that
8 = [(k+j — 1) mod M]Toy, (5.1)
for1<j< Mand k=0,1,2,..., Ny — 1. Hence
i) = wl(p — [(k 4 — 1) mod M)Tor) — w(p— [(k+ i — 1) mod M]Tor) (5.2)
for k=0,1,2,...,Ny—1land j#1, 3,4 =1,2,..., M. Using (5.2) in (3.47) we get

~ D JANN
Oorn  — Okji
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= &i([(k + 7 —1)mod M]Tog, [(k+1¢—1)mod M|Tyx)

_ Tif/ m? (s, [(k+ 5 — 1) mod M]Tom, [(k + i — 1) mod M]Tos) ds

= [ B 0547 = 1) mod MYTon) = (s = [0+ = 1y mod Mo s
9 ?—i“/_ (s = 0) = (s = Ton)] ds foralli #

_ Tif/_ m,(c,0, Ton) de

520, Tor),

(5.3)

where € = 2(T,, + (M — 1)Tog )(see(2.28)).! Notice that step (7) is possible because
|65 — 87| > Ty, i.e., in the range of integration [—e¢, €] the functions v, (¢ — [(k+ j —
1) mod M]Tg) and v, (s — [(k 4 ¢ — 1) mod M]Tox) do not overlap for j # i. Hence

N.—1

A2 _ ~2
Z%m = Noooy
k=0

= N, 62(0,Ton), € =2(Ty + (M — 1)Toy). (5.4)

Similarly, it can be shown that

mon = my (6%, 85, 6F)
= mu([(k+j— 1) mod M]Tog, [(k+j — 1) mod M]To, [(k +i — 1) mod M]T0z)
= myu(0,0,Toz). (5.5)
Hence
N.—1
Z mw((sfv(sfv(sf) = Ns;mog
k=0

- NS mw(07 07 TOR)7 € = Q(Tw ‘I_ (M - 1)TOR)‘ (5.6)

!Note that for this type of orthogonal signals the parameter ¢ grows with M, therefore for large
values of M the assumption in (e) and the assumption &4 ;; ~ 0 both will need to be revised.

60



The value in (5.6) corresponds to mj; in (3.56) with a;; = 0. Substituting (5.4) and

(5.6) in (3.58) we get

g (8t 88, 30)]

32730
Ne—1 22
Ng Y20 Tk

2
OR

I

ﬁoR

m

Ten
m2(0,0, Tog)
= 2 e=2T,+(M-1T
P10 Ty ¢ A (=T,

and the expression for the symbol SNR in the case of orthogonal signals is

-1

>

SNRY(N,)

out

LT, G |
T, Tf Zi\gz (A(V) )2

A1)

Note that (5.8) can be rewritten as in (3.60) to give

A E
SNRZ(N,) = UL
NO —I_ NOR
where
A Al
NOR = Z Nél;{)
v=2
and

I
~~
T
—_
A
~—
~—
[}

NW

OR

L, /<Tw+TOR> [ul$) = uls = To))”
S
Tf —(Tw+Tor) [’Yw(o) - Vw(TOR)]

forv =2,3,..., N,.

(5.8)

(5.9)

(5.10)

(5.11)

The expression in (5.8) gives the symbol SNR value for use in the expression for

bit error probability in (4.5) for N, greater than one.
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5.2 Performance using equally correlated signals
For the equally correlated signals described in section 4.2 we have that
e{n=00<n<T,} (5.12)

for k=0,1,2,..., N, — 1, and

w(p—m) —w(p—7) #0
or , for 2=t hops
veilp) = w(p—m) —w(p—m)#0 (5.13)
o w(p—m)—w(p—m)=0
or , for ¥ 52_1 hops
w(p—m) —w(p—7)=0

Using (5.13) in (3.47) we notice that, for the % hops in which vy ;:(p) = 0,

&zm = 0, and for the _st-l—l hops in which vt ;,(p) # 0,

&Z’j’i - Tf_l /—e (/—oo w(p B g)

w(p —11) —w(p — 1)
or dp| ds

w(ﬂ —72) - w(ﬂ —Tl)
() = (s =) |

B2 e
S ds
T /_ o

Yw(s = T2) = Yw(s)
B2 e
= 7 [ Oule) = uls — m)ds
= Tf_1 E m?(¢,0,7) ds

—€

= 52(0,7), (5.14)
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where € = 2(T,, + 72). If we define

. 2 e
Gac = T—f/_emfu(g,(),rg)dg

= 262(0,7),

we can write

142 Ns —I—l
~2 30Ec) for hops
0

O-kv 472' - ‘
! , for Y=L hops
Hence
N, +1 62,
Z Tl T T3
Ns .
~ T 62, for Ny >> 1.
Similarly, we can write
mw(7—177—177—2)
or , for N'H hops
Moy (T2, T2, T1) = My(T1, 71, T
a8}, 08 = 44 AT e
mw(Tllele) =0
or ) for & 52_1 hops
My (T2, T2.12) =0
If we define

Mec é mw(07 07 7—2)

we can write

N.—1
. N, +1
Z (5f75f752k) = il Mec
k=0 2
N
>~ 7 Mec, Ns >> 1,
N
== 777%(0,0,7'2), GZQ(Tw—I—TQ)

(5.15)

(5.16)

(5.17)

(5.18)

(5.19)

(5.20)
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The value in (5.20) corresponds to m;; in (3.56) with «j; = A. Substituting (5.17)
and (5.20) in (3.58) we get

2

mEC

I

ﬁEC

52
O-EC

m2 (0 0 72)
= w2/ =2T,+ 7 5.21
263}(07;2) ¢ ( 2)7 ( )

and the expression for the symbol SNR in the case of equally correlated signals is

-1

-1
AR (-] | LT,
N s e TTNQEZ()?] ]
0 w Ly 5N (A(l))
(5.22)
Note that (5.22) can be rewritten as in (3.60) to give
ADVZE (1 - ))
SNRI(N,) = ( ° 5.23
out( ) No _I_ NEC ( )
where
PR
Npe = N® (5.24)
v=2
and
Ew (Tw+7—2) w - Jw - ?
Ty J=@utm)  [w(0) = Yu(n)]

forv =2,3,..., N,.

