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Chapter 1

Performance Analysis

1.1 Main Equation

Assume that the received signal is the superposition of the messages from N users. Let
the chaotic sequence for the n-th user be

x(™ = [xgn)’ xg”), o ,xg;)] ! ;

where the operator (-)7 denotes transposition. Without loss of generality, we assume
that chaotic sequence of the user who received the signal is x(!), and define

an = (x) " x = (x®) %, (1)

Furthermore, we denote A =aq +as+ -+ an.
For writing the equations more compactly, we also introduce

T
x((j") = [:c(()n),xgn), . ,xg%)_l} , foralln e {1,2,...,N}.
In the equation above, we use the convention that :I:(()n) = xg%) Additionally, we define
T T
by, = (xén)) xW = (X(1)> xén) (1.2)

and B=0b; +by+---+bn.
For modeling the additive noise, we consider the zero-mean Gaussian random vector

£ =[¢1,8&,...,&8]", (1.3)



whose covariance matrix equals NolI, where Ny > 0 and I denotes the identity matrix

of appropriate dimension. Let C' = &"x(!). The entries of & and those of x(™), xgl") are
statistically independent for all n € {1,2,...,N}.
Now we can re-write Eq. (8) from [1] by employing our own notation:
z = lapos + ap1(s — 7)]A + api 7B + sC, (1.4)

where agg and ag; are statistically independent Rayleigh random variables which model
the fading for the first path and the second path, respectively. We assume that the
secondary path is delayed in time by 7. The design parameter s plays a key role as
each chip is extended into s samples in order to analyze the performance of the system
when the secondary path is delayed by only a portion of the chip interval. It is obvious
that 0 <7 <s.

There have been previous attempts at evaluating the performance of the system
by assuming that z is Gaussian [1]. One possible solution for improving the accuracy
of BER is to use Gram-Charlier expansion for the probability density function (PDF)
of z and to truncate it at the fourth moment (see [2, Section 6.17]). Hence, the sup-
plementary terms in comparison with the crude Gaussian approximation will depend
on skewness and kurtosis. If both skewness and kurtosis are close to zero, then we
might expect a marginal improvement in accuracy, in comparison with the case when
the Gaussian approximation is used. To clarify this aspect, we compute the skewness
of each term within (1.4), under the following hypotheses [1]:

e The chaotic sequence for each user is generated by using the logistic map (see
Section 3.1 for more details). The very first entry of each such chaotic sequence is
drawn from the distribution given in (3.3) such that, for any two different users,
the very first entries of their chaotic sequences are statistically independent.

e As already mentioned, the main path and the secondary path (where the delay
7 occurs) are affected by Rayleigh fading. The fading factor remains constant
over a transmitted bit interval. The parameter of the Rayleigh distribution used
to model the fading on the main path is denoted b. For the secondary path,
the parameter is b. So, we write agy ~ Rayleigh(b) and ag; ~ Rayleigh(b). We
emphasize that agg and g are statistically independent.

e For n € {1,2,..., N}, the random variables gy and «p; are statistically inde-
pendent in rapport with the entries of the vectors x(™) and xgl"). They are also

statistically independent in rapport with the entries of the vector &.
In our calculations, the following results are useful [3, Chapter 35]:
7\ 1/2
Blow] =0(3)



B3] = 207, (L6)
™

Blof =3 (5)" (w7)

where E(-) denotes the expectation operator. The moments of a1 can be obtained by
replacing b with b in the expressions above.
We introduce the supplementary definitions:

0o = a00$+a01(5 —T), (18)
51 = Q1T.
Moreover, for an arbitrary random variable RV, we use the notation n3(RV) for its

skewness. In particular, when RV € {4, B, (01 B)} and N is fixed (N > 2), based on
the calculations presented in Section 3.4, we have:

1

n3(RV) = CORE [CN(RV) +0(1)] (28>1), (1.10)
_ 172
where Cy(A) = %, Cn(B) = % and Cy (6, B) = —Cn(B).

For 7 € {0,s/2, s}, fixed N and 8 — oo, the skewness of the term (JpA) is given by
773(5014) :Cb,B,T/s[l +0(1)], (111)

oml/2(m —3) b+ (1—71/5)0

where Cy 7 /o = (4 — )32 3/2

. The details for derivation of (1.11)
[b? (1 7/5)252}
can be found in Section 3.4. Additionally, one can verify without difficulties that
n3(C) =0.

We have been able to compute the skewness for each term within (1.4), but the
evaluation of 73(z) requires some more calculations. For applying the Gram-Charlier
expansion, we should also evaluate the kurtosis of z. Because of the tedious calculations
involved, the use of Gram-Charlier expansion does not provide a practical solution for
the problem we want to solve.

There is also another important lesson which we learned from the computation of
skewness for various terms. The result in (1.10) shows that the skewness of A, B, (§; B)
is almost zero when § is large. According to (1.11), the situation is different for dpA,
whose skewness does not decrease to zero even if § is very large. This suggests that
a better alternative to the Gaussian assumption for z is to make all the calculations
under the hypothesis that A, B, C' are Gaussian distributed. We will pursue this idea
in the next section.



