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Abstract

Commutation signaling is an anti-multipath modulation technique that employs
bandwidth spreading to overcome multipath induced intersymbol interference. In this
work, a wireless communication system using differential binary phase shift keyed
commutation signaling has been considered for a two-wave Rayleigh fading channel.
Commutation signaling code parameters that characterize the system performance
(average and worst case) are revealed and codebooks have been constructed based on
these parameters. For binary codebooks constructed based on average performance,
the maximum probability of error may be very large at certain inter-wave delays. On
the other hand, binary and four phase codebooks constructed based on the worst case
performance not only ensure an acceptable maximum probability of error, but also
give very good average performance. Normally, systems using codebooks that require
more bandwidth expansion have better anti-multipath capability. It is also found
that with the same bandwidth expansion, the anti-multipath capability is increased
by using four phase codebooks instead of binary codebooks. For a performance degra-
dation of about 3dB with respect to ideal two-fold diversity, four phase codebooks
of length 4 can be used for inter-wave delays of up to nearly three times the symbol
duration, while codebooks of length 8 can cope with delays as large as nearly sixteen

times the symbol duration.



Résumé

La signalisation par commutation est une méthode de modulation qui réduit
’interférence due aux chemins multiples dans un canal, grice a4 une extension du
spectre. Dans ce mémoire, un systéme de communications sans fil qui utilise la
signalisation par commutation avec DBPSK est analysé, sur un canal de transmis-
sion Rayleigh & deux chemins. Les parameétres des codes de commutations qui car-
actérisent la performance du systéme sont mis a jour (cas moyen et pire cas), et
des familles de codes sont construites en se basant sur ces parametres. Pour les
familles de codes binaires construites a partir d’un critére de performance moyenne,
la probabilité d’erreur maximale peut-étre trés élevée pour certaines valeurs du delai
inter-ondes. Cependant, les familles de codes binaires et quaternaires (quatre phases)
construites pour minimiser la probabilité d’erreur maximale donnent une trés bonne
performance moyenne. Normalement, plus le code étend le spectre, et plus les effets
de chemins multiples sont réduits. Pour une méme extension du spectre, il ressort que
les codes quaternaires réduisent les effets de chemins multiples dans le canal mieux
que les codes binaires. Contre une dégradation de 3dB environ par rapport & une
diversité idéale d’ordre 2, des familles de codes quaternaires de longueur 4 peuvent
étre utilisées pour des délais inter-ondes de presque 3 fois la durée d’un symbole. De
meéme, des familles de codes de longueur 8 peuvent supporter des délais aussi longs

que seize fois la durée d’un symbole.
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Chapter 1

Introduction

Due to the increasing demand for personal communication services in recent years,
broadband indoor wireless communications has received extensive attentions(l, 2].
One of the advantages of wireless systems is the mobility that it allows, i.e., users
can move freely within the coverage area of the system. Another advantage is the
tetherless access to communication services. However, a wireless indoor radio sys-
tem has to operate over multipath fading channels[3]. The multipath propagation is
mainly due to the radio wave reflections by walls, floor, ceiling, objects and people.
The fading phenomenon is primarily a result of the time variations in the phases
of radio waves from different paths. These components may add constructively or
destructively depending on their phases, leading to amplitude variations in the re-
ceived signal. One characteristic of a multipath fading channel is the multipath delay
spread, which is the time delay between the first and last significant multipath com-
ponents. Over a multipath fading channel, the transmission rate is limited by the
intersymbol interference (ISI) due to the multipath propagation. When the informa-
tion rate R [bit/sec] is larger than the reciprocal of the multipath delay spread A,

i.e., when R A > 1, severe ISI can occur because the channel’s response to previ-




ous symbol may still be “ringing” during the current symbol’s reception. Consider
the 2060 GHz band for broadband indoor wireless communications. Advantages of
using this millimeter-wave band compared to the conventional UHF bands are the
availability of high information transport capability and the possibility of frequency
re-use between neighboring rooms due to the severe attenuation of most inner walls
at this millimeter-wave band. Moreover, the band around 60 GHz is especially ad-
vantageous with respect to frequency re-use because of the specific attenuation due
to atmospheric oxygen of about 15dB/km. The wideband propagation characteristics
at or near 60 GHz has been measured, and the values of the root-mean-square delay
spread were found to be in the range of 13-98ns(4, 5]. Suppose the transmission rate
R is 155.52 Mb/sec, which corresponding to the SONET OC-3 bit rate. 1/R is about
6ns, one order of magnitude smaller than the worst-case delay spread of 98ns. Even
if a four carrier scheme is considered, each carrier has to support a transmission rate
of about 40 Mb/sec, and 1/R~25ns is still significantly smaller than the worst-case
delay spread, leading to severe ISI.
To overcome the ISI, several techniques can be used:

1) Adaptive equalization—The idea of equalization is to compensate for the
channel distortion by employing a filter with adjustable parameters. These parame-
ters are adjusted to reduce an error criterion. For multipath fading channels, adap-
tive equalization, where the filter parameters are updated on a periodic basis, is
necessary since the channel characteristics is time dependent. Adaptive equalization
techniques require no extra bandwidth and have been investigated extensively([6, 7].
However, equalization usually leads to complex receiver implementation. Further-
more, for broadband indoor wireless communications, equalization is computational
intensive, and thus demands large power consumption. This may limit its use for
portable applications.

2) Anti-multipath modulations-Some anti-multipath modulation schemes have
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been proposed in which a redundant phase or amplitude transition is imposed on a
conventional modulation technique. These schemes include double phase shift keying
(PSK)[8], Manchester-coded PSK[9], return-to-zero PSK[10], and PSK with varied
phase[11, 12]. However, these techniques can only cope with multipath delay spreads
of less than one symbol duration. With commutation signaling technique introduced
in [13], it is possible to cope with much larger multipath delay spreads at the expense
of bandwidth. In fact, the amount of multipath delay spread that commutation
signaling can cope with depends only on the allowable bandwidth spreading. The
concept of commutation signaling is to switch among a number of different signaling
alphabets in such a way that any signal that is still “ringing” in the multipath channel
will not be used until it fades away. Assume that we have N distinct M-ary signal sets
and the signals from different sets have good cross-correlation properties such that
the interference between them is very small. When N signal sets are used cyclically
and N > RA /loga M, two transmitted signals from the same set are separated in time
by NT = N(log2M)/R. Since NT > A, there is no interference between them. We
know that the interference between signals from different sets is very small. There-
fore, multipath induced ISI is significantly reduced and it is possible to cope with
a multipath delay spread of up to N symbol duration. This is the concept of MxN
commutation signaling. The total number of the signals required is MN. If we take
N = [RA/log M, where {z] denotes the smallest integer not less than z, then we
have

MN = M[RA/log, M] (1.1)

It can be seen that the number of the required signals increases only linearly with
the multipath delay spread. Moreover, the signal-to-noise ratio (SNR) performance
is determined by each of the signal set. Therefore, we have a separation between

the anti-multipath capability which is determined by the number of the signal sets,



and the SNR efficiency which is determined by the signal constellation in each signal
set. It has been reported[14] that with a receiver that employs matched filtering with
equal weight square-law RAKE combining, the commutation signaling technique not
only reduce the effects of multipath induced ISI, but also makes it possible to use
simple RAKE receiver to exploit the inherent time diversity of multipath.

It is seen that if bandwidth spreading is impossible, adaptive equalization has
to be employed to overcome ISI. Since the 20-60 GHz millimeter-wave band offers
more bandwidth than the lower frequency bands that are used (or considered to be
used) for indoor wireless systems, bandwidth expansion is possible and commutation
signaling technique seems to be an attractive candidate for combating multipath
induced intersymbol interference. In this work, we will examine a communication
system over a two-wave Rayleigh fading channel, using differential binary phase-shift-
keyed (DBPSK) commutation signaling. The multiwave Rayleigh model has been
widely employed to model multipath fading channels[15, 16]. It appears that the
two-wave Rayleigh fading model preserves the essential nature of multipath fading
channels, while still being amenable to analysis[16, 17]. Our emphasis is on the
construction of commutation signaling codebooks. Commutation signaling sequences
(or codewords) are bandwidth spreading sequences similar to the signature sequences
used in direct sequence spread spectrum multiple access(DS/SSMA) communication
systems, except that the length of commutation signaling sequences has to be quite
short due to bandwidth limitation. Bandwidth spreading sequences with good cross-
correlation properties have been studied extensively[18-24], but the emphasis is on
signature sequences longer than 50. The research on short bandwidth spreading
sequences is very limited.

The signature sequence construction methods in [19] can be used for short band-
width spreading sequences, and it is shown that the average performance of those

short sequences is quite good: better than that of the random sequences. However,



concerning a systematic approach on construction of short sequences (also called
codes) with good worst case performance, no publication has been found. In this
work, analysis has been performed to reveal which code parameters characterize the
worst case performance and code construction methods have been developed based
on the worst case performance criterion. It is shown that codes constructed using the
methods not only ensure the worst case performance, but also give average perfor-
mance that is often better than that of the codes constructed based on the average
performance criterion in Ref. [19].

The thesis is organized as following: In chapter 2, the system model is described
first, then the error probability performance of the system is considered and the
method of computing the probability of error is presented. Because the computation
of the probability of error is complicated, it is very difficult to see its dependency on
the cross-correlation properties of the commutation signaling codes. Therefore, the
probability of error is not an appropriate performance measure for the construction of
the commutation signaling codes. As an alternative approach, the signal-to-noise ratio
will be considered as the performance measure in chapter 3, and the system using
DBPSK commutation signaling is analized to reveal which commutation signaling
code parameters characterize the system performance. Based on this analysis, short
commutation signaling codes with length less than or equal to 9 are constructed. In
chapter 4, the probability of error as a function of inter-wave delay will be presented
for different codebooks. The anti-multipath capability and bandwidth spreading for
different codebooks will be compared. Finally, conclusions are drawn in chapter
5. The good codebooks we have constructed will be listed in appendix A, and the
software used to construct the commutation signaling codebooks are described and

presented in appendix B.




Chapter 2

System Analysis

2.1 System Model

The block diagram of the communication system that we will consider is shown in
Figure 2.1. The binary source data is differentially encoded and then multiplied by a
commutation signaling codeword. This waveform is then converted to passband (see
fig. 2.2). The commutation signaling codewords are used in sequence. The channel is
modeled as a two-wave Rayleigh fading channel. The commutation signaling demod-
ulator (see fig. 2.3) includes a bank of filters matched to the commutation signals,
and followed by square-law devices. The differential decoding operation can also be
implemented by a delay and multiply operation, and the outputs of this operation are
combined by the RAKE processor with activated taps corresponding to the channel
multipath delays.
Consider a polyphase commutation signaling codeword s() with length L, the
corresponding signal is
si(t) = Lf s pr.(t —IT.) (2.1)

=0

where T, denotes the chip duration and s,(‘) is the I-th element of the polyphase
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Figure 2.1: The block diagram of a system using DPSK commutation signaling.

codeword (or sequence) s(). For a M-ary phase codeword, sfi) € {ezp(j2rn/M)|n =
0,1,---M —1}. p,(¢) is a unit rectangular pulse of duration 7

1 0<t<
p-(t) = (2.2)
0 elsewhere

Let a(k) denotes the binary (+1) data sequence. The transmitted signal for phase
shift keying (PSK) is
z(t) = Re{ 3 a(i)si(t — 7)™} (2.3)
I==00
where Re(-) denotes the real part of (-) and w is the carrier frequency. T is the symbol
period and T = LT.. When differential PSK (DPSK) is employed, the transmitted
signal can be written as

2(t) = Re{ 3 si(t — iT)e“+ Timea ) (2.4)

t==-00
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Figure 2.2: The DPSK commutation signaling modulator.
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where §; € {0, 7} is the phase shift corresponding to the source data.

Assuming that the codeword s(*) is from a codebook of size N (that is, the code-

book consists of N codewords), and the codewords are cycled sequentially through

the codebook. This means
sl = g(ikN)

for any integer k. Therefore, we have
si(t) = sizan(t)
Using the complex envelop representation,
z(t) = Re{z(t)e}

where Z(t) is the complex envelop, for DPSK, we have

Z(t) = i si(t — iT)e?®

I=—00
where ¢; = Zf____oo 6,.
The delayed waveform, that is, z(t) delayed by 7, is

(e o}

zZ(t)=z(t—71)= Y st =7 —iT)cos(w(t —T)+ >_ &)
t=—00 l=—00
Denoting the complex envelop of z(t) as z(t), we have

2(t) = fj si(t = 7 —iT)e®—)

f==00

(2.5)

(2.6)

(2.7)

(2.8)

(2.9)

(2.10)

The complex envelop of the output of the two-wave Rayleigh fading channel is

y-(t) = Alf(t) + Azf(t) + ﬁ.(t)

(2.11)

The path gains A; and A, are independent, zero mean, complex Gaussian random

variables whose real and imaginary parts are independent and identically distributed.