The expression in (5.22) gives the symbol SNR value for use in the expression

for bit error probability in (4.14) for N, greater than one.
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5.3 Performance using N-orthogonal signals

For the N-orthogonal signals in section 4.3 we have that
8% € {7, + [(k + () mod L] T,} (5.26)

for j=1,2,..., M, J_]—L%JNzl,Z,...,N,andl: | =0,1,2,...,L—1.

Hence
vkgi(p) = wlp = 87) — w(p — 6f) (5.27)

for k=0,1,2,...,Ny—1land j #1, 5,4 =1,2,..., M. Using (5.27) in (3.47) we get

Orji = Tf_l/E (/Oo wip—<) [wlp— ) —wip— s8] dp) d

EEU € 2
= 7 [ bt = et - 8] s
= 6. (65,85), (5.28)

where € = 2(T,, + 75 + (L — 1)T,).2. When the pair of signals (j,7) each one belongs

to distinct disjoint (orthogonal) subsets (i.e. L%J + L%J), we have that

|67 — 8¢ = T, (5.29)

In this case, we can use a procedure similar to the one used in orthogonal signals to

show that
ZUWZ (5.30)
and
Ne—1
> mu(8F, 6%, 65) = Nemox. (5.31)
k=0

ZNote that for this type of N-orthogonal signals the parameter ¢ grows with L, therefore for large
values of L (i.e., large values of M = NI for N fixed) the assumption in (e¢) and the assumption
Gk, ~ 0 both will need to be revised.
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When the pair of signals (j,7) both belong to one of the L subsets containing N

signals (i.e. [ = |5 ]), we have that

5k — 5f =7, T (5.32)

J

for k=10,1,2,..., N, — 1. Hence, in the range of integration [—¢, ¢] we can write

[ buts = —mls =] ds = [ ulc=m) = yuls = m)lds

(5.33)
therefore
~ VANNEEN
Ul?/[TSK(j,i) = UZ,J‘,Z'
E2 e 2
= T/ [yl = 70) = (s — )] ds
f —€
1 €
— T_f/—e mfu(g,rj,rj) d¢
= OA-Z)(TJ7 TI)‘ (5.34)
Hence
Ne—1
Z &z,j,i = N a-l?/ITSK(j,i)
k=0
= N,62(r),m), e=2(Ty + 75 + (L —1)T,). (5.35)
Similarly, it can be shown that
A
Mursk(si) — mw((Sf, 5f7 55)
= M7 7, T1). (5.36)
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Hence

Z mw((Sf,(Sf,(Sf) = N, Mursk(j,9)
k=0
= Nymy(7,,77,71), (5.37)
e=2(Ty+ v+ (L—-1)7T,),
. 7 —1 .
J=7—|—|N, 1 <7< M.

The value in (5.37) corresponds to m;; in (3.56) with a;; = v, (7, — 71). Putting the

two cases together, we can write

Ne—1 NSA2 7 { J—1 i—1
S { T o LR 7 15 (5.35)
k=0 NSUMTSK(j,i)v for LTJ = LTJ
and
Ns—1 N, { i=t i1
> ma (68,68, 6F) = oms o LJ_VIJ 7 LJ_VIJ : (5.39)
k=0 NsmMTSK(]’,i)v for LTJ = VTJ
Hence, the expression for the symbol SNR is
SNR (), for |15+ # 5]
SNRYUI(N,) = : (5.40)
SNRUUI(N,), for | 55L] = 5]
where SNRJH(N,,) was calculated in (5.8) and
1 -
SNRMTSK(j,i)(N ) é [(A(l))QEs(l Oé]z)] E& ﬁMTSK(j,i) 2] ]
h N, Ty Ty §Nu_ (AW ’
DAL (ﬁ(l))
(5.41)
where
A mf/ITSK(]’,z’)
ﬁMTSK(]ﬂ) = &72
MTSK(j,7)
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I P T)) (5.42)

&Z;(TJ?TI)

. ) — 1
e=2AT,+7n+(L—1T,), J=j— |I—|N

was calculated by substituting (5.35) and (5.37) in (3.58). Note that (5.41) can be

rewritten as in (3.60) to give

out

where
A R o)
NMTSK(N) = Z NMTSK(]’,i) (5.44)
v=2
and
N» A (A(V))2&/2(TW+TN) (s = 7)) = Yuls — )] de
MTSK(j,7) Tf —2(Tw+7n) [’yw(TJ — TJ) — ’yw(rj — 7-1)]

(5.45)

forv =2,3,..., N,.

The expression in (5.40) gives the symbol SNR values for use in the expression

for bit error probability in (4.35) for N, greater than one.

5.4 Numerical results under ideal power control

In this section we make numerical calculations of the multiple-access performance,

degradation factor and capacity for the three types of signals just discussed. The
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pulse shape w(t) and the signal correlation ~,,(7) are the same used in the example

in section 4.4, and are reproduced here for convenience

w(t) = [1 ~dr H 2] exp (—zw [tir) (5.46)

wor= o [T o (S[T) e

Note that, given the pulse w(t), for depends on Tor, Bee depends on 73, and, for

and

N = 2, Bursk(;i) depends on %;pt. In general, Ty, 7 and %;pt can be chosen either
to maximize the corresponding [ or to maximize the corresponding SNR,,.(1). The
first situation is desirable when the multiple-access interference dominates, while the
second situation is desirable when the AWGN dominates. In the present analysis

the values of 7 and 75" were chosen to maximize SNRES(1) and SNRMTS€()(1),
respectively. The value of Tox > T, does not affect directly the value of SNRZ (1),
and was chosen to simplify the analysis in the presence of multiple-access interfer-

ence.

Table 5.1 shows the parameters necessary to calculate the three SNR values

SNRb’*(N,), SNRbC (N, ) and SNRbi/fSK(l’z)(Nu) for three different pulse widths.