1.2 Theoretical Bit Error Rate

1.2.1 Main Idea

The analysis above suggests that the Gaussian assumption for z is inappropriate. How-
ever, from the same analysis we know that, for large 3, the Gaussian distribution might
be a good approximation for the conditional distribution of z given ayg, a1 and 7. This
leads to the natural choice of computing first the conditional BER and then apply the
law of total probability (for continuous distributions). This approach is in line with
what has been already done for similar problems, in the case of narrow-band channels
(see, for example, [4]). The details of the calculations are outlined below.

1.2.2 Conditional Bit Error Rate

We begin by computing

BER (a0, a1, 7) = lerfc Elz|a0, ao1, 7]
2 v/ 2Var[z|ago, a1, 7]

—1/2
f— lerfc ({ 2Va1"[z’0¢0070401’7']} > , (112)

2 (E[Z’Oéoo,a01,7])2

where erfc(-) has the well-known expression [5, p. 48]:
te(¥) = = [ expl(-)d
erfc(v) = — exp(—w?)dw.
VT Jy

We employ results which are proved in Chapter 3 (see Lemma 3.2.2, Lemma 3.2.4 and
Lemma 3.3.1) in order to calculate
E[Z‘Ozoo, ap1, 7'] = 50E[A] + (51E[B] + SE[C]
do
E[2%|ago, aor, 7] = 62 E[A%] 4 62 E[B?] + s*E[C?] + 20001 E[AB] (1.13)

N 1 1
— 5 |20+ 1287 - 509)
457 5(26) + 270 (26) + 2001 (26 - 2), (1.14)

where &y and d0; are given in (1.8) and (1.9), respectively.
The quantity of interest for us is

2Var[z| oo, o1, 7] _ <51>2 2N <‘51> 2(26 —2) (1.15)

(Elzla00, a0, 7))? 25 " \%) @5

do




1\?2 452
+ (%) Noﬁ (1.16)
2N —1
T (1.17)

Under the assumption that agy # 0, 7 # 0 and 7 = agg/ap1, we can rearrange some of
the terms in the equation above:

5 1
2= - 1.1
% o)1 (1.18)

1\? 42 N 2

—) No— = . (1.19)

(&) "3 S [i+3 (- 5))°

These identities lead to the following conclusions:

e Remark in (1.19) that the term Ny(Bad,)~! can be written as No(Eyad,)~?,
where Ej, is the bit energy and equals 28E[z?]. We refer to [4, Eq. (14)] for the
definition of the bit energy. The reader can also see in Chapter 3 (Eq. (3.5)) that
E[z?] = 1/2 for the logistic map. Combining the results from (1.12), (1.16) and
(1.19), we can conclude that the BER decreases when the product Eja?, raises.
It is also interesting to note that the positive factor which multiplies No(Ba3,) ™"
in (1.19) is smaller than two for all possible values of r, 7 and s.

e The performance is the same for all selections of s and 7 for which the ratio s/
has a certain value. An increase of s/7 guarantees a lower BER [see again (1.12),
(1.15) and (1.19)].

e The increase of r has mixed effects in the sense that d;/dg decreases, whereas the
value of the expression in (1.19) grows.

1.2.3 Average Bit Error Rate

To gain more insight, we investigate separately the influence of the second propagation
path and that of the additive Gaussian noise. Then we treat the general case.

Case #1: Effect of additive noise is neglected (Ny = 0) If we ignore the term
in (1.16), then E}/Ny = oo and the expression of conditional BER becomes

1
BER’(T7T)’E;)/N0:OO - Eerfc ( 7:7}/2) R

10



where

N/B, (B-1/B 2N -1

C”:[g(rﬂ)—q? r+1) -1 28

Furthermore, we can calculate

Bﬂ%ﬂmmFm—AMHEMnﬂmmFafan (1.20)

where f(r) denotes the PDF of r. Assuming that (i) ago ~ Rayleigh(b), (ii) am ~

Rayleigh(b) and (iii) ago and ag; are statistically independent, we have the following
2rb2h?
expression for f(r) [6, Corollary 3.4]: f(r) = %, 0 < r < oo. We note in
(202 +22)

passing that the mode of f(r) is given by b/(3'/2b).

Case #2: Ny > 0, agp and «g; are linearly dependent Now we consider that

oo/ 01 = To, (1.21)

where 7 is fixed (ro > 1). This is a major deviation from the original set of assumptions
listed in Section 1.1, but it will help us to gain more insight on the problem we analyze.
This assumption leads to

1 _
BER(00, 7)|r=r, = ierfc ( aol(ﬁ) ,

where
N B-1_ 2N, 2N-1
o= D25 ¥ D T azp08 T 28
(50 S
Di=—=— 1)—-1
1 51 T(r0+ ) 5
Dy = % :1+i(1—f). (1.22)
apos To S
It follows that
BER(7)|p=r, = / [BER (a0, 7)|r=r,] f(00)dexgo, (1.23)
0
where
flagy) = (aoo/bQ)exp [—ago/(2b2)] , 0 < agy < oo, (1.24)