Thus, we have
E[AJA] =0? E[A:A]=0 i=1,2

10

(2.12)



where o? is twice the variance of the real or imaginary parts of A;. In (2.11), the
factor €™7“7 in 2(¢) can be absorbed into A;. This new random variable satisfies (2.12)
if it is still denoted as A;. 7n(t) is the complex envelop of the white Gaussian noise

n(t), which has a double sided power spectral density of No/2. Then, we have
E[R(t)7(t)) =0 E[R(t)n*(t)] = 2Nob(t — t') (2.13)

For a multipath channel modeled as a linear filter with the complex, lowpass

impulse response expressed as

h(t) = ia;ejo‘é(t -7) (2.14)

=0
where a;, §; and 7; are the path gain, phase shift and time delay of the ith resolvable

path, it is shown that the optimal generalized likelihood receiver consists of a matched
filter and a square-law equal weight RAKE combiner{14]. In the case of two-wave
Rayleigh fading channel, this receiver was shown to be suboptimal17]. Since the
optimal receiver is complex to implement, and the difference in performance between
the optimal and suboptimal receivers, in the binary signaling case, is small at high
SNR(25], we will consider the simple suboptimal receiver here.

Assuming that a codebook has N commutation signal codewords, the receiver
contains matched filters with the impulse response k;(t) = s;(—t),7=0,1,---,N—1
(the symbol * denotes complex conjugation). For the matched filter with ho(t) =

sg(—t), the decision variable is
do =1 [ §(t)sa()dtl® +1 [ 5(t)si(e — r)ael? (2.15)
For the differential encoding, the signal transmitted over the interval [0, 2T] is
uo(t) = so(t) + s1(t — T)e® (2.16)
and the decision variable is
do= | [5(0yuat)del +1 [ (tyus(t — )P (217)

11




For binary DPSK, suppose that the signal transmitted under the other hypothesis
is
vo(t) = so(t) + s1(t — T)e% (2.18)
and denoting
dy = | [5(tys@)dtl® + | [ i(e)og(t ~ r)aef? (2.19)
The detector makes its decision based on s = dp — djy. If s > 0, it decides that the

transmitted message is corresponding to 6;, otherwise, the transmitted message is

corresponding to 4.

2.2 Performance

Let us define the following complex random variables

Vi = [at)yus(t)at
Vi= [ eyt — 7t
Vs = [ d(t)u(e)at
Vi = / §(t)va(t — )dt (2.20)
then
s = W+ [Val* = VA — [Vaf? (2.21)

If we define a random vector V = (V; V, V53 V4)* (t denotes simple transposition), s
can be written as

s=VHQV (2.22)

12




where H denotes the Hermitian operator (complex conjugation followed by simple

transposition) and Q is a2 Hermitian matrix given by

10 0 0 )
01 0 0
Q= (2.23)
00 -1 0
00 0 -1

It is seen that s is a quadratic form in the random variables V;, V5, V; and V,.

BWVi] = E(f g(tui(t)at [ 3¢ )ust)at’]
= E{ / j [AE() + As3(t) + A(2)]
[AL1E(t) + AE(t) + A () un()ug(t')dtdt'} (2.24)

Since A,, A; and 72(t) are mutually independent and E[A,] = E[A,] = E[a(t)] =0,
EViVil = [] {E[AiA]Z(0)Z(t) + E[A2A]2(8)2(t) + E[R(t)A(H)]}
ug(t)ug(t)dtdt’ (2.25)
Using (2.12) and (2.13), we can show that
EVivi]=0 (2.26)
In fact, it can be shown E[V;V;] =0 for ,7 = 1,2,3,4. This means
E[VVY] =0 (2.27)

It has been shown{26, 27] that for a random vector V which satisfies (2.27), the
characteristic function of the quadratic form s = VHQV is given by

P(jw) = Ele™]

= V:%LTQ,“P{-U”F“[I - (I - jwl'Q)™'|U} (2.28)

13




where U = E[V] is the mean of the complex vector V and I' = E[(V — U)(V — U)¥]
is the covariance matrix. [ is the unity matrix. The probability density function of s

is given by the Fourier transform of ¢(jw)
1 g 3
— iw)e s 2.29
p(s) = 5- /_  B(w)e ™ dw (2.29)

The cumulative distribution of s is then

Pr(s<z)= / p(s)ds = — / / B(jw)e~* dwds (2.30)
Integrating over s and let z = jw, we have
__ L e () ..
Pr(s <z)= ~ % ‘/_J_oo — e dz (2.31)

where the path of integration is taken to be deformed into the left-half z-plane at all
imaginary-axis singularities.

In our case, U = E[V] = 0, and ®(z) assumes a simple form(26]

3(z) = - TIa- (2.32)

17— JwI‘ Ql o
where ), are the eigenvalues of I'Q. We see that ®(z) is the reciprocal of an fourth
degree polynomial in z. The zeros of the polynomial lie at the reciprocals of the
eigenvalues A,. The singularities of ®(z) in this case consist of finite number of finite-
order poles. Once the eigenvalues of ['Q are found, Pr(s < z) is easily determined
through the use of the residue theorem(26, 27].

®(2)

Pr(s<0)=— = ./jm (I)(z)dz =~ res{

2wy J-joo =z

} (2.33)

Next, we will evaluate the elements of covariance matrix I With no loss of
generality, it is assumed that ¢p = 0 ___ 6 = 0. Suppose 0 < kT <7< (k+1)T <
NT, the random variables V] is

Vo= [ s

14




B /ozT[Ali(t) + A2E(t) + A(2)][s5(t) + s3(t — T)e™7]dt

2T <o . .
= 4 /0 [ S si(t — iT)e*][s3(t) + si(t — T)e 7 ]dt

t==00

+ A, /0 2T[ i si(t — T — iT)¥][sy(t) + s;(t — T)e 7™ ]dt

t==00

+ [ o atyus(t)dt

Denoting
T
E, =/ lsil(¢)dt; i=0,1,---,N—1.
[1]
and
1 '¢ -
a;g = E—{eJ —{k+1) /SN—(H-I)(t — 74+ (k + l)T)so(t)dt

+ e / snk(t — 7 + KT)sa(t)dt

4 i@-emti) / sn-t(t — 7 + KT)s3(t — T)dt

+ eé-en=01) / sN—k+1)(t = 7 + (k= 1)T)si(t — T)dt}
we have

Vi = E.(24; + ands) + / () ug(t)dt
Defining the continuous-time partial cross-correlation functions as[28]

Rid(r) = [ st — 7 + T)si(t)dt

R,-,.-(T) = /OT sj(t — 7)si(t)dt

for 0 < 7 < T. a;2 can be written as

1 . . ~
a;; = 'ET[CJ =40 By _(k41),0(7") + €°~* Ry 0(7')
+ =Ry () + @E-w-0" Ry 1ya(7)]
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(2.34)

(2.35)

(2.36)

(2.37)

(2.38)

(2.39)

(2.40)



with 7 = 7 — kT. It should be noted that the indices ¢,7 of R;;(7') should be
understood as i mod. N and j mod. N since s;(t) = s;+xn(t) for any integer k.

V2, V3 and V; can be evaluated in a similar way and all the results are summarized
in the following:
Vi = Ey(2A1 + a2 Aa) + / (8 )ug(t)dt
V, = E,(azn A1 +242) + f A(t)us(t — 7)dt
Vs = E,As Az + / 7(t)ua(t)dt
Vi = E,AuA; + / At )t — 7)dt (2.41)

and

L L
Gy = [0 By ey o7) + €04 Ryr_ko(r)

+

ej(é"‘“al)RN—k,l (7_/) + e.i(¢-(k—l)—ﬂl)éN_(k_l)'l('rl)]
1 _ .

E—{e’“’“‘“’ [Roes+1(T)]" + €°*[Roi(T)]"

P =Ry oo (7] + ECEI=OI Ry ()]}

az

+

1 . . A~
asz E'[e‘w“"“) Ry-+1)0(T") + &** Ry _o(7")

SO Ry g1 (7) + G- Ry 1y 1 (1)
1 : 1= ; - -
E{e"‘ﬁ"‘“’ [Rok+1 (7)) + €% [Rou(7")]
b SRy (P + OB} (242

-+

a4

with 7' = r — kT.
Since E[V]] = 0 (: = 1,2,3,4), the elements of the covariance matrix are [;; =
E[VV;).
'n = EWVWV]
= E{[E.(241 + a124:) + / 7(t)us(t)de]
[E. (247 + @A) + / (¢ Yuo(t')dt']} (2.43)
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Because A;, A; and 7(t) are mutually independent, (2.43) can be simplified to

F“ = 4E3E[A1A:]+E31012I2E[A2A;]
+ / Eff(t)a" (") ]ug(t)uo(')dtdt’ (2.44)

Recalling that E[A;A}] = ¢? (i = 1,2) and E[n(t)i*(¢)] = 2Nod(t — t'), we have

[u = 4B0%+ Elawl’o} +2No [ uo(t)u(t)dt
= 4E30’? + E2[012I2 2 + 4F,Ny
= 4E,No[ + |012|2 0'2 + 1] (245)

Setting the signal-to-noise ratio (SNR) v = 3 N ,and v = cr to be the average
SNR of the ith path (i=1,2), then

F =4E,No[27 + 122_|a12|2 + 1]

(2.46)
Similarly, we have
e = EWV;]
= E{[E.241 + a1242) + / 7t )us(t)dt]
[Euland] +245) + [ 7 (¢)uolt’ — 7)dt]}
= 2E245,0% + 2E%a,02 + 2N, / us(t)uo(t — 7)dt (2.47)

Defining by, = [ ug(¢)uo(t — 7)dt, then
b12 = /ua(t)uo(t - T)dt
= / [s3(t) + s1(t — T)e™*|[so(t — 7) + s1(t — 7 — T)e’®"]
= f so(t — 7)s3(t)dt + e / so(t — 7)s}(t — T)dt

+ &% /sl(t — 1 —T)sg(t)dt + jsl(t —1—T)sj(t—T)dt  (2.48)
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With
/ sit — 7 —T)sa(t)dt = 0

/ so(t — T)sg(t)dt = { Roo(r) 0<r<T
0 r>T

/s,(t — 7 —T)si(t — T)dt = {
0

Ro1(7)

0
we have
A[Roo(7) + € Roy() + Rua(r)] 0<7<T
biz=1{ LeRou(r—T) T <7<2T
0
and

b
I'2 = 4E,No[ma3, + ma1z + -;—2]

le';('r) O0<rTr S T

0<r<T
/So(t—f)si(t—T)dt= Roi(r—T) T<r<2T

(2.49)

(2.50)

(2.51)

(2.52)

(2.53)

(2.54)

Other elements of the covariance matrix can be evaluated in the similar way and

they are shown below.

F13 = 4E,N0[";—20120;2]

b
[y =4E,No[y1a3, + f—]

L2z = 4B, No[Zanl® + 27 + 1]
[23 = 4EaNo[‘72‘152 + 222_3]
P24 = 4E,No[72—1021tlzl]

Pz = 42, No[Zlaal* + 1]

F34 - 4E,Ng[%i]
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F44 = 4E,Ng[%ld41]2 + 1] (2.55)

where
A[Roo(r) + € Roy(7) ~ Ria(r)] 0<7<T
bu=1{ e Ros(r - T) T<r<oT (2.56)
0 > 2T
-1:1—.{[}%-0(7)]. + e 1 [Ro,(7)]" — [Rl,x(‘r)]'} 0<t<T
bis = gre % [Rou(r — T)° T<r<2T (2.57)

0 T>2T

E[Roo(r) + e Roy(7) + Rua(7)] 0<T<T
by = El-:e"'e; Roi(r—T) T<1<L2T (2.58)
0 T>2T
Since I' is a Hermitian matrix, the matrix elements that are not listed can be
determined from the elements shown above by using I';; = I'};. Here, the singularities
of ®(z)/z on the left-half z-plane consist of first and second order poles and the
residues at those points depend on the ratios (rather than the values) of eigenvalues
of matrix ['Q. Therefore, I' can be normalized by dividing its elements by 4FE, N,.
After doing so, it is seen that given 81, ¢_(k+1), D~k P—(k—1)» Pk DPr+1, and @ry2, the
conditional error probability Pr(s < 0) depends on the average SNR of the two waves
(71 and v;) as well as the continuous-time partial cross-correlation functions R; ;(7’)
and R;;('). The conditional error probability can be calculated using the residue
method and the probability of error is then obtained by average the conditional error
probability over all possible values of 81, @_(k4+1), Pk, P~(k—1)s Pk Pr+1, and Piy2.
Suppose a codebook of size four is used, then N = 4. Let us look at the q;; that
determine the covariance matrix I' when inter-wave delay r is in different range. If