Using set 1 of the parameters in table 5.1, figures 5.1 to 5.9 and 5.11 to 5.16 were

calculated.

Figures 5.1, 5.2 and 5.3 show the multiple-access performance of IR for the EC
PPM, OR PPM and NO PPM signal sets, respectively, using R, = 9.6 Kbps for each
user. These curves represent the base 10 logarithm of the probability of bit error,
as a function of number of simultaneous users N, for different values of M (with
N = 2 for the NO PPM sets) under perfect power control conditions. The bit (%)
was set to 11.40 dB. This resulted in a one-user bit SNR of SNRbZ (1) = 10.48
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= . an i ! = . correspon in to a
dB, SNRb ¥ (1) = 11.40 dB, and SNRb¥™*(12)(1) = 13,49 dB, ponding

one-user bit error probability of UBPF(1) ~ 4.04 x 107*, UBPJ®(1) ~ 1.01 x 107,
and UBP}?(1) ~ 1.08 x 107, respectively, with M = 2.

Figures 5.4, 5.5 and 5.6 show the multiple-access performance of IR for the
EC PPM, OR PPM and NO PPM signal sets, respectively. The curves show
performance for the pairs (R, = 38.4 Kbps, M = 2), (R, = 19.2 Kbps, M = 2),
(Ry = 9.6 Kbps, M = 2), (R, = 19.2 Kbps, M =4), and (R, = 38.4 Kbps, M = 16).

Figures 5.7, 5.8 and 5.9 show the multiple-access performance of IR for the EC
PPM, OR PPM and NO PPM signal sets, respectively, using R, = 1048 Kbps for
each user. The bit (%) was set to 14.30 dB. This resulted in a one-user bit SNR
of SNRbES(1) = 13.39 dB, SNRb*(1) = 14.30 dB, and SNRbMT*(1:2)(1) = 16.40
dB, corresponding to a one-user bit error probability of UBPE(1) ~ 1.9 x 107°,

UBP®(1) ~ 1.0 x 1077, and UBP}°(1) ~ 2.5 x 107! respectively, with M = 2.

Figure 5.10 show the multiple-access capacity of IR Cx(N,) in bits per second
defined in section 3.5 for EC signals, corresponding to the sets 1,2, 3 of parameters

in table 5.1.

Figures 5.11 and 5.12 show the number of users N,(DF) as a function of the
degradation factor DF for the EC PPM and OR PPM signal sets, respectively, using
Ry = 9.6 Kbps per user. These curves represent N,(DF) for different values of

M under perfect power control conditions. For every value of M considered, the

one-user bit SNR SNRbZS (1) and SNRbI¥(1) were set to get a one-user bit error

out out

probability of UBP;¢(1) ~ 1073 and UBP;"(1) ~ 1072, respectively.

Figure 5.13 shows N,(DF) for the OR PPM signal set, using R, = 9.6 Kbps per
user. The curves are calculated for the pairs (M = 8, P, = 107°), (M = 4,P. =
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1074), (M = 2,P. = 1072), (M = 2,P. = 10™*) and (M = 2,P, = 107°) with
P, = UBP"(1).

Figure 5.14 shows N,(DF) for the EC PPM signal set, using R, = 9.6 Kbps per
user. The curves are calculated using 2 < M < 1024 with UBPF(1) ~ 1072, Also
shown is the value of N,(DF) — Ny for large values of both DF and M.

Figures 5.15 and 5.16 shows Ny (DF) for the EC PPM and OR PPM signal sets,
respectively, using R, = 1048 Kbps per user. These curves represent N,(DF) for
different values of M under perfect power control conditions. For every value of
M considered, the one-user bit SNR SNRbZS (1) and SNRb (1) were set to get
a one-user bit error probability of UBP{“(1) ~ 1E — 7 and UBP/®(1) ~ 1F — 7,

respectively.

5.5 Discussion of results

From figures 5.1, 5.2 and 5.3, the benefits of using block waveform modulation are
evident. By using higher values of M other than 2, it is possible either to increase
the number of users for a fixed probability of error, or to improve the probability
of detection for a fixed number of users N,, without increasing each user’s signal
power. It can be seen that the benefit in going from one value of M to the next
value actually decreases as M increases, a behavior similar to the performance of
block waveforms in AWGN. It is also clear that NO PPM ranks first, OR PPM ranks
second, and EC PPM ranks third in terms of multiple-access performance. This is
to be expected because NO PPM ranks first, OR PPM ranks second, and EC PPM
ranks third in terms of “good” correlation properties. This behavior is similar to

the performance of block waveforms in AWGN.
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set 3 of

set 1 of set 2 of
parameters parameters parameters
t, = 0.2877 ns t, = 0.4472 ns t, = 0.7531 ns
T, = 0.75 ns T, = 1.2 ns T, = 2.0 ns
Twin = 0.1556 ns Toin = 0.2419 ns Tom = 0.4073 ns
52, = 0.000121 52, = 0.000454 52, = 0.002167
mi. = 0.0305 m?, = 0.0737 mi. = 0.2089
ﬁEC - 253.42 ﬁEC - 162.28 ﬁEC - 96-37
&2, = 0.000035 &2, = 0.000130 52, = 0.000619
m2, = 0.0116 m?, = 0.0281 m?. = 0.0798
0% ey = 0.000060 | 62, 0p = 0.000227 || 62,4, = 0.001084
mf/ITSK(LQ) = 00305 mf/ITSK(Lz) = 00737 mf/ITSK(LQ) = 02089
ﬁMTSK(l,Q) = 504.54 5MTSK(1,2) = 324.57 5MTSK(1,2) = 192.72

CTOT — 33964 Glgablts

CTOT — 23412 Glgablts

CTOT — 13903 Glgablts

Table 5.1: Parameters calculated using 7

and Ty = 100 ns.