11
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Figure 1.1: The values of BER(th) obtained when computing numerically the integral
in (1.23) are compared with LB - the lower bound in (1.31). These results are for N = 4
users (left panel) and N = 40 users (right panel). The values of the time delay 7 are
given in the legend. Additionally, s = 40, 8 = 50 and o = 1.1.

because agy ~ Rayleigh(b). For writing the formula in (1.23) in a more convenient
form, we firstly re-write (qg9,7 as Gy 7:

e =0+ =, (1.25)
Y
'Y = agO7
N B-1 2N-1
v = + + , 1.26
D33 D 28 (1.26)
2N,
= —. 1.27
Y7 B0 0

After some algebra, we get that the PDF of 7y is f() = exp(—~v/7)/7, where 0 < v < o0
and 7 = 2b°. So,

BER(7)|p=r, = /0 h [BER(7, 7)lr=ro) f(7)dvy

12



1 o0
=5 [ e )y
- / QWICY2) f(7)dy (1.28)

B 1 [ w/2 C*l
= }/0 [/0 exp< - 0) d@] f(y)dy. (1.29)

In (1.28), we have used the well-known relationship between erfc(-) and the Gaussian
Q@-function. The reader can find more details in [7, p. 85], where is also presented the
identity we employed in (1.29). However, the double integral in (1.29) cannot be easily
computed, but it allows us to obtain a lower bound for BER(7)|;=,. It is enough to
observe in (1.26) that v > 0, which leads to

BER(T)|r=r, > %/0 erfc( ’y/w) fly

i
/f [ e
N

_ 1j_w/v> . (1.31)

In (1.30), we used the fact that w is positive (see the definition in (1.27)), whilst in
(1.31) we applied the identity from [7, Eq. (5.6)].

From (1.27), we know that w = (E,/No)~' x (2/D3). This shows clearly the
influence of the ratio Ej/Np on the lower bound we obtained in (1.31). The same
identity shows that the lower bound also depends on 7¢, 7 and s (see again the definition
n (1.22)). However, the lower bound does not depend on the number of users N
because, in the derivation of (1.31), the v-term from (1.25) was ignored. For example,
if we take N =4 or N = 40, the lower bound in (1.31) is the same (given that all other
settings are the same). For illustration, we plot in Fig. 1.1 the values of the lower bound
when 8 = 50, 19 = 1.1, s = 40, 7 € {1,20,39} and E,/Ny € {1dB,2dB,...,16dB}.
In the same figure, we show the values of the integral in (1.23), which are numerically
computed for N =4 and N = 40, respectively. Remark that the lower bound is a good
approximation of the integral when N = 4. It is not surprising that the approximation
becomes much worse when N is large. This suggests that the lower bound might be
used to approximate (1.23) only when N is small.

13



Case #3: Ny > 0, agp and «g; are statistically independent With the conven-
tion that Cayy.a0,,+ 1S given by the expression in (1.15)-(1.17), we get

1 _
BER (a0, 001, 7) = serfc ( aog{gw) , (1.32)
BER(T) = / / BER(O&O(), 01, T)f(aoo)f(a01)da00da01, (1.33)
0 0
(1.34)

where f(aq) is the same as in (1.24). For the distribution of cay;, we make the assump-
tion that is Rayleigh(b) and consequently we have f(ag1) = (g /b?) exp [—agl / (262)}
for 0 < ag < 0.

Case #4: Ny > 0, ago and «q; are statistically independent, 7-delay is random
In most of the practical applications, the value of 7 is not known a priori. This is why
we propose to evaluate how the fact that 7 is random impacts on the performance.
The model used in [1] assumes that 7 is sampled from an Exponential distribution
(with parameter \), but it was pointed out in the same reference that 7 should be
rather modeled as a discrete random variable than as a continuous one. We introduce
a new model for 7, which is discrete. The novel model is described by resorting to the
following algorithm:

1. Let the random variable 7. have the Exponential distribution with parameter A
(A > 0). Hence, the PDF of 7. is given by

M if 7.>0
f(TC) = {

0 otherwise,
where ¢ = exp(—\).

2. Quantize 7, as follows: 7, = |7.], where |-| denotes the largest integer not greater
than the real number in the argument. It is clear that

Pr(r, =i) = (1 — £)¢" for all i € {0,1,2,...}.

3. Take 7 = 7, (mod s). Simple calculations lead to

1-7/
11—

Pr(r = j) = ¢ for all j € {0,1,...,5 —1}. (1.35)

14



We note that

s—1
1—-7
Blr]= =5 2_¥
j=0
s—1
-0
= S jfj
1-¢ =
0 (s—1)5 —stst 41
= 1.
1—¢3 1-7¢ ' (1.36)
s—1
1—-7 )
E[T2] =17 ZJQEJ
j=0
1-7¢ s—1 )
- 1 /s Zj ¢
j=1
s—1 s—1
1-7 » i
=T |2+ ) e
j=1 j=1
s—1
(1- 5)62 . i—2
—E 1)
[+ S S - e
=2
2 [201—¢5) 2057 1s
=F — — 7 %s(s = 1)] . 1.
4 g g~ A (D (137)
At the same time, it is well-known that the moments of 7. are [3, Chapter 14]:
1
Elr] = <, 1.38
[l = 5 (1.38)
2
21
E[r7] = ’Vh (1.39)

In Fig. 1.2, we compare the moments computed with (1.36)-(1.37) with those given by
(1.38)-(1.39) for the case when s =40 and 1/\ € {1,2,...,20}. Remark in figure that
the moments of 7 and 7. are almost the same when the mean of 7. is small, but they
tend to be different when the mean of 7. increases.
The formulae above will be employed in our future calculations. Most importantly,
the model we introduce for 7 leads to the following expression for BER:
s—1
BER = ) Pr(r = j)BER()), (1.40)
§=0

where Pr(7 = j) is given in (1.35) and BER(j) is evaluated by using (1.32)-(1.33).