0 _<. T S T, we ha.Ve k=0. ¢_k = ¢k = ¢0 = 0 and ¢—(k-l) —_ ¢k+l —_ ¢1 — 01-
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Therefore, we only need to consider ¢y, d_(k+1) = $-1 and ¢r42 = ¢2. Denoting

d1 = e-"é“ dz = ej"" d3 = e’-("’_‘ﬁ‘) (259)
we have

an = o [diRaa(r) + Roo(r) + diRoa(r) + Rua(r)]
an = g,;{dzwmmr + (Roo(m)]" + ds[Rua(r)]" + [Rua(7)]"}
4 = El;[les.o(rHéo.o(r)—dz&.l(r)—él.«f)]

aqgq = El,:{dg[Ro,l(T)]' + [ffo,o(f)]' — d3[Ry 2(T)]" — [Rl.l(”')].} (2.60)

In this case, the probability of error is the average of the conditional error proba-
bility over all possible values of d;,d; and d3. For T < 7 < 2T, £k = 1. Among

0y, P (k+1) Pty D_(k—1)> P> Pt1, and @42, five variables are in dependent, and they

are ¢_(k+1) = @2, Pk = ¢-1, 0% = $1 = 01,41 = ¢2 and ey = 3.

i

a1z Ei‘[eih Rao(™") + €71 Rao(7)
e@-1=0) Ry 1 (7) + &®o=0) Ry 1 ()]
B Roalr )" + &7 (o))
BRG] + o Ryl
F1E* Raolr) + £ Rag(r)

~ Ry () — ) R (7
s = A (Roalr )} + 6 [Ros(r)

~ BB = S o))

+

az;

+

asz

(2.61)

with=1-"T.
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Define
dy =% dy =t dy=eh
d, = &% dg = eil$3-0) (2.62)
we can write
a = El.—[dl Rao(r) + daRao(r") + dadsRax(v') + daBos(+")]
ay = 'gT’{d.q[Ro,z(T')]' + d3[Ro (7)]" + ds[Rya(7)]" + dada[R12(7')]"}

1 7 A 7 / » ’
a2 = —[dyRoo(7') + dyRsp(r") — dadaRa (') — d3Ro 1 ()]

o

1 N I1\1= = > I\=

aq = 7 {ds[Ro2(m)]" + ds[Ron (7 ))" = ds[R13(T')]" — dads[R: 2(7')]"}
(2.63)
The conditional error probability has to be averaged over five independent data
symbols dy,d, d3,dg and ds. For 2T < 7 < 3T, k = 2. The seven phase shifts

01y D—(kt1)s P-ky P—(k—1), Pk, Pk+1, and @iy are independent of each other. Using the

following notations

d = ei-the) = i3 g = %ok = eid=2

ds = e%-tk-1) = %1 dy = &% ds = &% = &4
dg = %41 = &% {, = IPk+n) = I% (2.64)
we have
ap = Ei‘[lel,o(r') + dyBao(r') + daduRoy (') + dadaBa s ()]

azn = Elj{ds[Ro,s(T N° + ds[Roa(T)]" + drda[Ryo(r')]" + deda[Raa(7")]"}
ax = le'[dl Rio(7') + dzRoo(7") — dady Ron(7') — dads Ra, (7')]

au = g AdelBos(r)]" + dolRoar )
—  drdy[Ryo(T)]" = deda[R13(7)]"} (2.65)
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with 7 = v — 2T. Now, the probability of error is an average of conditional error
probability over seven independent data. Finally, When 37 < 7 < 4T, k = 3. Let
7/ = 1 — 3T, a;j can be written as

1
a2 E

o = g-{delFoa(r) + dslBoa(r )" + drda[Raa(rI" + dadel o7}

[diRopo(7") + dle.o(T') + dads Ry 1 (77) + d3d4ft’2,1(1")]

1 ] > ’
a3 = E[dl Roo(7") + d2 Ry o(7") — dady Ry 1 (7') — dadaRy1(1')]
1 N\]= > "= \N1* » 1=
aa = Z{ds[Roo(7)]" + ds[Roa(r')]" — drds[R,1(7')]" — deda[ R o(7")]"X2.66)
where d;,d;,d3,d,,ds,ds and d; are defined by

d; = e7®-(41) = 194, = eItk — eIb-3
dz = &®-t-1) = -2 dy = e ds = &% = %3

ds = eIP(r+1) — I%4 dr = eI%(k+2) = I%s (2'67)

Again, when calculating the probability of error, the conditional error probability is

averaged over seven independent data.
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Chapter 3

Code Construction

3.1 Code Design Rules

Ideally, the commutation signaling codes should be constructed to minimize the con-
ditional error probability given 81, ¢_(xk4+1), P—k) P—(k—1)s Pk, Prt1, and ¢iy2. However,
it is shown that a close form for the conditional error probability can not be derived
for the system we considered here, and the computation of the conditional error prob-
ability is quite complicated. Therefore, it is very difficult to see how the conditional
error probability depends on the correlation properties of a code and which code pa-
rameters have the strongest effect on the conditional error probability. Due to this
problem, we have taken an alternative approach where the signal-to-noise ratio is
used as a performance measure for the purpose of code construction[29]. The system
is analized in terms of average performance and worst case performance. The error

probability results for codebooks constructed here will be presented in Chapter 4.
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3.1.1 Average Signal-to-Noise Ratio

Concerning the average performance, one of the important measures is the average
signal-to-noise ratio[29]. It should be noted that the two integrals in the decision
variable dy, i.e., V; and V,, are the outputs of the matched filters. Recalling

Vi = 2E,A; + aE Ay + / A(t)us(t)dt (3.1)

It can be seen that the first term is the desired signal. The second term is the
interference due to the multipath, and the last term is a Gaussian random variable

due to the noise. Similarly, the three terms in V;
Vo = 2B, Az + an E, Ay + f A(t)ug(t — 7)dt (3.2)

may be interpreted in the same way. Denoting the two multipath interference terms

in V] and V, as Iy; and Iy, respectively, we have

In = Ag[e®-*+V Ry _(1in)o(T') + €%+ RN _io(T")
+ ei(¢—k—01)RN_k'l(Tl) + ejw‘“"”—e’)RN_(k-l),l(TI)] (3.3)

Iy = Al{eﬁ(k“) [Rok1(T)]" + e [Rﬂ.k(T’)]-
+ w0, ()] + G-y L (7)) (3-4)

where 7' =7 — kT and kT < 7 < (k+ 1)T.

In this approach, the time delay and the data symbols are treated as mutually
independent random variables. It is assumed that the time delay 7 is uniformly
distributed in the range [0, NT) and 6, takes on the values of 0 and = with equal
probability. This implies that ¢; takes on the values of 0 and 7 with equal probability.
The multipath induced interferences can then be treated as additional noise, thus the

new noise components become
ny = oy + j A(8)us(t)dt (3.5)
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)

na = loo+ [ A(t)us(t - 7)dt
Since
E[¢®%] =0 E[e¢’*]=0 E[a(t)]=0
we have

E[lor) = Elloa] = 0
E[ / A(t)us(t)dt] = E| ] A(t)yus(t — r)dt] = 0

therefore, the means of n; and n; are zero. The variance of n; is

var(n;) = Eninj]

(3.6)

(3.7)

(3.8)

= Elolsy + Ior | #°(t)uo(t)dt + I, / A(t)ug(t)dt + / 7 (t)us(t)dt / 7% (¢ )uo(t')dt']

= Ellnly] + / / E[(t)7(¢)Jus(t)uo(t') dtdt’
Recalling that E[f(¢)72*(¢')] = 2Noé(t — t'), we have
var(n;) = var(lo1) + 2Ny /uo(t)ua(t)dt = var(lg;) + 4 No E,
where F, is defined as
T
E, =/ |si?(t)dt; i=0,1,--- N —1.
0
Similarly, the variance of nj is given as
var(n,) = var(lp) + 4No E,
Now, let us look at the var(lo;) and var(lp;).

var(lo1) = E[lnlg]
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(3.10)

(3.11)

(3.12)

(3.13)

(3-9)



The expectation is with respect to time delay 7 and data symbols. Since data symbols
are mutually independent,

1 i=3
0 i#j
7 and data symbols are independent and 7 is uniformly distributed in the range [0,

NT), thus

E[e(%:-%3)] = { (3.14)

A 2 N
var(lo) = S 5 [T U sale ) + |w-sale P
+ |RN-k,1(r)|2+|RN-(k_1,,1(r)|2}dr (3.15)
Similarly, we have
A 2N
var(lpz) | I' 2/ {IR0k+1(T)I2+|R0k(T)I2
k=0

+ IRl.k+2(T)|2+|Rl,k+1(T)| }dr’ (3.16)

Consider the first integral V}

Vi = 2E,A; +anE.As + / 7(t)ug(t)dt
= 2E,A; +n, (3.17)

The signal-to-noise ratio (SNR) is determined by signal power and the variance of

the noise.
2E, A |2E, A, |2
SN = 1
( R)l var(nl) UGT([QI) + 4NQE, (3 8)
Similarly, the signal-to-noise ratio for the second integral V; is given by

var(ng) ‘UdT‘([oz) +4NoE,
It can be seen that the desired signal (numerators in (3.18) and (3.19)) and the

second terms of var(n,;) and var(n;) are not dependent on the commutation signaling
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codes, therefore, concerning the effects of commutation signaling codes on the average
signal-to-noise ratio, var(Jo1) and var(ly;) are the only parameters to be considered.

Next, following a similar procedure as in [30], we will establish the relationship
between the continuous-time partial cross-correlation functions R;;(7), J,(‘r) and
the discrete aperiodic cross-correlation functions C;;(!) and C;;({ — L), which are

defined as ) .
SE s s 0<i<L-1

Cia(l) = Th-1:0 st 1-L<i<0 (3.20)
0 0>L
Recalling
" T
Riu(r) = jo si(t — 7)s3()dt (3.21)
L-1
si(t) = Y[ pr.(t — nT) (3.22)
n=0
L-1
sit =)= 3 sYWpr(t — r — mT) (3.23)
m=0

Assume that (T, <7 < ({ + 1)T, let u = 7 = T, thus 7 + mT. = ({ + m)T. + u and

Rj'{(T) = /OT sj(t —71)si(t)dt = /TT si(t —7)si(t)dt
L—-1L-1

= % SO0 / pr.(t — nT)pr.(t — (m + )T — u)dt (3.24)

n=0 m=0
The integral is not zero only when n = m +{orn = m + {+ 1. Since n can not
take on values larger than L — 1, the summation over m will be from 0 to L —{ —1
forn=m+!{and befromQ0to L-!{—-2forn=m+{+1.

L-i-1 (m+141)T,

Riu(r) = 3 s@OI sz, Pt = (7 DTpr (¢ = (m + DT, — w)dt
m=0 m c
L—-1-2
+ Z S(J)[sm+l+l]
m=0
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(m+l+2)T¢
J pr.(t — (m+ 1+ DTpr.(t — (m + )T. — u)dt
(m+i+1)Tc

It is clear that

Lzt
Cf.i(!) = ZO sg)[sm-}l )
Lz
C;i(l+1) = Z ss,{)[sm+,+1 .
m=0

(m++1)T.
/( yp Pr(t=(mHOTpr(t = (m+ OT. —u)dt = T. —
m+{)T

(m+l+2)Tc
/ pr(t — (m+ 1+ V)T)pr(t — (m+ OT. — u)dt = u
(m+i+1)T.

Thus, we have

Rii(r) = Ciil)(T:—u)+ Cia(l + 1)u
= Cii(NT.+ [Cs(l +1) = Cii(D]u
= Cii(DTe+ [C;i(l +1) = Ci:(D](r = IT)

similarly, it can be shown that
Rj,.'(‘l') = Cj','(l - L)Tc + [Cj','(l +1- L) - Cj',‘(l - L)](T - ch)

for iT. <7< (I +1)T..

Now, writing

N-1 .1 .
> [ {1RN-@o() + Bn-io(7)
k=0
N-1L-1 (141)T.

-y

k=0 [=0 €

(BN ks1)0(T)? + | RNk o(7')[*} a7’
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(3.25)

(3.26)

(3.27)

(3.28)

(3.29)

(3.30)

(3.31)

(3.32)



-

Substituting (3.30) and (3.31) into the right side of (3.32), we obtain

N-1 .7 .