= Tmin 9

_ ~opt ~opt
Tor = 2T, 77" =0, 75" = Toi

72



The values of M used in figures 5.1, 5.2 and 5.3 are consistent with the assumption

(2.28) in (e) and the assumption &, ;; ~ 0, which impose a limit on the size of M for

both OR PPM and NO PPM signals. For the EC PPM signals there is no restriction

3 These curves show that, under relatively ideal conditions,

on how far M can go.
IR modulation with block waveform PPM signals using moderated values of M is
potentially able to support thousands of users, each transmitting at a rate about ten

Kbps at bit error rates of 1074,

From figures 5.4, 5.5 and 5.6 we see another advantage in using M > 2. We
observe that for a fixed N,, the multiple-access performance degrades as R; is in-
creased for M = 2 fixed. Also, we observe that for fixed N,, the multiple-access
performance can be maintained or even increased as Ry is increased when M > 2

is used. In both cases the SNRb,,,(N,) is kept constant as R, changes.

Figures 5.7, 5.8 and 5.9 repeats the calculation shown in figures 5.1, 5.2 and 5.3,
but now using a high bit data rate and lower bit error probability. Theses curves
show that, under relatively ideal conditions, IR modulation with block waveform
PPM signals using moderate M is potentially able to support hundreds of users,
each transmitting at a rate over a Megabit per second, with error rates as low as

1078,

In both low data rate (figures 5.1, 5.2 and 5.3) and high data rate (figures 5.7,
5.8 and 5.9) cases, the combined transmission rates give a transmission capacity of

over 500 Megabits per second using receivers of moderate complexity.

From figure 5.10 it is clear that the multiple-access capacity per user of IR in

bps Ciw(N,) = 3.3964 Gigabits using set 1 is higher than Cz(N,) = 2.3412 Gigabits

30f course, there are other factors such as decoding delay, minimum symbol SNR, for acquisition
and tracking, and increased sensitivity to mismatched system parameters, that will eventually limit
the maximum value of M to be used in practice.
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using set 2, which in turn is higher than Ciz(N,) = 1.3903 Gigabits using the set 3
of parameters in table 5.1. Similarly, from table 5.1 we see that the total multiple-
access capacity of IR in bps Crop using set 1 is higher than Cror using set 2, which
in turn is higher than Cpop using the set 3 of parameters. This is to be expected
since the set 1 corresponds to “more impulsive” signals, which means that the TH
PPM signals corresponding to different users are less likely to suffer collisions among
them. Another point of view is that a narrower pulse implies more spreading gain

in the frequency domain.

Figures 5.11 and 5.12 show how by using higher values of M other than 2, it
is possible to increase the number of users N, as a function of additional amount
of SNR required (i.e., degradation factor DF), for a fixed probability of bit error.
Figure 5.13 shows the same effect when the probability of error is decreased. Again,
it can be seen that the benefit in going from one value of M to the next value actually
decreases as M increases. This is more evident in figure 5.14, where the number of
users N, (DF) is shown to reach a maximum Ny no matter how large both DF and

M become.

Figures 5.15 and 5.16 repeat the calculation shown in figures 5.11 and 5.12, but

now using a high data bit rate and lower bit error probability.

It can be observed that, for a fixed SNRb,,,(1) and Ry, the N,(DF) curves have
a threshold effect, i.e, the number of users grows significantly only in specific regions

defined by DF. This threshold effect is also observed when M is varied.

All these curves provides valuable guidelines to design a system in applications
that require low R, and moderate bit error rate, as well as applications in which high
values of R, and low values of bit error rate are required. In both applications, it is

convenient to choose system parameters values in those regions where the number of
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users grows rapidly as additional SNR is provided, as well as in those regions where
the multiple-access performance suffer gradual degradation as the number of users

is increased.

EC PPM for Rb=9.6 Kbs and SNRbout(1)=10.48 dB
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Figure 5.1: The base 10 logarithm of the probability of bit error for EC PPM signals,
as a function of the number of simultaneous users N, for different values of M, using

Ry, = 9.6 Kbps, SNRb.: (1) = 10.48 dB and set 1 of parameters in table 5.1.
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OR PPM for Rb=9.6 Kbs and SNRbout(1)=11.4 dB
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Figure 5.2: The base 10 logarithm of the probability of bit error for OR PPM signals,
as a function of N, for different values of M, using R, = 9.6 Kbps, SNRb (1) =
11.40 dB and set 1 of parameters in table 5.1.
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NO PPM for Rb=9.6 Kbs and SNRbout(1)=13.49 dB
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Figure 5.3: The base 10 logarithm of the probability of bit error for NO PPM
signals, as a function of N, for different values of M, using R, = 9.6 Kbps,
SNRbMTSK(l’z)(l) = 13.49 dB, SNRb{ (1) = 11.40 dB and set 1 of parameters

out out

in table 5.1.
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EC PPM for SNRbout(1)=10.48 dB
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Figure 5.4: The base 10 logarithm of the probability of bit error for EC PPM signals,
as a function of N, for different pairs (R,, M), using SNRb. (1) = 10.48 dB and
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NO PPM for SNRbout(1)=13.49 dB
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Figure 5.6: The base 10 logarithm of the probability of bit error for NO PPM signals,
as a function of N, for different pairs (R;, M), using the value of SNRbi/fSK(l’z)(l) =