15
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Figure 1.2: First- and second-order moments of 7 and 7. computed with formulae
(1.36)-(1.37) and (1.38)-(1.39), respectively. In calculations, we use s = 40 and the
value of 1/X ranges from 1 to s/2.

1.2.4 Relationship Between the Values of the Transmitted Bits and
the Conditional BER

All formulae for BER which we have derived so far are based on the expression of the
conditional BER in (1.12). However, for obtaining (1.12), we assumed that the bits
transmitted by all users have value “+ 1”. This might give the impression that all our
results are valid only for a particular case. Next we prove their generahty

Let fyi( ") be the i-th bit transmitted by the n-th user. Obviously, v,/ € {—1,+1}
for all 7+ and n. With the convention that ¢ > 1, we denote z; the random variable used
by the first user in order to decide if the value of the i-th received bit is either “+1” or
“-1”. Hence, we have:

=

zl—éoz'y Gn+5lz% bn, +51x1 Z{ Y }:cgg)—ksC, (1.41)

n=1 n=1 n=1

(n)

where all symbols have the same significance as before, except ; (n)

and 7,7 which are

16



newly introduced. The key results are given in the following lemma.

Lemma 1.2.1. For all ’YZ-(PP . ,fyfivl),fyfl),...,'yi(]v) € {—1,+1}, the following identi-
ties hold true:

E [zi|aoo, 01, 7] = o) [2|ao0, o1, 7] (1.42)

7
E [21-2‘0400,0&01,7'] =F [22‘0400,0601,7'] s (1.43)
where z is defined in (1.4) and the expressions of its first- and second-order moments
are given in (1.13)-(1.14).

Proof is deferred to Section 3.5.

We can see from Lemma 1.2.1 that the conditional mean of z; does not depend on
the sign of the previous bit transmitted for the first user nor on the bits transmitted for
other users. Additionally, the values of the bits have no influence on [zf]aoo, o1, 7'].

All that remains is to assume that is equally likely for fyi(l) to be either “+1” or “-17,
and to perform the usual calculations [4, 5]:

1
BER(ago, a1, 7) = BY Pr (Zi < 0lago, @01, T, %(1) = +1>

1
+ 5 Pr (ZZ' > 0|CM00,C¥01,7’, ’yz-(l) = —1)
1)

Lo [ Elzilaso, 0o, 7y = 4]
2
\/QVaI"[Z’Ckoo, o1, T, ,Yi(l) _ +1]
= lerfc Elz|ago, a1, 7] ) (1.44)
2 V/2Var|z|ago, o1, 7]

The equality in (1.44) is based on Lemma 1.2.1 and shows clearly that all the formulae
we derived for BER are valid for all possible values of the transmitted bits.

Next we focus on the computation of BER when z in (1.4) is assumed to be Gaussian
distributed.

1.3 Computation of Bit Error Rate by Using the Gaussian
Approximation for z

For sake of comparison, we compute approximate BER’s by applying the method from
[1], which assumes the distribution of z to be Gaussian. We write down the calculations
for the four cases considered in the previous section.

17



Case #1: The approximate BER, which we denote BER(7)| By, /No—=oos 1S given by

. 1 -
BER(7)| £, /No=0c = ierfc (CT 1/2> , (1.45)
where

a 2Var[z]  2E[2?
(BRI (BlH)?

—2. (1.46)

As C =0, we employ Lemma 3.2.2, Lemma 3.2.4 and equations (1.4), (1.5), (1.6) for
the following calculations:

E[z] = {E[ag]s + Flaoi]|(s — 7)} E[A] + Elao1]TE[B]
= (7/2)"2 [bs + b(s — 7)), (1.47)
E[2%] = {s*Elago] + (s — 7)*Elay] + 2s(s — 7) Elag| Elaa] } E[A%)
+ 72E[0d,|E[B?) 4 21 {sE[aOO]E[am] + (s — T)E[Oé%l]} E[AB]
_ [252(3 — )2 4+ 26252 + whbs(s — T)] x [(NB)/2 — B/4+ %] (1.48)

4 27(B/4 — 1/4) x [2’62(5 — 7) + (bbsm) /2} + N2, (1.49)

Case #2: Using the notation from Section 1.2.3, we re-write the expression of z as
z=ago[s+ (s —7)/ro] A+ apo(7/10)B + sC.
This leads to the following results:
Elz] = Elaoo] [s + (s — 7)/ro] E[A]
= (1/2)"*bls + (s = 7)/r0] B,
E[2*] = Elagy] [s + (s — 7)/ro]* E[A®] + Elagy] (/r0)*E[B*] + s* E[C?]
+ 2E[0y] [s + (s — 7) /ro] (1/r0)E[AB].
(1.50)