> [ 1By o () + | R-rolr') P}
k=0 Y0

T3 N-1L-1

= 5 3 2 AICN-enall = L) + [Croro(Df

3 k=0 =0
[CN_(ksnyo(t + 1 = L)* + [Cn-ro(l + 1)[?
Re{Cn—(k+1)0(l = L)[Crn-e4+1)0(l + 1 = L)J°

+ Cn-ko(D)[Cn-ko(l +1)]"}} (3.33)
Since N codewords s(¥), i = 0,1, ---, N — 1, cycles sequentially with index i, the

subscripts j and 2 of Cj;(l) should be understood as j mod. N and ¢ mod. N. With

this in mind, it is easy to show

N-1 N-1
S Cw_esnyoll— DCx—eenoll+1- DI = 3° Cuoll~ L)Crall+1~L)]" (3.34)
k=0 k=0
N-1 N-1
z CrN-ko(D)[CN-iko(l + 1)]" = Z Cro(D[Cro(l + 1)]° (3.35)
k=0 k=0

With (3.34) and (3.35), (3.33) can be simplified to

N-1 .1 .
> [ 1By -@ro(™) + [Br—io(r")}dr’

k=0
3 N-1L-1
= _7:;_c z E{ICI:..O([ - L)l2 + ICk.O(l)Iz + ICk,O(l +1— L)|2 + 'Ck,o(l + 1)[2
k=0 =0
+ Re{Crol = D)Cro(t + 1~ L)I" + Cro(8)[Croll + I'}} (3.36)

Using the following identity

L~-1 L-1
IZ(:)IICk..o(l — L)+ [Cro)P] = Y [ICko(t +1 = L)? + |ICho(l + 1))l (3.37)
= =0

we have

N-1 .1 .
> [ BN -ano(T)P + | Bn-ro(r) e’
k=0 0
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T3 N-1L-1

= =X X {20Ckell = D)P +[Cra(DI?]

k=0 1=0
+ Re[Cro(l — L)Cig(l + 1 — L) + Cro(D)Cio(l + 1)1} (3.38)

Similarly, it can be shown that

N-1 .7 . ,
E/o {|RN£1(T)]® + | RN=(k=1)1(7")|*}dT
k=0

T3 N-1L-1
= 5 ;o Z.;{?[lck,x(l = L)* +1Cea (O]
+ Re[Cia(l — L)C (1 +1— L) + Cea(DCE, (L +1)]} (3.39)

Substituting (3.38) and (3.39) into (3.15), we obtain

IA2|QT::2 N-1L-1

var(lo)) = SNL g ;{2”Ck,o(l)l2 +|Cro(l = D) + 1Cka (D + |Cen(l - L)
+ Re[Ck'o(l)C,:‘o(l + 1)+ Cio(l — L)C;’O(l +1—-1L)
+ Ck,l(l)Cz.l(l + 1)+ Cri(l - L)C,:'l(l +1-0)]} (3.40)

Following similar procedures, we have

N-1 .1 )
E/o {|Ro 1 (T)? + | Ro s (") } 7’
k=0

T3 N-1L-1

= 5 3 3 {ICokn(l = L) + |Coksr(l + 1 = L)I* + [Cor (DI + [Corl + 1)[*
k=0 (=0
+ Re[Coxs1(l = L)Cyipr(1 +1 = L) + Cox(1)Cor(l + 1)]}
3 N—-1L-1
- % 2 D {ICox(t = L)* + |Cox(i + 1 = L) + [Con (DI + [Co(! + DI
k=0 [=0
+ Re[Cox(l — L)Cs (I +1 = L) + Cox(1)Cq (I + 1)]}
3 N-1L-1
- ?:;_c 2 D A2ICox(! + 1) + [Cop(l + 1 = L)I?]
k=0 I=0
+ Re[Cox(l — L)C3,(l + 1 — L) + Cox(1)Cx(! + 1)]} (3.41)

N=1 ,7 .
2 /o {|R1k42(T)? + [Ripaa (7)1 }dr’

k=0
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3 N-1L-1
= 2 Y S lCusall = P +[Cussall + 1= DF + Crens ()P +1Cinnll + 1)
k=0 =
+ RelCiaall = YCipya(l+1 = L)+ Crina(DCT il + 1)1}
T3 N-1 L-1
= 2 Y (Gl = DF +[Ciall+1 = D) + [Cra®) +Cualt + 1)
k=0 =0
+ RelCiall - DICLl+1 = L)+ CuallCi(l + D]}
T3 N-1L-1
= 5 2 2 A2ICux+ 1 +1Ciall + 1 - L)
k=0 (=0
+ Re[Cix(l — L)CT(I+1 = L)+ Cix(1)CT (1 + 1)]} (3.42)

Then the variance of the multipath induced interference in V, can be written as

|A1|2T2 N-1L-1
var(los) = —S57= Y Y {2MCox(l+ I + [Cox(l + 1 — L)
k=0 (=0

ICLe(l +1)[* + [Cra(l +1 = L)]?]
Re[Co (1) J.k(l + 1) + Cox(l — L)Ca'k(l +1-171)
+ Cre(D)CT(l+ 1)+ Cra(l = L)CT (I +1 = L)]} (3.43)

Replacing L —{ — 1 with { and noticing that C;;({) = C7,;(—{), we have

lAllzTg = 2 2 2 2
> 2 {2Cko(DI® + [Croll = L) + [Ca(DI* + [Cra(t = L)]

Uar([oz) =

3NL k=C =0
+ Re[Cro(l)Croll +1) + Croll = L)Cro(l + 1 — L)
+ Cea(DCE (1 +1) + Cra(l = L)Ci (L + 1 = L)]} (3.44)

It is seen that except the factor |A4;|?, the variances of Iy, and [y; are the same.
Since we are interested in the influence of the commutation signaling codes on the
system performance, the factors lﬁig_TE (i = 1,2) in (3.40) and (3.44) can be ignored
and the multipath induced interference for the filter matched to uj(—t) (actually for
the filters matched to sg(—t) and sj(—t)) can be characterized by

N-1L-1
L = fvl_L Y 2 2ICko(D? + [Croll = D) + [CeaD)I* + ICra(l = L))

k=0 (=0
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+ Re[Cro()Cio(l + 1) + Cio(l — L)CLo(l + 1 - L)
+ Crea(DDC 1+ 1)+ Cia(l - L)CE (1 +1 = L)]} (3.45)

In general, the multipath interference for the filter matched to ul, (—t), m =

0,1---,N —1, can be characterized by

1 N-1L-1
In = 51 3 Y 2UCkm (P + [Cem(l — L) + [Crmar (D + [Crmar (I = L)IF]
k=0 (=0
+ Re[Com()Cin(l + 1) + Cim(l = L)Co(l +1 ~ L)
+ Cemar()Cimp(l + 1)+ Chmun(! = LYC (1 41— L))} (3.46)

We can also consider the average of I, over all the matched filters in the receiver,
which is given by

1 N-1
loy=% Y In (3.47)

N m=0
It should be pointed out that the summations in (3.46) contains terms with zero
( inter-wave delay (r = 0), which corresponding to the desired signal. Since this con-
tribution is a constant independent of m, it will not be subtracted from I,. This

facilitates the computation of /;, when we consider the code construction later.

3.1.2 Worst Case Performance

In the previous section, the average performance has been considered in terms of
average SNR. It should be noted that this SNR is a statistical average with respect to
the time delay and data symbols. It is possible that the probability of error are quite
large at certain time delays even the average SNR is high. For some applications, it
is desirable to find commutation signaling codes for which the probability of error is
acceptable for all time delays. In this case, the maximum value of the error probability

needs to be considered.




It has been shown that the decision variable dy contains two integrals which are

outputs of the matched filters.

Vi = 2B, Ay + oy + f (¢ Yug()dt (3.48)

Vi =2E,Aq + foo + [ (t)ui(t — )t (3.49)

where 2E,A, and 2F, A, are desired signals and Io;, lp2 are multipath induced in-
terference. The two integrals are Gaussian random variables due to noise. It is
clear that the desired signals are not dependent on the commutation signaling codes.
The noise terms are integration of commutation signaling codewords multiplied by a
white Gaussian process, therefore, the commutation signaling codes have little effects
on these terms. It is expected that lo; and Iy, are the key parameters that character-
izing the effects of commutation signaling codes on the conditional error probability
of the system. For equal weight combining, Iy, and Ip; are equally important and it
is reasonable to assume that the maximum conditional error probability is essentially
dependent on max(|fo1| + |/o2]|). Because the probability of error is an average of the
conditional error probability, the maximum probability of error does not only depends
on max(|for| + |[fo2}). However, it is expected that max(|o;] + |[o2|) is one of the key

parameters that determine the maximum probability of error. Defining

foo = %Ry _Giyo(r) + €70+ RN_ko(T))
+ ej(é-k_al)RN_k‘l(T') + ej(¢-(k-n-al JRN—(k—l).l (T,) (3.50)

foo = €00 [Ropp i (7)) + €[ Rou()]"
+ ej(¢(k+2)—01)[Rl'k+2(7-’)]‘ + e.i(¢(k+t)"9l)[1‘{l'k+l(‘r')]' (351)

we have

maz(|loi| + |loz2]) = maz(|Az|| for| + | A1l fozl) (3.52)
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Since A; and A, are two independent, identically distributed random variables,
and they do not depends on the commutation signaling codes it is reasonable to ignore
A,, Az and only to consider max(|fo1| + | fozl)-

From (3.30) and (3.31), it is seen that R;;(7) and R;;(7) are linear functions of T
when 0 <IT. <7 < ({+1)T. < Tforl=0,1,---,L—1. Therefore, |fo;|+|foz| can take
on maximum value only when 7 is 2 multiple of T,.. For 7 =T, =0,1,---,L — 1,
R; () = C;i(l = L)T. and R;;(7) = C;(1)T.. Then

Joo = €j¢“"‘“’CN—(Ic+1).o(1 — L)+ €**Cn—ko(l)
+ @0y (I~ L) + -0~y (0 (3.53)

foo = &%xnCh (L= L)+ e%C5 (1)
+ &Cen=0Cr, (1 — L) + w8t (D) (3.54)
and
maz(|foil + [fo2l]) = Temaz{|Cn_xs1)o({ — L) + Cn-ko(l) + Cnoia(l — L)
+ CON—(k-1)1 (D +1Co x1 (I — L) + Cg i ()

+ Clanl =LY+ Crin (D1} (3.55)

In general, for the filter matched to u} (—¢), m = 0,1,---,N — 1, the code pa-
rameter that characterizes the influence of the multipath induced interference on the

maximum conditional error probability is given by

maz(lf’"ll + Ifm2l) = Tcmaz{lcN-(k-f-l)-}-m,m(l - L) + CN—k-{-m,m(l)
+ CnN-ktmm+1(l = L) + Cn—(k-1)+mm+1 ()| + [Conmti+1(l — L)]*
+ [Camt(D]" + [Crsrmers2(l = L)]” + [Costmena (D]} (3.56)

For binary codes,
maz(lfml' + lfm2l) = Tcmax{ICN—(k+l)+m.m(l - L)I + |CN—k+m,m(1)|
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+ [CNektmmir(l = L) + |Cn—(k-1)4mm+1 (Y + |Conymies1 ({ — L)
+  [Camer(D)] + [Crirmirs2(l = L)| + |Conirmk+1(0)]} (3.57)

Again, the subscripts i, j of C; ;({ — L) and C; ;({) should be understood as i mod.
N and 7 mod. N.

Concerning the worst case performance, that is, the maximum conditional error
probability, commutation signaling code should be selected to minimize maz(|fm1| +

|fm2l) for 0< m,k <N —1,0< I < L—1 (I 0 for k = 0).

3.2 Code Construction

3.2.1 Code Construction Based on Average Performance

Based on the analysis of the average performance, it can be concluded that the com-
mutation signaling code {s(®), s(}), ... (=1} should be constructed to minimize the
largest I, (defined in (3.46)) form =0,1,---, N —1. Similar to the performance anal-
ysis on direct-sequence spread-spectrum multiple-access (DS/SSMA) systems[19], we
can also consider the average of I, that is, /;, as an alternative performance mea-
sure. Next, we will focus on the minimization of /,,. However, the bounds of I, will

be considered whenever it is possible.

Average Performance for Random Code

Before commutation signaling codes are constructed, it is useful to look at the aver-
age performance for random code. This can be done by calculating the expectation
value of I, and I,, assuming that the codewords s(™), m = 0,1---,N — 1, are
random sequences. In this report, only two phase (or binary) and four phase code-
words are considered. For binary codewords, sgm) (j-th element of the codeword

s{™)) is assumed to be independent and identically distributed random variables with
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Pr{sf™ =1} = Pr{s{™ = -1} = L for j = 0,1 ---,L — 1. While for four phase

codewords, sg"‘) is supposed to be independent and identically distributed random

variables with Pr{s{™ =1} = Pr{s{™ = —1} = Pr{s{™ =i} = Pr{s{™ = i} =1
forj=0,1---,L—1.
Define

L-—-1

rom = 3 A20Cem) + [Cem(l — L))

=0

+ Re[Cim(D)Crm(l +1) + Crm(l — L)Cr (i + 1 — L)]} (3.58)

then I, can be expressed as
1 N-1

I = NI I;)(Tk.m + Thm+1) (3.59)
Using the following identities
L—1 L-1
Y MCm(DP +Cem = D)1= D 1Cem()? (3.60)
=0 I=1-L
L-1 L-1
2 Ckm(NCm(I+ D)+ Cim(l = LYCi m(l+1-L) = Y Cim(l)Crm(l+1) (3.61)
=0 (=1-L
Tk,m Can be written as
L-1
Thm = z 21C(D* + Re[Cim(1)Ci (1 + 1)1} (3.62)
i=1-L

For binary case, the expectation of i, for m # k has been shown to be 2L?(31].
Here, we will consider four phase codewords. In our case, & may be equal to m. Thus,
the expectation of ri ., is different from that obtained in the binary case.