13.49 dB, SNRb (1) = 10.40 dB and set 1 of parameters in table 5.1.
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OR PPM for Rb=1048 Kbs and SNRbout(1)=14.31 dB

o-
o- 7 o X=X X
_4 e IO
e~ - —+
- — —+
) X I
- > -
o % _ o+
- X _ + -
—-6r o =< L -
7 X /*/ ///
5 < 7 Pt
< -8t X i e
7
<] x A7 e
g , . .
-
o P 7 -
Qo - I 7
g 10 , * y
/ 7
o N ’ . o M=2
5 / A s
o 12 / , , X M=4
- 7 / e
gﬁ a / + M=8
o / /
, , M=16
/
—-14+ + ,
/ /
/ /
/ /
-16F * /
/ /
/ 1

| | | | | | | |
50 100 150 200 250 300 350 400 450
Number of users Nu

Figure 5.8: The base 10 logarithm of the probability of bit error for OR PPM signals,
as a function of N, for different values of M, using R, = 1048 Kbps, SNRb (1) =
14.30 dB and set 1 of parameters in table 5.1.
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Figure 5.9: The base 10 logarithm of the probability of bit error for NO PPM
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EC PPM for Rb=9.6 Kbs and Pe=10"(-3)
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Figure 5.11: The number of users N, (DF) as a function of the degradation factor DF
for EC PPM signals, calculated for different values of M under perfect power control
conditions using R, = 9.6 Kbps, P, = UBP{(1) ~ 107 and set 1 of parameters in
table 5.1.
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OR PPM for Rb=9.6 Kbs and Pe=10"(-3)
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Figure 5.12: The number of users N,(DF) for OR PPM signals, calculated for
different values of M under perfect power control conditions using R, = 9.6 Kbps,
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Figure 5.13: The number of users N, (DF) for OR PPM signals calculated for differ-
ent pairs (M, P.), with P. = UBP."(1). The curves were calculated using R, = 9.6
Kbps and set 1 of parameters in table 5.1.
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EC PPM for Rb=9.6 Kbs
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EC PPM for Rb=1048 Kbs and Pe=10"(-7)
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Figure 5.15: The number of users N,(DF) for EC PPM signals, calculated for dif-
ferent values of M under perfect power control conditions using R, = 1048 Kbps,
UBP{®(1) ~ 1077 and set 1 of parameters in table 5.1.
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Figure 5.16: The number of users N,(DF) for OR PPM signals, calculated for
different values of M under perfect power control conditions using R, = 1048 Kbps,
UBP®(1) ~ 1077 and set 1 of parameters in table 5.1.
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Chapter 6

Performance of IR in the presence of dense

multipath

In this chapter we make an assessment of the performance of non-binary IR mod-
ulation in an indoor multipath environment with detection using a Rake receiver.
For a particular set of M = 4 signals and symbol error probability of 1073, the
performance in the presence of multipath using a mismatched Rake receiver with
K =10 fingers is shown to be, on average, just 3 dB worse than performance in the

absence of multipath using a correlation receiver.

6.1 Channel and signal models

6.1.1 Channel models

In this analysis we consider two types of channels. (1) IR-AWGN: Wireless IR chan-
nel with free space propagation conditions and AWGN. This model was described
in section 2.1. (2) IR-MP: Wireless indoor IR multipath channel. In this model the
transmitted signal is \/E,w,(t) and the received signal is \/E,w(u,t) + n(t). The

pulse /F,w(u,t) is a time spreaded version of \/F,w(t), with duration T,,, >> T,
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and average energy F,. The u indexes an event taking place in the sample space of a
certain random experiment. The random experiment is a measurement experiment
performed in an office building where w(u, )| =u,=(R.,1,.7,) denotes the IR-MP chan-
nel pulse response measured in the absence of noise at position (/,,.J,) inside room
R,. For performance analysis purpose, it will be assumed that the IR-MP channel

can be characterized by the ensemble of pulses responses

{w(ue, 1)}, uo =1,2,. .., u. (6.1)

6.1.2 Signal models

In the present analysis we assume one user and perfect synchronization. Under these
circumstances, the spread spectrum time-hopping sequence modulation has no effect
on the correlation properties of the communication signals, and will be omitted in
the expressions defining the signals and their correlation values. Analysis is further
simplified by noting that the set of communication signals, each one consisting of a

train of N, time-shifted subnanosecond pulses of the form

N.—1
S VEw(l —1—kTy), j=12,...,M, (6.2)
k=0

and the set of time-shift-keyed (TSK) communication signals

VEsw(t—15), j=1,2,..., M, (6.3)
both have the same set of normalized correlation matrix Aq for

=01 <7 <Ty...,tmu-1 <y < (M -=1T, < Ty (6.4)
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where T is the frame period of the pulse train in (6.2). The energy in a signal
in (6.2) is N, times the energy in a signal in (6.3). We will assume that the same
statement is true for communication signals used in the IR-MP channel, i.e., the set

of communication signals

N.—1
S Eaw(u it — 1 —kTy), j=1,2,..., M, (6.5)
k=0

and the set of communication signals

VE(u,t—15), j=1,2,..., M, (6.6)

both have the same set of normalized correlation matrix /N\TSK(u) for the time shifts
in (6.4) and 7py + T,, < Ty. The average energy in a signal in (6.5) is N, times the

average energy in a signal in (6.6).

6.2 Receiver signal processing and performance

in a multipath channel

6.2.1 Receiver signal processing

In the IR-AWGN model, the impulse response of the channel is (slowly) time-
invariant and deterministic. When the communication signal \/E_Swm,(t — ;) is
transmitted, the received signal consists of the signal /E,w(t — ;) plus AWGN.
Therefore, the detection problem becomes the coherent detection of M signals in
the presence of Gaussian noise, and the optimum receiver is the correlation receiver

(CRcvr), i.e, a bank of filters matched to the M signals used to convey information.

In the IR-MP model, the impulse response of the channel is time-variant and

random. When the signal /Fsw,(t — 7;) is transmitted, the received signal consists
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of the communication signal /E,w(u,t — 7;) (modified by the channel in some
random form) plus AWGN. In order to be able to derive the optimum receiver, a
precise statistical characterization of the channel is required. Mathematical models
of real-world channels are usually derived making not quite realistic assumptions in
order to make the model analytically tractable. In this sense, the optimum receiver
derived using those channel models is not optimum for the real-world channel. This is
specially true for UWB signal propagation, where the UWB signals suffer frequency
distortions as they propagate through walls and other obstacles. A different approach
that bypasses this modeling problem and permits performance characterization of a

realizable receiver is explained here.