All that remains is to plug-in the expressions for the moments of the random variables
involved, to calculate (- like in (1.46) and then to use the erfc(-) function for computing
BER(7)|r=r,-

Case #3 : It is easy to see that, in this case, the expression of E[z] coincides with
the one in (1.47). Similarly, F[2?] can be calculated as the summation of (1.48)-(1.49)
with s2E[C?]. Note that s?E[C?] = s2Npf (see Lemma 3.3.1).
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Case #4:

It is straightforward to write down the following identities:

El7] :E[ o] E[A],
Elbo] = —E[r]Elao1] + s{E[aoo] + Elao]},
E[2%] = E[6})E[A?] + E[63)E[B?) + s*E[C?) + 2E[6y61|E[AB],
E[5] = E[r*E[agy] — 2sE[r]{Elag,] + Elaoo] Elaom ]}
+ s°{Elago] + Elag] + 2E[aoo] Elan ]},
E[§] = E[r*)E[ag,],
Eléo61) = —E[r*|Elagy] + E[r]s{ E[ago) Elan] + Elagy]}-

The moments of z can be then evaluated with the help of results from Lemma 3.2.2,
Lemma 3.2.4, Lemma 3.3.1 and equations (1.5), (1.6). For the first- and second-order
moments of 7 we apply (1.36) and (1.37).

In the next chapter, we resort to numerical examples for a better understanding of
the results obtained so far.
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Chapter 2

Numerical Examples

2.1 Experimental Settings

In this chapter, we compare the theoretical results from the previous chapter with those
obtained from simulations. We mention from the very beginning that each experimental
result shown in Figs. 2.1-2.8 is produced by simulating the transmission of 10° bits. In
all cases, the spread factor is 28 = 100 and each chip is extended into s = 40 samples.
The parameter b of the Rayleigh distribution from which we sample aqq is taken to be
V2 /2. This choice guarantees that the expected power of fading on the main channel
is one: E[ady] = 1 (see (1.6)). Selection of other parameters is explained below, for
each considered case. The nomenclature for the four cases we analyze is the same as in
Section 1.2.3 and Section 1.3.

2.2 Experimental Results

Case #1 : In addition to b = \/5/2, we have also to set, in this case, the parameter
b for the Rayleigh distribution of ag;. So, we take b= 0.9b. As the additive Gaussian
noise is not considered (E,/Ny — 00), we are mainly concerned with the degradation
of performance when the number of users increases. This is why we plot BER versus N
in Fig. 2.1. The values of BER are computed as follows (in parentheses we indicate the
acronyms used in the legend of the figure): (th) numerical integration of (1.20); (app)
Gaussian approximation in (1.45); (exp) simulation of 10° bits. Remark in the same
figure that 7 € {1,s/2,s—1}, where s = 40. Disregarding how BER is computed, BER
increases when the ratio 7/s raises and N is kept fixed. We also remark that, for a given
value of 7/s, BER grows when N becomes larger. These results are not surprising and
they are in line with the analysis from Section 1.2. Remark the agreement between the
values of BER(th) and BER(exp). However, for a given set of experimental parameters,
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BER(app) is much larger than both BER(th) and BER(exp), which shows clearly that
in the absence of additive Gaussian noise, the Gaussian assumption for z leads to a
poor approximation of BER.

Case #2: In contrast to Case #1, we now take Ej/Nj to be relatively small, namely
Ey/Ny = 2dB. Then we choose ry = 1.1 (see (1.21)) and keep all other settings as in
Fig. 2.1. The theoretical and empirical values of BER are shown in Fig. 2.2. Observe
the nearly linear dependence between BER and the number of users.

In the second experiment conducted for Case #2, we maintain all the settings as
in the first one, except that N = 4 and Ej/Ny is varied between 1dB and 8dB. The
results are plotted in Fig. 2.3, where we can see the improvement in performance when
Ey/Ny grows. In figure can be observed how inaccurate the Gaussian approximation
is when Ej/Nj is relatively large. For instance, the BER computed with Gaussian
approximation when 7 = 1 and E,/Ny = 8db is not only larger than the empirical
BER obtained for the same experimental settings, but is also larger than the empirical
BER corresponding to 7 = 20 and Ej,/Ny = 8db.

In the last experiment for Case #2, the focus is on rg. We fix N = 4, E,/Ny = 2dB
and let 7o to take values from {1,1.2,...,2}. According to Fig. 2.4, the increase of g
slightly lowers the BER if 7 = s — 1. On the contrary, BER is monotonically increasing
with ro when 7 € {1,s/2}. For understanding this behavior, we use the definitions in
Section 1.2.3 in order to compute (q,,-. For example, when 7 = 39, we have s/7 ~ 1,
which implies Dy ~ rg and Dy =~ 1. It follows that

N -1
Cago,39 A 7“8—5 + % + ct(ro)
. 0.08 0.02 y
~ ?”(2) + o +c (7“0),
where N = 4, § = 50 and ct(rg) represents those terms which do not depend on
ro. Hence, if 79 grows, then (,,, 39 becomes smaller and BER(39)|,—,, decreases (see
(1.23)). For 7 = 1, we have Dy =~ s(rg + 1) and Dy ~ 1+ 1/rg. So,

N g—1 1 1 2Ny

Gaoo,1 ~ s2(ro +1)2p + s(ro +1)32 " (1+1/ro)? a3, B
_5x1077  5x 107t 1 1.26
B S ) R R RV

+ Ct(’l”o)

5 +ct(ro)-

As we know that E[a3,] = 1, it means that the dominant term in the equation above
is the one that contains the factor 1/a;. This leads to the conclusion that (a1 is
monotonically increasing with ry and explains the behavior observed in Fig. 2.4.