Recalling that Cim({) is given by

Lt s®st 0<i<L-1

Cem(l) ={ TE-t B ((m« 1 _ L <1<0 (3.63)

n=0 n-{

0 > L
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Assume that k # m, for [ < 0, we have

E[|ICem)F] = E{Cim(D)[Crm(®)]’}
L=l-1 L-{-1
= g ._5_:0 E{s® s BT S0
L-l-1

Y E{sEsW}E{sTNsT =L -1 (3.64)
n:o

E{CimD)[Crm( + )"} = Lfm_fzE{si."’[sf"’]‘sf-;"l’ﬂ[sf,";’z‘} =0 (3.65)

n=0 =0

For [ < 0, we can show that

E[|Cim(D}) =L +1 (3.66)
E{Crm(D[Crm(l+1)]'} =0 (3.67)
( When k& =m, if [ # 0, the results above are still true. However, if | = 0,
L-1L-1
E[ICkm(D)l') = 3 30 E{sPsPI} B[]} = L2 (3.68)
n=0 {=0
But still
E{Ckm()[Cem({+1)]"} =0 (3.69)

In summary, we have

L-=ll]l {#0ork#m
EliCia =] ZT W {#FOorkE (3.70)
[? [=0andk=m
E[Cem()Cin(l+1)] =0 (3.71)
It then follows
2L? k
Elrem] = 7 m (3.72)
AL — 2L k=m
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Similarly, we have
2L k#m+1
Elrims] = (3.73)
412 - 2L k=m+1
With the expectations of ri, and rrm+1, the expectation value of I, can be

evaluated

N-1
Ell.] = 1\;L Z {Elrem] + Elrkm]}
N-1 N-1
= {E[rm m] + z E[rk m] + E["m+l m+1] + Z E["k.rn+l]}
k=0k#m k=0, kEm+1
= m:[z(z;L’ —2L) +2(N - 1)(2L%)
= ap 4t (8.74)

N

This is the expectation value of I, for random four phase codeword. Since the result
is not dependent on m, we have

4L - 4

E[l,,]| =4L + N

(3.75)

It should be point out that the expectation values of [, and /,, for random two phase

codewords are the same.

Construction of Binary Codes

We have found that the code parameters to be minimized (/,, and I,,) are similar
to those for a DS/SSMA system[19]. Therefore, commutation signaling codes can
be constructed in a way similar to that used to construct signature sequences for
DS/SSMA systems. Here, only two phase (binary) codes are considered.

First, we will rewrite the expression of I, using the following identities[21]

L-1

> Cem()Crm(l+1) = Z Cea()Crmm(l + 1) (3.76)

I=1-L i=1-L
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With (3.76), we obtain

L-1

rem = D {2Ckm(I* + Re[Cem()C (1 + 1)}

I=1-L

= % [202',"([) + Ck,m(l)ck,m(l + 1)]
i=1-L

= [il 2Ckk(1)Cmm () + Cea(NCrmm (I + 1)] (3.77)

I=1-L

L-1

Tkm+l = Z {21Ckmu1 (DI + Re[Crm1(D)CE myr (I + 1)1}
{=1-L
L-1

= Z [2C:,m+l([) + Ck.m+l(1)Ck.m+l(1 + 1)]
I=1-L
L-1

= Y RCke(N)Cmirmir(!) + Cex()Cmsrmir(l+1)]  (3.78)

=1-L

Substituting (3.77) and (3.78) into (3.59), I, can be written as

1 L-1
I, = — 2Cnm(l) + Cam(l + 1)
NI 2=,

+ 2Cms1m+1(l) + Cngrme({ + 1)][1\12--:I Crx(1)] (3.79)

k=0

Next, two construction methods will be presented. For the first construction
method, N binary codewords s} k = 0,1,---,N — 1, of length L = N — 1 are
constructed from an m-sequence of period L and an arbitrary sequence of length
L. Let u be the m-sequence and v be the arbitrary sequence, then the codewords

s k=0,1,---,N —1 are defined by

s(k] = (vouk, UiUik41y° ,vL_1UI;+L—1) 0 < k S N -2 (380)
and
s(N_I) = (vo, L2 TR UL-I) (3-81)
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For 0 I < L -1, we can write

-1 Sice vtk Viertkeip kK =0,1,--- N =2
Cex(l) = z s(l:) (1:) (3.82)
=0

L-l-1 —_
j=0  ViljHl k=N-1

then we have

N-1 N-2L-l-1 L-i-1
Yo Crall) = Do D0 viuksVintkriei + ) Vv
k=0 k=0 ;=0 =0
L-l~1 L-1 L-l-1
= D VUi Y Ukeikeiel + D ViV
=0 k=0 1=0
= Clu)(D[1 +6[u](1)] (3.83)

where C[v](!) is the aperiodic auto-correlation function of the sequence v and 6[u](!)

is the even correlation function of the sequence u defined by

6(ul(!) = Clul()) + Clul(! - L) (3.84)

(gn)

It is easy to show that (3.83) is also valid for 1 — L <[ < 0. Since u is an

m-sequence,

-1 O0<|i<L—-1
O[u](l) = 3 (3.85)
L [=0
We see that
O<|li<L~-1
Z Cex(l) = d (3.86)
NL =0
Substituting (3.86) into (3.79), we have
Im = 4L + Cm‘m(l) + Cm+l,m+l(1) (3.87)
Now [, can be evaluated easily since Y322 Crp (1) = SN2 Crt1,me1(1) =0
I, =4L (3.88)
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which is smaller than the expectation value for the random code.
If v is one period of an m-sequence of period L, and u, v form a preferred pair of
m-sequence, then each codeword s(*) consists of one period of a Gold sequence[23, 24].

In this special case, bounds on [, can be obtained. Since
Crmm(1) + Cam(1 = L) = Oy (1) (3.89)

It is known that for a Gold sequence, 0,, ,(1) can only take one of the three values:
—t(n), —1, and t(r) — 2, where t(n) = 1 +2*+2/2] and n = log,(L + 1), |a| denotes

the integer part of a. This indicates
—t(n) L Onm(l) <t(n) —2 (3.90)
It is clear that Cy, m(1 — L) must have value 1 or —1. From (3.89), we can see
—oln+2)/2} _ 9 < Crm(1) < ol(n+2)/2] (3.91)
Similarly, we can show
—oln+2)/2] _ 9 < Crsrmer(l) < ol(n+2)/2] (3.92)
Combining (3.87) with (3.91) and (3.92), we obtain the bounds for I,
4L — 202l +D/2] 9y < [ < 4L + 2Un+2/2+1 (3.93)

With the second method, commutation signaling code {s(®,s(!) ... sW-1} of
size N and length L are constructed from an m-sequence of period N where L and
N are relatively prime and L < N. Suppose x is a vector of length N given by x =
(zo, %1, *-,zn-1) and z is an (infinitely long) m-sequence of period N obtained by

repeating the vector x over and over again. Let the codeword s(*) be defined as

s® = (gL, Thrr, -, Tar)L-1) (3.94)
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Since N and L are relatively prime, there are only N distinct codewords defined by
(3.94) and s*®) = s(*+N)_ Furthermore, the starting elements of the N codewords,
zir,k = 0,1,---N — 1, are just the elements z¢,k = 0,1,---N — 1, in a different
order. This can be shown as following. First, we notice that the index of every z;,
modulo N, that is, kL mod. N must be the index of some z;. On the other hand,
since NV and L are relatively prime, there exist integers @ and b so that 1 = aL + bN.
It follows that £ = kaL mod. N, which indicates that every index of z; is a multiple
(modulo N) of the index of the starting element for some codeword.

Based on the above arguments, we have for 0 <[ < L -1

N-1 N-1L=l-1 & L-l-1N-1
YO = % sWsB = 5 3 sirintirinn
k=0 k=0 n=0 n=0 k=0
L—-l-1 N-1
= DY zkenTrsnu] = (L = DO[X](1) (3.95)
n=0 k=0

where 6[x]({) is the even correlation function of the vector x.
similarly, we can show that for 1 - L <{ <0
N-1
> Crx(l) = (L + 0)8[x]({) (3.96)
k=0
Thus, for 0 < |l| < L — 1, we have
N-1
> Crx(l) = (L = l1))6[x] () (3.97)
=0

Substituting (3.97) into (3.79), we obtain

1 L-1
I, = NI > 2Cam(l) + Cam(l + 1) + 2Cms1,m+1()) + Cop1me1({ + 1)]
I=1-L

(L — [thelx](?) (3.98)

Using (3.97), it is easy to show

L-1
o= 557 X (4L ~ WO + 2L — I+ 18I+ DIHE = KB (3.99)
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Since 9[x](0) = N and 0[x](—!) = 6[x](!), we can write (3.99) as

_ 4 a2 _
loy = N?L[N L+ NL(L - 1)6[x](1)]
L-1
+ Nt 7 2. (2(L = D?0[x*(l) + (L — 1 = 1)(L — 1)8[x](! + 1)6[x](!){3.100)
=1
Because z is an m-sequence of period N, we have §[x]({) = —1 for 0 < ! < N,

then (3.100) simplifies to

_4L-1)(N-L+1)

Ly =4L o

(3.101)

It can be seen that I, is even smaller than that obtained in the first method, and
of course it is smaller than the expectation value for the random sequences. However,
bound on 7, can not be established. Moreover, for a codebook constructed in this way,
the multipath interference is large at some delays. Look at the N codewords we have:
(1'0, Ty, 1$L-l), (111, T2y, -’BL), (-’L'z, I3, ", -’BL+1), MR (IN—2, IN-1,""", -7-‘N+L—3),
(ZN=1,ZN, **,ZN4L-2). It is clear that the first L — 1 elements of a codeword are
identical to the last L — 1 elements of another codeword (for example, z; to z;_; are
the last L — 1 elements of the codeword (zo, ), - - ,z—;) and the first L — 1 elements
of the codeword (z,,z3,--+,z1)). Therefore, no matter how we order these codewords
in a codebook, at certain delays, the cross-correlation between two codewords is large
due to the L — 1 same elements in the two codewords, leading to large multipath
interference.

For these two construction methods, the size and the length of the codebook are
very limited. With the first method, the length L of the codewords can only be 2" —1,
where n is an integer, and the size NV of the codebook has to be L + 1. For the second
method, the size N of a codebook must be 2" — 1 with n being an integer, and the
length L can not be larger than N. Furthermore, N and L need to be relatively
prime. In both cases, the length L has to be smaller than size N.
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3.2.2 Code Construction Based on Worst Case Performance

It has been shown that to construct 2 commutation signaling code {s(@,s(), ... s(N-1)}
that minimizes the maximum conditional error probability, the code parameter maz(| fm:1|+
| fmz2]), which characterizes the maximum interference due to multipath, should be
minimized for 0S m,k < N -1,0< ! < L -1 (I# 0 for £ = 0). In fact, we may
neglect the constant T in (3.56), thus maz(|fmi1| + |fm2|) only contains the aperiodic

crosscorrelations between the commutation signaling codewords.

maz(|fmi| + |fm2]) = maz{|Cn_ts1)4mm(l = L) + CN—k4m,m({)
+ CN-ttmm+1(l = L) + Cn-e-1)4mms1 ()] + [Commaks1({ = L)
+ Com+i(l) + Cosrmks2(l = L) + Coprmen+1 (D} (3.102)

In this work, only the two phase and four phase codes are counsidered. The
codewords {s©@,s), ... s(¥-1} of length L are selected from all possible code-
words of length L and they have to satisfy the following two conditions (for the
two phase case, the codewords may also be selected from subsequences of long m-
sequences). First, maz(|fm1| + [fm2|) can not be larger than a bound we set when
0K mk < N-1,and 0 [ < L -1 (I# 0 for k = 0). The bound depends on
the length of the codewords and the maximum conditional error probability. Sec-
ond, |Cn_gk+1)4mm({ = L) £ CN_t4mm(D] 1 |ICN-k+mme1({ = L) £ CN—(k=1)+mm+1({)],
|Cmmak+1({—L)ECrm m+k ()] and |Crnp1 m+k+2({—L)ECrms1,m+5+1({)| can not be larger
than another bound smaller than L. This is to ensure that each codeword is different
from any segment of length L from the long sequence {s(®, s(1), ... s(N-1) 50} (ex-
cept itself, of course). Let the codeword s(™ = (s{™,s{™ ..., sg'_')l where s{™ can be
+1 or +:. For binary (or two phase) case, the second condition eliminates the possi-
bility that any segment of length L is the same as —s(™ = (—s{™, —s{™, ..., ~si™).
While for four phase case, it eliminates the possibility that any segment of length L
is the same as +[s(™)]* = (£[s{™]", £[s!™)7, - -, £[s5 7).
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It should be emphasized that although maz(|fni| + |fm2]) is the code parameter
that determines the maximum conditional error probability, the second condition
is necessary. Firstly, since the probability of error is an average of the conditional
error probability, the maximum probability of error does not only depends on the
maximum conditional error probability, it also depends on the distribution of the
conditional error probability. By setting a limit to the individual terms in f,; and
fm2, it is aimed to minimize the non-maximum conditional error probability, thus, to
minimize the maximum probability of error. Secondly, with the second condition, if
we have a codeword s(™)| it is not possible for —s(™) (two phase case) or +[s(™)]* (four
phase case) to be another codeword. Therefore, we can work directly on codebooks
of length L instead of working on differential codebooks of length L — 1[32]. It also
should be point out that the probability of error of the system depends on the order
of the codewords in the commutation signaling codebook. With our construction
procedure, the codewords and the ordering of them can be considered at the same
time.