Conditioned on the random event u = u,, the impulse response of the channel
is time-invariant and deterministic. In this case the received signal consists of the
communication signal /E,10(u,,t — 7;) plus AWGN (of course, for different u,, the
sets of received signals are different). For every u = u,, the theory of the CRcvr can
be applied, i.e, the optimum receiver is a bank of filters matched to the M signals
VE0(u,,t —7;), 7 =1,2,.... M. The problem is that this receiver must be able
to match the random variations in the received signal for every v = u,. With this
motivation, we introduce the perfect Rake (PRake) receiver, a super Rake receiver
that has an unlimited number of correlation resources and is able to construct a
reference signal \/F,w(u,, —(t — 7;)) that is perfectly matched to the signal received
V' E 0(u,,t —7;) over the multipath channel. For every u = u,, performance analysis
using the PRake receiver can be calculated, and the average performance can be

obtained by averaging over all values of w.

The PRake receiver provides the best performance attainable. But the PRake
receiver is difficult (if not impossible) to build. We only can build a simpler sub-

optimum but viable receiver to demodulate the signals. With this motivation, we
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introduce the mismatched Rake (MRake) receiver, a receiver analogous to the con-
ventional Rake receiver [5] that has a limited number K of correlators or fingers and
is able to construct a reference signal \/ﬁﬁ)(m(uo, —(t — 71;)) that is only a mis-
matched version of the signal \/F,w(u,,t — 7;) received over the multipath channel.
The part of the received signal that is not matched in the MRake receiver, denoted

E(SK)IT)y()(uO,t —7;), will act as some form of interference that must be taken into
account, especially for small values of K. Again, for every u = u,, the theory of the
CRcvr can be applied, and performance analysis using the MRake receiver can be

calculated. The average performance can be obtained by averaging over all values

of u.

To make this idea work, we need a good representation for all possible received
signals \/E_aﬁ)(uo,t — 7;). One way to get a very accurate representation is to use a
pool of noise-free measured signal responses of the channel under study (Of course,
these signals must be the actual signals used for communications over the multipath
channel). As the size of this pool gets larger and larger, the performance curves
will be more representative of the performance attainable in that particular channel.

These ideas are explained more in detail in the following sections.

6.2.2 Receiver reference signals

Assume /Fswy,(t — 7;) is transmitted over the IR channel in the absence of noise.

The signals received in the IR-AWGN and IR-MP channels are / Esw(t — 7;) and
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VE0(u,t — 7;), respectively. The reference signals used by the receiver in the

demodulation process are

VEw(—(t — ;) (IR-AWGN CRevr)
VE0(u, —(t = 7;)) (IR-MP PRake) , (6.7)

E(SK)ITJ(K)(% —(t _ T]‘)) (IR-MP MRake) ,

where \/ E(gmﬁ)(m(u, t —7;) is the “K-paths mismatched version” of \/FE,w(u,t — 7;)

given by

E(SK)LTJ(K)(u,t —7)

kZi: ag(u) w(t — 7 (u)). (6.8)

The values of {ag(u)} and {7 (u)} are calculated finding the K strongest peaks in the
envelope of the filtered signal w(u,t) * w(—t)/v/Fy, where % denotes the convolution

operation. The signal
E(SK)LTng)(u,t —7j) = \ Fow(u,t — 1) — E(SK)LTJ(K)(u,t —7), (6.9)

is the “complement” of \/ E(SK)IT)(K)(U,ZL — 7;), i.e., the part of /E,w(u,t — 7;) that
is not matched by the MRake receiver. In the following lines we will describe the

correlation properties of these reference signals.

6.2.2.1 The CRcvr reference signals

The correlation function of v/Fsw(t) is

R(r) & /_Z VEw(t) JEqolt - 7) dt. (6.10)
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The normalized signal correlation function is defined by

a R(T
VW(T) = REO;
The energy of the signal \/Fsw(t) is
Ew = R(0) = B,

(6.11)

(6.12)

The normalized correlation value between v/ Fw(t — 7;) and / Esw(t — 7;) is given

by

>

aij = Yul(7i — 7).
The correlation matrix containing the «;; values is denoted Arpgx.

6.2.2.2 The PRake reference signals

The correlation function of /F,w(u,t) is

Rup(u,7) 2 /_Z VEai(u, ) /Bais(u,t — ) dt

2 Eq rye(u, 7).

The normalized signal correlation function is defined by

2 Rye(u,7)

The energy of the signal \/F,w(u,t) is
Ed}(u) = RMP(U7 0) = Ea TMP(u7 0)7

where ryp(u,0) is the “IR-MP channel multipath gain”.

(6.13)

(6.14)

(6.15)

(6.16)
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The normalized correlation value between /F,w(u,t — 7;) and /E,@(u,t — ;)
is given by

&gi(u) = Yaep (U, T — 7). (6.17)

The correlation matrix containing the é;;(u) values is denoted A, ().

6.2.2.3 The MRake reference signals

The correlation function of \/ E(gmﬁ)(m(u, t)is

SUTICS M(u,t) ) Nu, t —7)dt
NG e

EUO rl(v[P)(u,T). (6.18)

a

I

R (u,7)

I

The normalized signal correlation function is defined by

. R
Wi, 7) £ 724;)(“’7)- (6.19)
Ryp (u,0)
The energy of the signal 1/ E(gmﬁ)(m(u, t)is
B () = R (0, 0) = B (0, 0), (6.20)

where rl(vﬁ;)(u, 0) is the “K-mismatched IR-MP channel multipath gain”.
The normalized correlation value between \/ B8 (%) (u,t—m;) and \/ﬁﬁ)(m (u,t—
;) is given by
al () £ A = ). (6.:21)
The correlation matrix containing the oNz(K)( ) values is denoted /N\(TI;IL( ). The signal

cross correlation function between \/ Ey" w(* (u,t)and \/ E w (u,t)is defined by
01\(/111‘:’)(“7 7) = / V Eémwgm(u, 1)V E(SK)LTJ(K)(u,t —7)dt
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2 p 0y, 7). (6.22)

a

6.2.3 Receiver Performance

The union bound on the symbol error probability in coherent detection using a

CRevr is given by

1 m(il7)
UBP, = —5" ¥ @ L= 6.23
MZl_z‘g:J_ ( oi(i,7) ( )
where (%) is the SNR value involved in the decision between the pair of signals
(i,7), and
my(il7) = Es[l — ai] (6.24)
and
oi(i,g) = NoEi[l — o] (6.25)

are the mean and variance of the Gaussian decision variables y;;, respectively. Hence,

|7

(mi(”i)) _ % 1= ai]. (6.26)

oi(i,7)