21



Case #3 : Similarly to Case #1, we take b = 0.9b for the plots in Figs. 2.5-2.6. In Fig.
2.5, Ep/Noy = 2dB and the number of users ranges from 4 to 24. It is interesting that
the difference between BER(th) and BER(exp) increases when NV raises, but at least for
7 = land 7 = 20, BER(th) — BER(exp) is clearly smaller than BER(app) — BER(exp).

In the particular case of Fig. 2.6, the number of users is small (N = 4) and we
remark the decrease of BER when Ej, is kept fixed and Ny is lowered. As already ob-
served in other graphs within this section, BER(th) and BER (exp) are almost the same.
Additionally, the Gaussian approximation BER(app) almost coincides with BER(th)
when Ej /Ny is small. The smaller Ny is, the worse the Gaussian approximation is, and
this trend confirms what we have already noticed for Case #1 and Case #2.

Another interesting aspect is that in Case #2, the ratio o/ is fixed to 1.1,
whilst in Case #3 the ratio of the means of distributions from which «agy and ag; are
drawn is about 1.1. This explains the similarities between Fig. 2.2 & Fig. 2.5 and Fig.
2.3 & Fig. 2.6.

Case #4 : The key point is the randomness of the delay 7. As we already know
from Section 1.2.3, 7 is a random variable obtained by quantizing 7.. Bearing in mind
that, in our settings, the maximum possible value of 7 is s — 1 = 39, we conduct
experiments for the situation when 7 is sampled from an Exponential distribution with
mean 5, as well as for the case when the mean of the Exponential distribution is 20.
All other experimental settings are described in the caption of Fig. 2.7, where we
show how the BER depends on the number of users (V). We are mainly interested in
comparing the theoretical BER given in (1.40) with the empirical results obtained from
simulations. Under the assumption that z is Gaussian distributed, the approximate
BER is calculated by using the expressions of E[r] and E[r?] from (1.36)-(1.37) in
the formulae outlined in Section 1.3. For comparison with results reported previously
(see [1]), we also compute another approximate BER which is obtained by employing
the formulae in (1.38) and (1.39) for E[r] and E[r?], respectively. As we can see in
Fig. 2.7, the two Gaussian approximations can differ significantly if 1/\ (the mean of
the Exponential distribution from which 7. is sampled) is large. In the same figure,
one can observe the difference between BER computed with (1.40) and the Gaussian
approximations. The fact that the two Gaussian approximations are over-pessimistic
can be also observed in Fig. 2.7, where the number of users is fixed and the ratio Ej,/Ny
is increased from 1dB to 8dB.
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BER Vs N for various delayst

—6—1=1(th)

—6— 1 =20 (th)

—6— 1=39 (th)
* - 1=1 (exp)
* - 1=20 (exp)

N

107 - --A- T T 9
) N

N

* - 1=39 (exp)
— & —1=1(app)
— A —1=20 (app)
— A —1=39 (app)

BER

8 10 12 14 16 18 20 22 24
N

Figure 2.1: Case #1 : BER(exp) [computed empirically from 10° simulated bits] is com-
pared with BER(th) [calculated by numerical integration with formulae from Section
1.2.3] and BER(app) [calculated with the Gaussian approximation from Section 1.3]
when the number of users IV increases from 8 to 24. Other settings: g = 50, s = 40,
b=+2/2, b = 0.9b and the values of 7 are listed in the legend of the figure.
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BER Vs N for various delayst

T T T T T T _ l (th)
—6—1=20 (th)
0.2 —O©— 1=39 (th)
* - 1=1 (exp)
0.18 * - 1=20 (exp)
g * - 1=39 (exp)
0.16 - A 7T:l(app)
— A —1=20 (app)
— A —1=39 (app)
0.14
0.12
x /
w
o)
0.1
/
0.08 —
0.06 b
0.04 B
0.02 b
O Il Il Il Il Il Il Il Il Il
4 6 8 10 12 14 16 18 20 22 24
N

Figure 2.2: Case #2 : Here there are two major differences in rapport with the exper-
iment whose results are shown in Fig. 2.1: (i) a1 = ago/r0, where 79 = 1.1 and (ii)
Ey/Ny = 2dB.
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BER Vs SNR for various delayst

0.2 T T T T
4 —o—1=1(th)
—6—1=20 (th)
0.18 —6— 1=39 (th)
* - 1=1(exp)
* - 1=20 (exp)
0.16 * - 1=39 (exp)
- & —1=1(app)
0.14 — & —1=20(app)
4 — & —1=39 (app)