The codes are constructed by computer programs that implement above design
rules. Consider the construction of a binary codebook with length L and size N
from a m-sequence x of period P. Let x = (zy,z3,--+,zp_1,zp). We begin the
construction by setting s® = (z,,z,,---,zr), then [Coo(l — L) £ Cop(l)| is tested
for l =1,2,---,L — 1. If they are not above the bound we set, we have the first
codeword and start to search second codeword by assigning (zr+1,ZTr+2, ", Z21) to
s, This time, the two conditions have to be checked for all possible m,k and
l. If one condition is not satisfied at certain m,k or I, s(!) will be re-assigned as
(zL+2,TL+3, "+, Zar+1) and the conditions will be tested again. Otherwise, we have
st = (zp41,Tr42,+++,Z2r) and s? will be searched. The process continues until N
codewords are selected or one period of the m-sequence has been searched. In a more

general method, all binary or four-phase words are considered. Here, a codeword is
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not selected from subsequences of a long m-sequence, instead, it is selected from all
possible words for a given length. The same conditions are tested and the construc-

tion process is terminated when N codewords are selected or all possible words are

searched.
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Chapter 4

Performance of Selected Codes

As we mentioned before, the average SNR that we considered as a measure of the
average performance is a statistical average over the time delay and data symbols.
Consequently, the codes constructed based on the average performance may not en-
sure an acceptable probability of error for all time delays. In fact, we have calculated
the probability of error for a codebook constructed based on the average performance
using the first method. The codebook is obtained from a preferred pair of m-sequences
of period 7. One period of the m-sequences are given as u = (110010 1) and v
= (110100 1). In this case, the codewords are Gold sequences, and we know
that the average multipath interference parameter /,, for the codebook is 4L = 28
(L is the length of the codebook). The maximum multipath interference parameter,
maz(|fmi| + |fmz2]), is also calculated in order to compare with that of the code-
books constructed based on the worst case performance. Since the possible maxima
of |C:;(!)] and |C;;({ — L)| are L — ! and [ respectively, the possible maximum of
[ fm1l + | fmz2| is 4L. To facilitate comparison between codes with different lengthes,
maz(|fmi| + |fm2|) will be normalized by dividing it by 4L and will be referred to
as Ip,.. For this codebook of length 7, we have I, = 0.71. The error probability
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for the codebook is shown in Fig.4.1. It can be seen that although the probability of
error is below 5x10~* for most values of delay, the maximum error probability is much
higher and reachs 5x10~3. Since we are mainly interested in the codes for which the
maximum probability of error is below a given limit, we will only consider the codes
constructed based the worst case performance in the following.

Binary commutation signaling codes of length 5, 6, 7, 8, and 9 (with size of 3, 5, 8,
12 and 16 respectively) are generated using computer programs outlined before. For
four phase codes, codebooks with the same size of the binary codebooks have been
obtained, but the length of the codes are reduced by 1 comparing with the binary
codebooks. That is, the four phase codebooks are of length 4 and size 3, length 5 and
‘'size 5, length 6 and size 8, length 7 and size 12, length 8 and size 16. The bit error
probability as a function of the normalized delay for different codes are presented here.
For most of the codes, we have used an average SNR of 23 dB and equal average SNR
in different waves, which implies an average SNR of 10 dB for each of the two waves.

Fig.4.2 shows the probability of error for a binary codebook of length 5 and size 3.
The normalized maximum multipath interference parameter /,,.-=0.6, in contrast to
that of 0.71 for the codebook constructed based on the average performance, while the
average multipath interference parameter I,, is 20.356, which is 4.07L, very close to
4L achieved by the codebook constructed based on the average performance. It is seen
that when the inter-wave delay is between 10% to 285% of the symbol duration, the
probability of error never exceeds 3x10~* for SNR, = 23dB. For the ideal differentially
coherent detection of DPSK with equal weight two-fold diversity, the probability of
error is about 0.8x10~* at the SNR of 23dB, and the error rate of 3x10~* reflects a
3dB degradation[33]. This means that this codebook can be used for a delay spread
of nearly three times the symbol duration with a performance degradation of not
more than 3dB. The probability of error at SNR of 18dB and 13dB are also shown
in the same figure. It is seen that when SNR decreases by 5dB, the probability of

48




,gﬁrﬂ't N
Foe

10 § T i 1 T | 4 ¥ 3 i
107" 3
i
|
© F |
z | ;
g |
210
Q i
‘; |
. A ) ‘ . i
10_4 I\,:\,,I- ..'./‘~ i MAUAM, 2 {A-\:;: ‘ " Wi AKX v ' :_:«_,.'.)l'-, ] A ¢ tl‘ A‘\“. 4
10‘5 i 1 1 )| —l . 1
0 100 200 300 400 500 600 700 800

Percentage Delay

Figure 4.1: Probability of error as a function of the normalized delay for a binary
codebook of length 7 and size 8. The codebook is constructed based on the aver-

age performance. SNR = 23dB. Codebook: [0001100, 0100010, 1111110, 1000111,
0110101, 1010000, 0011011, 1101001}
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Figure 4.2: Probability of error as a function of the normalized delay for a binary
codebook of length 5 and size 3. SNR is 13dB, 18dB and 23dB for the curves on the
top, in the middle and at the bottom respectively. Codebook: [11110, 00110, 00101]
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Figure 4.3: Probability of error as a function of the normalized delay for a binary

codebook of length 6 and size 5. SNR is 23dB. Codebook: [111000, 110010, 011101,
101001, 111101]
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Figure 4.4: Probability of error as a function of the normalized delay for a binary code-

book of length 7 and size 8. SNR is 23dB. Codebook: [1100010, 1100001, 0111001,
1001010, 1000001, 1111110, 1011101, 0100110}
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Figure 4.5: Probability of error as a function of the normalized delay for a binary
codebook of length 8 and size 12. SNR is 23dB. Codebook: [11100100, 01100111,
11000101, 10000111, 11100101, 01010010, 00110010, 11111101, 11011010, 01110111,

10111110, 00001010]
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Figure 4.6: Probability of error as a function of the normalized delay for a binary
codebook of length 9 and size 16. SNR is 23dB. Codebook: {101001101, 111110111,
001110100, 010011110, 101010100, 000101011, 010000000, 100110000, 011010100,
100111011, 001010010, 000011000, 111001000, 000111011, 011110000, 011011011]
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Figure 4.7: Probability of error as a function of the normalized delay for a four phase

codebook of length 4 and size 3. SNR is 23dB. Codebook: [1132, 3132, 3303]
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Figure 4.8: Probability of error as a function of the normalized delay for a four phase

codebook of length 5 and size 5. SNR is 23dB. Codebook: [13212, 00312, 23312,
30032, 32000]
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Figure 4.9: Probability of error as a function of the normalized delay for a four phase

codebook of length 6 and size 8. SNR is 23dB. Codebook: [110103, 320000, 002010,
113000, 101200, 331310, 110200, 311030)
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Figure 4.10: Probability of error as a function of the normalized delay for a four
phase codebook of length 7 and size 12. SNR is 23dB. Codebook: [3330030, 0201030,
0011030, 2211030, 1311030, 2132030, 1232030, 2003030, 2001130, 3311130, 0132130,

0200301
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Figure 4.11: Probability of error as a function of the normalized delay for a four phase
codebook of length 8 and size 16. SNR is 23dB. Codebook: [30111011, 21110111,
23110311, 10213311, 20210021, 02212121, 13213221, 00312321, 01312031, 22310231,

03312231, 00022331, 23220322, 00232313, 21303130, 33020012]
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error increases approximately by an order of magnitude, but the shapes of the error
probability curves remain essentially the same.

The performance for a binary codebook of length 6 and size 5 is quite similar to
that of the previous codebook (see Fig.4.3). The normalized maximum multipath
interference parameter I,,. is 0.67. The average multipath interference parameter
I,,=3.95L is a little smaller than that of the previous codebook, and it is much
smaller than the expectation value of I, (4.67L) for the random codebook. The
error probability is below 3x10~* at SNR of 23dB for most values of the inter-wave
delay. Thus, the performance degradation is similar to that of the previous codebook,
but the codebook can be used for inter-wave delay of about five times the symbol
"duration.

The probability of error for a codebook of length 7 and size 8 is shown in Fig.4.4.
For this codebook, we have I,,.=0.64 and I,,=4.04L. I,, is smaller than the expecta-
tion value for the random codebook, which is 4.43L, and is almost the same as that for
the codebook constructed based on the average performance (4.0L). Comparing the
probability of error for the two codebooks designed based on worst case performance
and average performance {with the same size and length), it is seen that the maxi-
mum probability of error for the worst case performance codebook is only 3.28x1074,
much smaller than that for the average performance codebook (5x1073) at SNR of
23dB. One of the reason for this is that the normalized maximum multipath inter-
ference parameter for the worst case performance codebook is smaller than that for
the average performance codebook. However, the more important reason is that the
second condition used for constructing the worst case performance codebooks makes
the non-maximum conditional error probability smaller, and therefore reduces the
maximum probability of error, which is an average of conditional error probability.

In Fig.4.5 and Fig.4.6, the probability of error for codebooks of length 8 and size

12, length 9 and size 16 are shown. The normalized maximum multipath interference
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parameter I,.. and the average multipath interference parameter I, for these code-
books as well as the other codebooks are listed in Table 4.1. It is seen that for many
codebooks, I,, is smaller than that of the codebook constructed based on average
performance. For almost all of the codebooks, I,, is smaller than the expectation
value for the random codebook, and the maximum probability of error is less than
5x10~4 for SNR = 23dB.

The probability of error for four phase codebooks are shown in Fig.4.7 to Fig.4.11.
Since the number of possible four phase words are much larger than that of two phase
words for a given length, it is expected that the size of the four phase codebooks is
larger than that of two phase (or binary) codebooks. In fact, this is what we obtained.
Fig.4.7 shows the probability of error for a four phase codebook of length 4 and size
3. It is seen that for most values of the inter-wave delay, the probability of error is
below 3x10~%. This means that the error probability performance is very close to
that of the binary codebooks of length 5 and size 3. Although the average multipath
interference parameter [,,=4.39L is larger than that (4.07L) of a binary codebook of
the same size, for which the probability of error is shown in Fig.3, it is smaller than
the expectation value of the random codebook (5.00L) and the length of the four
phase codebook is decreased by 1 comparing to the binary codebook of the same size.

In Fig.4.8, we plot the probability of error for a four phase codebook of length 5
and size 5. Again, the average multipath interference parameter [,,=4.27L is large
comparing to that (3.95L) of the binary codebookl of the same size (see Table 4.1),
and is smaller than the expectation value of the random codebook. The maximum
probability of error for inter-wave delay between 15% and 485% of the symbol duration
is 3.33x10™*. Comparing to the binary codebook of the same size, the length of
the four phase codebook is reduced by 1. If codebooks with the same length 5 are
compared, we see that the size of the four phase codebook is larger than that of

the binary codebook. In fact, the conclusion is true for all codebooks with different
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lengthes and sizes.

The probability of error for four phase codebooks of length 6 and size 8, length 7
and size 12 as well as length 8 and size 16 are shown in Fig.4.9, Fig.4.10 and Fig.4.11
respectively. The maximum probability of error for all of the three codebooks is less
than 5.0x10~%. It can be seen that for all of the binary and four phase codebooks
presented here, the error probability performance shows the same features: first, the
maximum probability of error is essentially not larger than 5.0x10~4; second, for most
values of inter-wave delay, the probability of error is below 3x10~*. Therefore, with
these codebooks, the performance degradation with respect to ideal two-fold diversity
is essentially not more than 3dB, while the system can cope with a multipath delay
spread of up to sixteen times the symbol duration.

From table 4.1 and table 4.2, it is seen that the average multipath interference
parameter I,, for the four phase codebooks is usually larger than that for the binary
codebooks. However, for most four phase codebooks, I, is still smaller than the
expectation value of the random codebook. Moreover, the maximum probability of
error for the four phase codebooks does not increase comparing to that of the binary
codebooks. It should be emphasized that for each given length, the size of the four
phase codebooks is always larger than that of the binary codebooks. The increase
of codebook size is 2 for length of 5 and 4 for length of 8. This indicates that for
the same bandwidth expansion, the anti-multipath capability can be increased by
using four phase codes. Or equivalently, we can say that for the same size of code-
books, the length of the four phase codes can be reduced by 1 compared to that of
the two phase codes while the system performance in terms of probability of error is
essentially the same. This means that with four phase codes, less bandwidth expan-
sion is required to achieve the same anti-multipath capability and error probability
performance compared with the binary codes.