E

Hence, UBP, is a function of the received signal-to-noise-ratio (SNR) (52) and the
correlation properties Argx of the communication signal set [52]. Conditioned on
u = u,, this result is also valid for the PRake and MRake receivers. For the PRake

receiver, the union bound is given by

UBP.(u,) = %ZMZM Q ( m@(m.)) (6.27)

i#] U;(i%])
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m2(i|s

where <g%y(;|;))) is the SNR value involved in the decision between the pair of signals

(i,7), and

mg(ily) = Esrmp(uo,0)[1 — ay;(us,)] (6.28)
and
02(i,7) = NoEsrmp(us,0)[1 — dyj(u,)] (6.29)

are the mean and variance of the (conditioned) Gaussian decision variables g,

respectively. Hence,

M)\ _ Bare(ue,0)
(Ué(i,j)) B [1— évij(uo)] (6.30)

Similarly, for the MRake receiver the union bound is given by

) (6.31)

) is the SNR value involved in the decision between the pair of

K 1 M M
UBPS3 )(uo) = MZ]=1 2ic Q(

i#]

( 27'" SN2
where (m

signals (7,7), and ml(f‘)(zb) and (Ug})(z,]))z are the mean and variance of the (con-

ditioned) Gaussian decision variables g, ;, respectively, and are given by

|7

m{OGlj) = ESrip(u,0) [1 -6l (u)] (6.32)
and
(0l = (080 0))% + (691, 1)), (6.33)
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where

Y

(08(1.5))* = N ESr{h (w0, 0) [1 = 657 (u,)] (6.34)
is the term that accounts for the presence of the AWGN, and

e K e K 2
(009000 = (BL)? [ 00,0) = il s = 72) (6:35)

is the term that accounts for the presence of the signal-dependent self-noise in (6.9)

that is not matched by the MRake.! Hence,

(miﬁ“uu»z) _ (m{"(i]))?

(ng(@'7]’))2 (Ung)(l',j))z + (UgK)(@'7j))2
o\ (i)
i {(M) +(ﬁ) ] . (6:36)

The expressions in (6.27) and (6.31) are conditioned on the event u = w,. The
average probability of error can be obtained by taking the expected value E{-} with

respect to u to get

BP. = E.{UBP.(u)} (6.37)

and

UBP™ = E,{UBP"™(u)}. (6.38)

Note that UBP. is a function of

(%) (i.)) 2 E, {?52’((55)) } (6.39)

Y

'In this analysis the self-noise is considered to be zero-mean Gaussian with power equal to its
variance.
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and that UBPiK) is a function of

BN s [ (i)’
o 1 Vi (00t (3,7))
for ¢ # j, 1,7 = 1,2,..., M. The expressions in (6.39) and (6.40) are the average

received symbol SNR for the PRake and MRake receivers, respectively.

The expected values in (6.37) and (6.38) can be approximated by the sample

mean values

1 &
UBPe ~ — > UBP. (u,) (6.41)
U us=1
and
UBPY) ~ — Z UBPY (u,) (6.42)
U Uuo=1

calculated over the ensemble in (6.1).

6.2.4 Communications signal sets

Figure 6.1 shows the four MTSK signal sets under study. Each signal set has the
form in (6.3) with M = 4 signals defined by the time shift values

(a) (lef'om—() Ty = FP m = A Ty = 7.

(b) (Tl =0, Trmin =Tw~+ T, 7a = T + 2Tmin)7 (6.43)
(¢) (1 =0,7=0. 557’mm, 73 = T+ 05570, 74 = Ty + 1.10704 ),

(d) (mn=0,m7="Tw, 75=2T,, 1y =3T,)

The correlation matrices corresponding to these signal sets, calculated using the
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Figure 6.1: The four sets of quaternary PPM data signals under study. (a) Optimum.
(b) Quasi-biorthogonal. (¢) Quasi-orthogonal. (d) Orthogonal.

pulse w(t) described in the next section, are given in the equations below.

A®

TSK

A®)

TSK

Al

TSK

+1.00
—0.04
—0.57
—0.02

+1.00

—0.61
0.00
0.00

+1.00

—0.04
0.00
0.00

—0.04
+1.00
—0.04
—0.57

—0.61
+1.00
0.00
0.00

—0.04
+1.00
0.00
0.00

—0.57
—0.04
+1.00
—0.04

0.00
0.00
+1.00
—0.61

0.00
0.00
+1.00
—0.04

—0.02
—0.57
—0.04
+1.00

0.00
0.00
—0.61
+1.00

0.00
0.00
—0.04
+1.00

(6.44)

(6.45)

(6.46)
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+1.00 0.00  0.00 0.00

0.00 1.00 0.00 0.00
AD = i (6.47)
0.00 0.00 +1.00 0.00

0.00  0.00 0.00 +1.00
Signal set (b) corresponds to an N-Orthogonal signal set with N =2, L =2, 7, =0,
Ty = T and T, = 7o, + T, The signal set (¢) corresponds to an orthogonal
signal set with M = 4 that takes advantage of the first zero crossing in the signal
correlation function. The signal set (d) corresponds to an orthogonal signal set with
M =4 and Tox = T,,. The signal set (a) corresponds to an N-Orthogonal signal set
with N =4, L =1, 7 = #%, n, = %", 73 = 7" and 7, = 7**, with the time shift

values calculated by solving the optimization problem in (4.29).2

6.3 Numerical results

The pulse shape w(t) and the signal correlation v,(7) are the same used in the

example in section 4.4, and are reproduced here for convenience

w(t) = [1—4# [tiﬂ exp (—zw [tir) (6.48)

and

Yulr) = l1 —4n [ir + 43i2 [i] 4] exp (—w [ir) (6.49)

The value ¢, = 0.7531 ns was used to fit the model w(¢) to the measured waveform
wr(t). The UWB pulse wr(t) is a unit-energy template with duration T, = 1.5 ns
that was taken from a multipath-free and noise-free measurement in a particular

IR link. The signal correlation function of w(¢) is denoted ~,.(7). The signal

*The signal set (a) is optimum in the sense that it minimizes the union bound of probability of
error at high SNR values.
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correlation function +,(7) has a minimum ~,;, = —0.6183 at the time shift value

Toin = 0.408 ns.