BER
=}
g

0.08

0.06

0.04

0.02} ¢

0 | | | | | |
1 2 3 4 5 6 7 8

E,/N,(dB)

Figure 2.3: Case #2 : Same settings as in Fig. 2.2, apart from the fact that IV is fixed
to value 4 and E}/Nj is increased from 1dB to 8dB.
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BER Vs, for various delays t

0.18 T T T
—6—1=1(th)
=== A _ _ _ _ A— — _ _ _ A — — A —6—1=20 (th)
—6— 1=39 (th)

* - 1=1(exp)
* - 1=20 (exp)
* - 1=39 (exp)
— A —1=1(app)
— A —1=20 (app)
0.14} 1|2 —t=39 (app)

0.16 b

1 1.1 1.2 13 1.4 15 1.6 17 18 1.9 2

Figure 2.4: Case #2 : In order to investigate the impact of rg on the performance of
the CDMA-system, we alter the settings from Fig. 2.2 such that N =4, E,/Ny = 2dB
and ro € {1,1.2,...,2}.
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BER Vs N for various delayst

0.22
—6—1=1(th)
—6—1=20 (th)
0.2 —6— 1=39 (th)
* - 1=1(exp)
* - 1=20 (exp)
0.18 * - 1=39 (exp)
& — & —1=1(app)
— & —1=20 (app)
0.16 - 1 | = A —1=39 (app)
0.14 A

BER

4 6 8 10 12 14 16 18 20 22 24

Figure 2.5: Case #3: The only difference between this experiment and the one in Fig.
2.1 is that Ny is not zero, but is chosen such that Ej/Ny = 2dB.
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BER Vs SNR for various delayst

0.2 T T T T
4 —o—1=1(th)
o —6—1=20 (th)
0.18 —6— 1=39 (th)
* - 1=1(exp)
* - 1=20 (exp)
0.16 * - 1=39 (exp)
— & —1=1(app)
0.14 — & —1=20 (app)
— A —1=39 (app)
0.12
o4
w 0.1
0
0.08
/
R
0.06
0.04
0.02

E,/N,(dB)

Figure 2.6: Case #3: The number of users is N = 4 and the variance of the additive
Gaussian noise (Np) is varied in order to see the effect of E,/Ny on BER(th) [see
Section 1.2.3], BER(app) [see Section 1.3] and BER(exp) [computed empirically]. All
other settings are the same as in Fig. 2.1.
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A=1/5 A=1/20

T T T T 017 T T T T
Th
—%— Gauss app(c)
—O©— Gauss app
exp 0.16

0.11
0.15

0.1 0.14

0.13
0.09
hd nd
w w 0.124
m m
0.08
0.11
0.07 01
0.09
0.06
0.08
0.05 1 1 1 1 1 1 1 1
5 10 15 20 5 10 15 20
N N

Figure 2.7: Case #4 : Comparison of BER(Th), which represents the BER given in
(1.40), with two Gaussian approximations. The first approximation [Gauss app(c)]
employs the formulae in (1.38) and (1.39), whereas the second one [Gauss app]| uses
(1.36) and (1.37). Additionally, b = v/2/2, b = 0.9, 23 = 100, s = 40 and E,/Ny =
2dB. The parameter of the Exponential distribution from which 7. is drawn is either
1/5 (left panel) or 1/20 (right panel). For each value of N (number of users) shown in
the plots, BER(exp) is computed by simulating the transmission of 10° bits.
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A=1/5 A=1/20

0.1 T T T 0.14 T T T
Th
—%— Gauss app(c)
L —O— Gauss app
0.09 exp
0.12
0.08¢ h
0.07] 01
0.06
0.08
g e
w 0.05 w
[aa] m
0.06
0.04
0.03 0.04
0.02
0.02
0.01
O 1 1 1 O 1 1 1
2 4 6 8 2 4 6 8
E,/N,(dB) E,/N,(dB)

Figure 2.8: Case #4 : For this figure, all settings are the same as in Fig. 2.7, except
that the number of users is fixed to N = 4 and the variance of the additive Gaussian
noise Ny is selected such that Ej/Ny takes the values shown on the abscissas of the
plots.
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Chapter 3

Statistical Properties

3.1 Statistics for Sequences of Random Variables Gener-
ated by Logistic Map

In this section, we investigate the statistical properties of sequences of random variables
{z;}, which are generated as follows:

Ti+1 — g(:):i), (3.1)
glz;) = 1—2272.