A hybrid multiple access scheme using commutation signaling has been proposed
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Table 4.1: The average multipath interference parameter /,, and the normalized max-
imum multipath interference parameter Inm.. for different binary codebooks. Code-
book]1 refers to the first codebook in appendix, for which the probability of error is
plotted here. Codebook2, codebook3 and codebookd refer to the second, the third
and the fourth codebooks listed in appendix.

codebookl | codebook2 | codebook3 | codebook4 | random codebook
L=5| I 4.07L 4.07L 4.07L 4.07L 5.07L
N =3 | Ina: 0.60 0.60 0.60 0.60 -
L=6 I, 3.95L 4.23L 3.95L 4.20L 4.67L
N =35 | Inaz 0.67 0.67 0.67 0.67 -
L=7| I, 4.04L 4.22L 3.74L 3.95 4.43L
N =8 | Inaz 0.64 0.64 0.64 0.64 -
L=8 | I, 3.94L 3.94L 3.88L 3.95 4.29L
N =12 | ez 0.63 0.63 0.63 0.63 -
L=9 | I, 4.03L 3.98L 4.30L 3.74 4.22L
N =16 | Imaz 0.67 0.67 0.67 0.67 -~

for broadband indoor wireless communications[34]. The intra-cell multiple access is
by time division and commutation signaling is employed for combating the multipath
induced intersymbol interference (ISI). In order to reduce inter-cell interference, differ-
ent frequencies and commutation signaling codebooks are assigned to adjacent cells.
The frequency bands of adjacent cells can overlap to increase bandwidth efficiency.
This combined time division multiple access (TDMA), frequency division multiple
access (FDMA) and code division multiple access (CDMA) scheme is similar to a
hybrid intra-cell TDMA /inter-cell CDMA system(35], except that commutation sig-
naling is not used in the latter system. Such a hybrid system combines the high
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Table 4.2: The average multipath interference parameter I, and the normalized
maximum multipath interference parameter I, for different four phase codebooks.
Codebook]1 refers to the first codebook in appendix, for which the probability of error
is plotted here. Codebook2, codebook3 and codebook4 refer to the second, the third
and the fourth codebooks listed in appendix.

codebookl | codebook2 | codebook3 | codebook4 | random codebook

E—
——

" L=4]| L, | 439L 4.11L 5.67L 4.83L 5.00L
N=3|lw| 056 0.56 0.56 0.56 -
L=5]| L, | 427L 4.59L 3.69L 4.56L 4.64L
N=5|ln| 055 0.55 0.55 0.55 -
L=6| L, | 440L 3.93L 4.51L 4.43L 4.42L
N=8 |/l | 054 0.54 0.54 0.54 -
L=7| L, | 397L 4.28L 4.15L 3.86L 4.20L

IN=12]lw| 085 0.55 0.55 0.55 _

|L=8|1,| 407 4.23L 4.03L 4.14L 4.29L
N=16]| [nee| 0.56 0.56 0.56 0.56 -

intra-cell capacity of TDMA [35, 36] with the multipath interference rejection capa-
bility of commutation signaling. Unlike CDMA, power control is not necessary. Also,
it does not require complex and power consuming equalization like TDMA. For such a
cellular system, at least three different commutation signaling codebooks are required
to ensure that different codebooks are assigned to adjacent cells (see Fig.4.12). Here,
by different codebooks, we mean that these codebooks share no common codeword.
To be more accurate, the cross-correlation between any two codewords from these
codebooks is less than the length of the codewords. We have constructed four differ-

ent codebooks for each given length and these binary and four phase codebooks are
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listed in appendix A. For binary codebooks, 0 and 1 are used to represent 1 and —1,
while for four phase codebooks, {0,1,2,3} are corresponding to {;°j, 52,73} with
j = V/—1. The average multipath interference parameter I,, and the normalized
maximum multipath interference parameter I, for those codebooks are listed in

Table 4.1 and Table 4.2.

Figure 4.12: Cellular configuration with reuse factor of three. The cells labelled with

the same letter will be assigned same commutation signaling codebook.
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Chapter 5

Conclusions

‘Commutation signaling technique can be used for communication systems operating
over multipath fading channels to overcome the multipath induced ISI. We have
analized a system for a two-wave Rayleigh fading channel in terms of average and
worst case performance. Parameters of commutation signaling codes which have
the greatest impact on system performance are revealed and binary and four phase
commutation signaling codes have been constructed based on these code parameters.

Concerning the average performance, binary codes that give average signal-to-
noise ratio better than that for random code can be constructed analytically. However,
the sizes and lengthes of those codes are constrained. For one of the two methods
considered in the thesis, the length L of the codewords can only be 2" — 1, where n is
an integer, and the size V of the codebook has to be L+ 1. With another method, the
size N of a codebook must be 2" — 1 with n being an integer, and the length L can not
be larger than N. Furthermore, N and L need to be relatively prime. In both cases,
the length L has to be smaller than size N. Another problem associated with those
codes is that the maximum probability of error can be quite high at certain delays.

For a codebook constructed based on the average performance, it is found that with
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a SNR of 23dB, the maximum probability of error is about 5x10~3. Comparing to the
probability of error of 8x10~° for the ideal differentially coherent detection of DPSK
with equal weight two-fold diversity, it is seen that the degradation in performance
is significant.

The codes generated based on the worst case performance can ensure an acceptable
maximum probability of error for a delay spread which is significantly larger than the
symbol duration. The constructed binary codebooks have sizes of 3, 5, 8, 12, and
16 with lengthes of 5, 6, 7, 8, and 9 respectively. At SNR of 23dB, the calculated
probability of error for these codebooks shows that although the maximum probability
of error is about 5x10~4, the probability of error is below 3x10~* for most values of
delays up to N (size of a codebook) times the symbol duration. Since the error rate of
3x10~4 reflects a 3dB degradation with respect to ideal two-fold diversity, this means
that these codebooks can be used to cope with a multipath delay spread of up to
N times symbol duration with a performance degradation essentially not more than
3dB. For a similar error probability performance, four phase codebooks have been
constructed with sizes of 3, 5, 8, 12, and 16 (lengthes of 4, 5, 6, 7, and 8 respectively).
Since the size and the length of a codebook are related to the anti-multipath capability
and the bandwidth spreading, it is seen that with the same anti-multipath capability,
systems using four phase codebooks require less bandwidth expansion compared to
that for binary codebooks. Or equivalently, with the same bandwidth expansion,
the anti-multipath capability is increased by using four phase codebooks. Among all
codebooks, four phase codebooks of length 4 require least bandwidth expansion, and
can be used for inter-wave delay as large as nearly three times the symbol duration
for a performance degradation of about 3dB with respect to ideal two-fold diversity.
If more bandwidth is available, codebooks of larger length (and bigger size) can be
used, and the anti-multipath capability is increased. When codebooks of length 8 are

allowed, the system can cope with a inter-wave delay of up to nearly sixteen times
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the symbol duration for a similar performance degradation.

It should be pointed out that for most codebooks (both binary and four phase)
constructed based on the worst case performance, the average performance in terms
of average signal-to-noise ratio is better than that for the random code. Furthermore,
the average performance for many codebooks constructed based on the worst case
performance is even better than that of the binary codebooks constructed according
to the average performance.

Commutation signaling codebooks can be used in a combined time division mul-
tiple access (TDMA), frequency division multiple access (FDMA) and code division
multiple access (CDMA) scheme. The intra-cell multiple access for the scheme is by
time division and commutation signaling is employed for combating the multipath
induced intersymbol interference (ISI). To reduce inter-cell interference, different fre-
quencies and commutation signaling codebooks are assigned to adjacent cells. For
such a multiple access system, at least three different commutation signaling code-
books are required to ensure that different codebooks are assigned to adjacent cells,
and we present here four different codebooks for each given length and size.

In this work, code construction are considered with both worst case and average
performance as criteria. Qur main interest is in the worst case performance, and in
this case, both binary and quaternary codes have been constructed. For the case
of average performance, only binary codes are considered due to the limited time.
Therefore, there are something not clear about the quaternary codes. It is found
that for binary codes constructed based on the average performance criterion, the
probability of error can be very large at certain delays. What will be the situation for
quaternary codes? It is expected that quaternary codes will show similar behavior
as binary codes since, in general, the requirements for good average performance can
not ensure good worst case performance. However, to have a precise and convincing

answer, more work is needed. Another question arise when comparing binary codes
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with quaternary codes. If we look at the worst case performance, quaternary codes are
shown to be much better than binary codes. Is this true for the average performance?

As a suggestion to future research, we think that it would be interesting to anal-
ysis the average performance for quaternary codes and to develop code construction
methods. It is certainly useful to compare the average performance of binary codes

and quaternary codes.
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Appendix A

List of Good Codebooks

Here we list some good codes with different sizes and lengthes.

Binary codebooks:

e Good codebooks of length 5 and size 3 (no common codeword):

11110
00110
00101

10100
» | 00011
11011

10010
» | 10001 |,
01111

10110
01000
11000

e Good codebooks of length 6 and size 5 (no common codeword):

[ 111000
110010
011101
101001

-

100001
011111
| 111011
100101

111101 ]

| 101100 |

100111
001010
010001
000011

110110

s h

101011
001111
» | 000110
001011
110111
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e Good codebooks of length 7 and size 8 (no common codeword):

[ 1200010 | [ 1100101 ] [ 1101012 | [ 1011110 |
1100001 | | o111011 1011000 | | 0010001
0111001 | | ooi1011 | | oooioil | | 1101001
1001010 | | 0110000 1100111 | | 0011111
1000001 | | 1010110 || 0010000 | | 1110101
1111110 | | 0111000 1001101 | | 0101011
1011101 | | 1010000 1101010 | | 1011111

0100110 | | 1111100 | | 0010010 | | 1001100 |

e Good codebooks of length 8 and size 12 (no common codeword):

76

[ 11100100 | [ 11110010 | [ 11110100 | [ 11111001 ]
01100111 | | oo111011 | | 01100110 | | 11010011
11000101 | | 11000110 | | ooo1ozo1 | | o1101011
10000111 11101001 11111011 11101111
11100101 11110110 | | o1101000 | | 00010011
01010010 | | 10110110 | | 10000100 | | 00101111
00110010 11111110 || o1110110 { | 10101000
11111101 10000011 | | 01011001 | | 01101100
11011010 |{ | 00101011 11100111 | | 01000110
01110111 | | o1o11100 | | oor10101 | | 10001111
10111110 | | 11101011 | | 01011000 | | 01010110

| 00001010 | | 10101011 | | 11001001 | | 01101111 |




101001101
111110111
001110100
010011110
101010100
000101011
010000000
100110000
011010100
100111011
001010010
000011000
111001000
000111011
011110000
011011011

-

(001100101
111010101
000111101
111101011
010111011
100011111
010010000
110011000
011111000
011000101
110010011
101101000
010010110
110111010
000001101

L001100011

~

101100011
000110011
011101011
001000111
000011111
110111111
011000000
100010000
010011000
101111000
010100010
101010010
011011010
010111001
001111101
1101060000
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e Good codebooks of length 9 and size 16 (no common codeword):

100011000 ]
010010100
101110100
011111100
100100010
011000011
111001011
101111011
110101000
011100010
100110010
000010110
001010101
111110101
011010011
111011011 ]




Four Phase codebooks:

e Good codebooks of length 4 and size 3 (no common codeword):

1132 2010 1011 1211
3132 |,{ 3110 },| 3011 |, ] 3211
3303 0230 1022 3031

e Good codebooks of length 5 and size 5 (no common codeword):

- o -

-

13212 | [ o1000 | [ 21300 | [ 12332
00312 | | 23200 | | 33100 | | 33332
23312 |, | 12000 |, | 10200 || 13223
30032 | | 11310 | | 10120 | | 20220

| 32000 | | 02300 | | 03020 | | 13221

e Good codebooks of length 6 and size 8 (no common codeword):

[

- - - e - -

110103 T 112100 120300 112312
320000 101000 010000 300022
002010 230100 022000 323310
113000 031000 131100 223320
101200 020200 011200 120321
331310 133000 131210 232131
110200 323100 313300 023202
311030 ] 230210 303200 ] 022212
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e Good codebooks of length 7 and size 12 (no common codeword):
[

3330030 | [ 3131333 ] [ 0212100 | [ 1330210 |
0201030 | | 1331333 | | 1112010 | | 3232210
0011030 | | 0002333 | | 3012210 | | 1230310
2211030 | | 1202333 | | 3202230 | | 1130020
1311030 | | 3012333 | | 3231231 | | 2123320
2132030 | | 3332000 | | 2131302 | | 0010102
1232030 || 1221100 || 2321322 || 1322122
2003030 | | 2031100 | | 2230331 | | 3000013
2001130 | | 1302100 | | 2000311 | | 1002013
3311130 | | 1320010 | | 3002011 | | 3212130
0132130 | | 1032010 | | 3333311 | | 0103203
| 0200301 | | 2310020 | | 1010110 | | 3012130
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e Good codebooks of length 8 and size 16 (no common codeword):