The symbol error probabilities in (6.41) and (6.42) where calculated using the
ensemble in (6.1) with w, = 352. The 352 pulse responses w(u,,t) were taken from
signal propagation data recorded in an UWB propagation measurements experiment
[13]. In this experiment, multipath profiles were measured in different rooms and
hallways. In each room, T}, = 300 nanosecond-long windows of multipath measure-
ments were recorded at 49 different locations arranged spatially in a 7x7 square grid
with 6 inch spacing, with the transmitter, the receiver and the environment kept sta-
tionary. The 352 normalized correlation functions yyp(u,, 7) were calculated from
measured signals received in eight different rooms. Due to the multipath effects, the
signal correlations at each point are different from each other. They are the sample
functions of Yyp(u,, 7) as described before. Figure 6.2 show the signal correlation
functions involved in this example. The distortion in yyp (u,, 7) caused by multipath

is evident.

Figures 6.3 compares UBP, and UBP. for all the signal sets. Figures 6.4, 6.5,
" for the sets of signals (a), (b), (¢) and (d),

(K
€

6.6, 6.7, show UBP., UBP. and UBP

respectively.

6.4 Discussion of results

The use of time-shift-keyed signals with M = 4 allows to double the data transmis-
sion rate without increasing the transmission bandwidth. With respect to perfor-
mance, from figures 6.4, 6.5, 6.6 and 6.7 we can see that, in the IR-AWGN channel,
signal set (@) has the best performance, but in the IR-MP channel, signal (b) has the

best performance. This is attributed to the fact that signal design (b) is designed
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Signal correlation functions
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time (ns)
Figure 6.2: Signal correlation functions : (&) Y (7), (b) vu(7), (¢) Yur (ue, 7) for a

few different values of w,, and (d) The average of vyp(u,, 7) taken over the realiza-
tions in (c).
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Figure 6.3: The curves for UBP. and UBP., calculated using signal sets (a), (b),
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Figure 6.4: The curves for UBP,, UBPe and UBPg " for K = 2,5,10, calculated

using signal set (a).
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Figure 6.5: The curves for UBP,, UBPe and UBPg() for K = 2,5,10, calculated
using signal set (b).
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Figure 6.6: The curves for UBP,, UBPe and UBPe') for K = 2,5,10, calculated

using signal set (c¢).
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Figure 6.7: The curves for UBP,, UBPe and UBPe') for K = 2,5,10, calculated
using signal set (d).
using the values 7, and is less susceptible to variations in the signal correlation

function [19].

From figure 6.5 we can see that a mismatched Rake receiver with K = 2 has
performance close to the 1/SNR curve. This degradation is attributed to the pres-
ence of both multipath and a considerable self-noise component. Also from figure
6.5 we see that, for a symbol error probability of 1072, performance in multipath
using a mismatched Rake with K" = 10 is about 2 dB worse than performance in
multipath using a perfect Rake, and this performance is in turn about 1 dB worse

than performance in AWGN using a correlation receiver.

This analysis shows that for a symbol error probability of 1072, the performance
of impulse radio modulation in the presence of dense multipath is, on average, 3

dB worse than performance in the absence of multipath. It is also shown that
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this performance is potentially achievable by using a mismatched Rake receiver of

moderate complexity and M = 4 communication signals.
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Chapter 7

CONCLUSIONS AND FUTURE RESEARCH

This chapter provides conclusions and comments about this research work, and a

few guidelines for future research.

7.1 Conclusions

This work has contributed to understand the capabilities of IR using block-waveform
PPM signals. The numerical examples given in chapter 5 for a free space propagation
channel show that for applications requiring high data rate (1024 Kbps) combined
with low probability of bit error (107®), IR modulation is potentially able to support
hundreds of users. Similarly , for applications requiring low data rate (9.6 Kbps) and
moderate probability of error (107*), IR is potentially able to support thousands of
users. In either case, the combined transmission rates give a transmission capacity

of over 500 Megabits per second using receivers of moderate complexity.

The real payoff of IR will be in wireless transmission in multipath channels. The
numerical examples in chapter 6 show that for a one-user case and symbol error
probability of 1072, the performance in the presence of multipath using non-binary

TSK modulation with M = 4 signals and a mismatched Rake receiver with K = 10
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fingers is, on average, just 3 dB worse than performance in the absence of multipath

using a correlation receiver.

These results support the conclusion that IR will have good multiple-access per-
formance even in dense multipath channels. Hence, IR modulation, together with
technological advances in communication circuits and systems, will allow us to build
relatively simple and low-cost, low-power transceivers that can be used for short
range, high speed reliable multiple-access communications over multipath wireless

channels.

7.2 Future research

Although a prototype has been built that is able to operate at about 150 Kbps in
a single user link, there are a few basic problems that need to be solved before the
potential of IR can be really exploited. One of them is to develop a circuit that can
provide fast acquisition and tracking of the TH sequence. Another is to be able to

include in a small set of chips a moderate number of correlators.

In relation with this research work, it would be worthwhile to study the following
issues. In this analysis we assumed a continuous random TH sequence. What would
be the impact of using a discrete pseudorandom TH sequence? The sensitivity to
mismatched system parameters definitely grows with the number of signals M. How
can this sensitivity be quantified? In this analysis we assume that the mismatched
Rake receiver always perfectly locks to the K strongest paths in quasi static con-
ditions. What is the effect of loosing track of some of theses paths as the receiver

moves?
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