-

30111011
21110111
23110311
10213311
20210021
02212121
13213221
00312321
01312031
22310231
03312231
00022331
23220322
00232313
21303130

33020012

[ 32232300
23231010
00333010
10330110
31332210
02333210
22331310
00000120
01100230
30203101
13201011
02300311
20112131
21312212
13221013
01030223

-

[ 23002330
03022330
22003330
01310101
30320101
13202101
03212101
20320111
02203111
10230211
33111211
13131211
03102211
20010031
00030031
00220231
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-

10223202
33100302
23110302
32101302
11122302
01132302
30103302
10023012
00033012
11312112
10313112
22201212
02221212
10213212
11031003
33303003




Appendix B

Software Description

The software used to construct commutation signaling codes is described here. The
program is implemented by MATLAB software package and is named code.m. To
understand the program, it is necessary to explain some variables we used. Since
bi-phase and four phase codebooks are considered, a variable phase is used to spec-
ify the phase of the codebook in addition to the variables length, num that define
the length and size of the codebook. As indicated in chapter 3, in constructing
the codebooks, there are two conditions that limit the multipath induced interfer-
ence. In the program, limit2 represents the limit for maximum multipath induced
interference maz(| fm1| + | fmal), and limit! is the bound for [Cn—_(k+1)4mm(l — L) £
CN—ktmam (D) 5 |CN=k4mm+1(I= L) ECN-(x-1)4mm+1()]; [Crmmei+1 ({ = L) £ Crmms £ (V)]
and |Cpt1,mek+2{{ — L) £ Crmg1,m+k+1({)]. The array gword stores the codewords that
can not be used in constructing the current codebook. This is useful when construct-
ing several codebooks with no common codeword. In the program, a four phase word
is related to a quaternary representation of a decimal number (module MAXI, the
number of all possible words for a given length). For example, word (1 1 3 2) is viewed

as the quaternary representation of decimal number 94. The variables that store this
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decimal number is named gene, which is increased by step each time to form the next
searched word. step and MAXI are relatively prime so that after MAX/ times, all
possible words are searched. We start code construction by selecting the first code-
word, then the second codeword is searched by testing all possible word. If there exist
words that satisfy the two conditions, the first one will be taken as the codeword.
The process continues until num (the size of the codebook) codewords are obtained
or all possible word are tested.

The complete program with comments is given as following.
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SEEESLAAAARLAARLEHRLALANLAEELEALTELLHTTRLLABLSLLLTIEEALELLALLLLLELLLLALLLTLEEALLLSS

L]
%
%
%
%
%
%
L ]
s
%

Copyright (C) 1996 McGill University

Copyright (C) 1996 Canadian Institute for Telecommunications
Research (CITR)

Copyright (C) 1996 Hong Ren

This program is protected by copyright and all rights are reserved.
Reproduction, adaption, or translation without written permission
is prohibited, except as allowed under the copyright laws.

LA X N K N N

SHATHIELARELLLLTLLLLLELTALTLASLELATLHLATAEBARLASHLLALERALALETLLLHILLLLLILALELEAERSY
SHEASSASAALASALEALEEANEALEEATLASLLEEAATLLETHLEEEELARTHERATLLTREHLEELELELEETLLELLELLLS
L %
% This program is used to construct commutation signaling codebooks. %

% L
SELESELTERLRANALLERENLAEHELRNLEALELLTRLELUNEEALLBLLRLLLLTLELLELHITLEALLL LT EHAERELLS

length = S; %% length of a commutation signaling codebook 3%
num = S; %% size of the codebook $5%

phase = 4; $%% phase of the codebook %%

MAXI = phase“length; %% number of possible words L1 2 1]

limitl = 4.0;
1imit2 = 11.0;

gword = [

1 1 1 1 1

1s $%5% The codewords that can not be used $1%
d = size(gword);
ge = d(I); £33 number of the codewords that can not be used %%%
code = zeros (num, length); %% to save the codebook 1%

f_corre = zeros(4,length); $%% aperiodic correlations $%%
s_corre = zeros(4,length); %%% apericdic correlations 5%
SHPLELAELERLRLLEE4888288%8% Select the first codeword 1232323232332 3222222222
TIMES = O0;
gene = 9;

step = 7;

count = 1;
while count <= 1;

cflag = 0;
while cflag < 1;
n=1;

gene = gene + step;
gene = rem(gene,MAXI);
ge_loc = gene;
for i = l:length;
1l = length - i;
expo = fix({(ge_loc/phase”l);
code (count,1+1) = (sqrt{-1)) “expo;
ge_loc = rem(ge_loc,phase"l);
end;
TIMES = TIMES + 1;

L2121 25321 check whether the word can be used H%E$ELEHTLHELHELELBLLS
while n <= ge;
sum = 0;
for k = 1l:length;
sum = sum + gword(n,k) * conj(code(count,k));
end;
if abs(sum) > length-1;
n =ge + 1;
elseif n == ge;
n=n+1;
cflag = 2;
else
n=n+1;
end;
end;
end;

TEEREEHALE4%%8%%  check whether correlations satisfy the conditions #%%%§8%%t84ts
for shift = l:length-1;
f_corre(l,shift) = 0;
f_corre(2,shift) = 0;
for i = l:length - shift;




§ = i + shift;
f_corre(l,shift) = f_corre(l,shift} + code(l,i) * conj{code(l,3));

end;
for 1 = l:shift;
j =i + length —-shift;
f_corre(2,shift} = f_corre(2,shift) + code(l,i) * conj(code(l, §));

end;

test = abs(f_corre(l,shift)) + abs(f_corre(2,shift));
i1f test > limitl;
shift = length + 1;
else
if shift == length - 1:
count = count + 1;
end;
end;
end;
end;

$%3%8%% open a file to save the codebook and related information %%%%%%$
fid = fopen(‘cbook’, ’'w’);

EEELLLELLELELERL88%8%8%8%%  search for the other codewords $HH4EHEELELEELEEEELRLELREERES
times = 0;
count = 2;
while count <= num;
cflag = 0;
while cflag < 1;
n = 1;
times = times + 1;
TIMES = TIMES + 1:
%%%%%% terminate the program if the number of tested words EEEETERELERRLES
FXLEL44484%%4%  larger than the number of possible words S%%E$SEt4ttsesRETset
if times > MAXI;
cflag = 2;
count = num + 1;
mes = ‘no code is found’
end;

gene = gene + step;
gene = rem{gene,MAXI):;
ge_loc = gene;
for i = l:length;
1l = length - i:
expo = fix(ge_loc/phase*l):;
code (count, 1+1) = (sgrt(-1)) “expo;
ge_loc = rem(ge_loc,phase*l):;
end;

(2212221113 check whether the word can be used S$%%FE$EEHETLELEEESL%%SE
while n <= ge;
sum = 0;
for k = l:length;
sum = sum + gword(n,k) * conj{code(count,k));
end;
if abs(sum) > length-1;
n =ge + 1;
elseif n == ge;
n=n+1l;
cflag = 2;
else
n=n+1;
end;
end;
end;

ELEELALLLALLSALALALS Check the two conditions FHLLEHLATASTILRSLALY

%8%%3%% The codewords are shifted cyclicly by the following loop %%%%
first = 1;
while first <= count
second = first + 1;
if second > count;
second = rem(first+l,count);
end;
delay = 0;
%%%%% The real DELAY = delay * length + shift S$%5%$%%888%8%%
while delay <= count-1;
f_prev = first + delay:;
if f_prev > count




3
ent,j));
st,Jj)):

PR X

nt,1)):
1))
in:
ond, 1)) :

f prev = rem(first+delay,count);

end;
f_current = f_prev + 1;
if f_current > count;
f_current = rem{(f_current,count);
end
f next = £ _current + 1;
if f_next > count;
f_next = rem(f_next,count);
end;

s_current = first - delay;
if s_current <= 0;

s_current = s_current + count;
end;
s_prev = s_current - 1;
if s_prev <= 0;

s_prev = s_prev + count;
end;
s_next = s_current + 1;
if s_next > count;

s_next = rem(s_next,count});
end;

if delay < count - 1;
maxsf = length;

else

maxsf = length - 1;
end;
shift = 1;

while shift <= maxsf;
f_corre(l,shift)
f_corre(2,shifr)
f_corre(3,shift)
f _corre(4,shift)
s_corre(l,shift)
s_corre {2, shift)
s_corre(3,shift)
s_corre (4, shift)

Ne Ve Ne W N

Wanuhwan
[e¥eRoNoRoNoNaYol

Ne N e

for i = 1l:length-shift;

3 = 1 + shift;

f_corre(l,shift) = f_corre(l,shift) + code(first,i) * conj{code(f_prev,
f_corre(2,shift) = f_corre(2,shift) + code(second,i) * conj(code(f_curr
s_corre(l,shift) = s_corre(l,shift) + code(s_current,i) * conj(code(fir
s_corre(2,shift) = s_corre(2,shift) + code(s_next,i) * conj(code(second
end;

for i = l:shift;

j = i + length - shift;

f_corre(3,shift) = f_corre(3,shift) + code(first,j) * conj{code(f_curre
f_corre(4,shift) = £ corre(4,shift) + code(second,j) * conj(code(f_next

s_corre(3,shift) = s_corre(3,shift) + code(s_prev,j) * conj{code(first,

s_corre(4,shift) = s_corre(4,shift) + code(s_current,j) * conj(code (sec

end;

suml = f_corre(l,shift) + f_corre(3,shift);
sum2 = £ _corre(l,shift) - f_corre(3,shift);
sum3 = f_corre(2,shift) + f_corre(4,shifcr);
sum4 = f_ corre(2,shift) - f_corre(4,shift);
sumS = s_corre(l,shift) + s_corre (3, shift);
sum6é = s_corre(l,shift) - s_corre(3,shift);
sum7 = s_corre(2,shift) + s_corre(4,shift);
sum8 = s_corre(2,shift) - s_corre(4,shift);
magl3p = abs(suml + sum3l):;

magl3m = abs(suml - sum3);

magl4p = abs(suml + sumd);

magl4m = abs(suml - sumd);

mag23p = abs(sum2 + sum3);

mag23m = abs(sum2 - sum3);

mag24p = abs{(sum2 + sumd);




mag24m = abs(sum2 - sum4)};

magS7p = abs(sum5 + sum7);
magS7m = abs (sum5 - sum7};
magS58p = abs(sumS + sum8):;
mag58m = abs(sumS - sum8) ;
mag67p = abs(sumé + sum7);
magé7m = abs(sum6 - sum7);
mag68p = abs (sum6 + sum8);
mag68m = abs(sum6é - sum8);

testl = max{abs(suml), abs{sum2)):

test2 = max(abs(sum3), abs(sumd4)):
test3 = max({abs(sumS), abs(sum6}):
test4 = max(abs(sum7), abs(sum8)):
magml = (magl3p magl3m magld4p magldm mag23p mag23m mag24p mag24m]:

testl?2 = max (magml);

magm2 = [magS57p magS7m mag58p mag58m mag67p mag67m mag68p mag68m];
test34 = max (magm2);

testall = testl2 + test34;

flag = 0;

if testl > limitl;
flag = 1;

end;

if test2 > limitl;
flag = 1:

end;

if test3 > limitl;
flag = 1;

end;

if test4 > limitl;
flag = 1;

end;

if testall > limit2;
flag = 1;

end;

E23 23112237 Discard the codeword if the conditions are not satisfied t1122 2322221

if flag >= 1;
shift = length + 1;
delay = count + 1;
first = count + 1;

£33338344%%%  Otherwise, test the conditions for the next shift S$HELEELEELELLELE

else
shift = shift + 1;
end;
end;

L2t 22311313222 Test the conditions for the next delay LS LERER%Y

delay = delay + 1;
end;

$3LEEBLEHLES Shift the codewors (22323321223 E 1]

end;

first = first + 1;

end;
if shift <= length;

times = 0;

count = count + 1;
end;

gcd = zeros(num, length);
for 1 = l:num;

end;

for 1 = l:length;
if real(code(i,l)) > le-2:;
qed(i,l) = 0;
elseif real{code(i,l)) < -le-2;
ged(i,l) = 2;
elseif imag{code(i,l)) > 0;
qed(i,l) = 1;
else
ged(i,l) = 3;
end;
end;

SLEEHLLHLLLELHRLLLANY Save the codebook in a file SEEEELALLLHEELLLELELSLNLL




for 1 = l:num;
for 1 = l:length;
fprintf(fid, *%1.0f *, gedii,l));
end;
fprintf(fid,’\n’);
end;
fprintf(fid,"\n’);

for 1 = l:num;
for 1 = l:length;
if real(code(i,l)) > le-2;
fprintf(fid,’* 1 ‘):
elseif real(code(i,l)) < -le-2;
fprincf(fid,’'-1 *);
elseif imag(code(i,l)) > 0;
fprintf(fid, * j ’):
else
fprinc£(fid, ‘-3 *):
end;
end;
fprintf(fid,"\n’);
end;
status = fclose(fid);
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