We reproduce below some of the properties of {z;} which can be found in [5]. For
instance, it is well-known the expression of the PDF for a random variable x generated
as described in (3.1)-(3.2):

—L— if 2] <1
— ) n/1-2a2 ! 3.3
x .
plz) {0 otherwise. (33)
Moreover, the following identities hold true (see Appendix 3B and Appendix 7B in
[5]):
Elz]]=0,  0<gq(qodd), (3.4)
Elaf] = 1/2, (3.5)
Elxia?,,,] =1/4, 0<m, (3.6)
Elxixiym] =0, 0<m, (3.7)
El2;xitmTitpTiyr] = 0, O<m<p<r, (3.8)
E[xz xi—l—m] = _1/47 m=4, (39)
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B[22y m] = 0, m# 1, (3.10)

where E[-] denotes the expectation operator. As our aim is to extend these results, we
firstly prove the next lemma.
Lemma 3.1.1. (a) If ¢ > 0 is even, then we have
m
q—1q—3 3
W p)dp = ———— - ——. 3.11
| eosttope = T2 27 (3.11)

(b) For ~,6 > 0 even, we have

™ 2 ify=9
/ cos(yp) cos(dp)de = /2 iy ) (3.12)
0 0 otherwise.
Proof. (a) It is easy to observe that
/ cos®(p)dyp —/ Md@ =T (3.13)
0 0 2 2
For ¢ > 2, we have the following identities
| eostiodo = [ cost o) coste)de
0 0
= faos” ) sin()]] — [ cost () (a = Dl sin*()ld
— - 1) [ eos ()l - cost (o)l
0
== [T ) (= 1) [ eostle)d
which lead to
™ _1 /(7
/ cos?(p)dp = 1—- cos? 2 (p)de. (3.14)
0 qa Jo

The result in (3.11) is a straightforward consequence of (3.13) and (3.14).
(b) If v = 6, then the evaluation of the integral can be done like in (3.13). However,
for v # 9, we get:

| costrorcostaiod = 5 [ eosltr +0)¢] + cosll — el
0 0

1 [Sin[:y:;)@]]” L] {Sin[:y_—;)]@]”

0 2

2
=0.

0
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Proposition 3.1.1. If x; is a random variable from a sequence generated by the logistic

map, then the following identities hold true:

Blzi] = 3/8,
Elzf] = 5/16
Elta?,)) = 7/32
Blzia},,] = 3/16 L<m,
Elfal,, | =3/16,  1<m,
Elx?a}, x Z+p] 1/8, 0<m<p,
Elzixiymzitp] =0, 0<m<p,
Elza}, 240 = 0,
Bla?zi1tivm] =0, 2 < m,
Elafzinis] = 1/8,
El2iZiymTiimy1) =0, 0<m,
Elzxipial,,,] =0, 0<m,
El22%i s m12iym] = 0, 2 < m,
[xz xz—i—l] =0,
Ela} $z+150z+2] =1/8,
Elzixizi ] =0,
Elxixi1xjrjepxpy1] = 0, 1<j<k,
Elz; A z+1$z+23€z+3] =1/16
Elz? Z+1xz+mxl+m+1] =0, 2<m
Elajzip] = 0.

Proof. Let ¢ > 0 be an even integer. Then,

1
= ——dx
/_1 V1 — 22

With the change of variable x = cos(¢), dz = —sin(¢)dy, we get

0
Blaf) = 1 [ cost(o) s - sin(elde
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and the identities in (3.15)-(3.16) are immediately obtained from (3.11).
For the calculation of E[z}z? ], we employ the definition of g(-) from (3.2) and
apply the same change of variable as before. We adopt the notational convention from

[5] that, for any m > 0, g™ (x) = g(¢™ Y (z)) and g™ (z) = g(z). So,

2
Bl Z+m /1 Wm {g(m)(x)} de

= l/ . 1 cost () [~ COS(Qm(p)]Q [—sin(p)]de [see Eq. (3.61) in [5]]

T sin(y)
= %/0 cos?(ip) cos?(2™p)de. (3.35)

After some elementary calculations, we get

cos2(<p)] 2
1+ cos(2¢p) } 2

—

cos* () =

w|>—~oo|oo»l>|>—~ »bl»—wblv—*vﬁ

2

1+ 2cos(2¢p) + cos?(2¢)]

1 + cos(4yp)
2

—

1+ 2cos(2p) +

L —

1 1
os(2¢) + st3 cos(4¢p)

0s(2¢) + écos(ékp), (3.36)

_l’_

NN~

_l’_

cos?(2My) = 0s(2™ ). (3.37)

_|_

Combining (3.12) with (3.35)-(3.37), we obtain (3.17) and (3.18).
Applying the same techniques as above, we have for m > 1 that

3

1 ™
E[$z2$?+m] = —/0 cos?(p) cost(2™p)dyp = o

™

which proves the identity in (3.19).
In order to prove (3.20), we note that

Elz?a?

et ]
zzmzp /1771—;p

1 /% 1 9 9
= — 2m 2 (2P)(—si d
/ﬂ g 8 () cos® (2™ ) cos” (2Pp)(—sin p)dep

o™ @) [9” )] do
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Wl 3= 3|

/ cos? () cos? (2™ ) cos? (2Pp)dyp
0

/” 1+cos2p 14 cos(2mTlp) 1+ cos(2p+1<p)d
. 2 2 2

¥

[see (3.12)].

For proving (3.21), it is enough to apply the definition of the expectation and to
use the fact that i (z) = p(z)zg(™ (2)g?)(z) is an odd function. The function 1 (x)
has this property because both p(z) and g(x) are even functions. The proof for (3.22),
(3.25), (3.26), (3.28), (3.30), (3.31) and (3.34) is similar to that for (3.21).

For (3.23) and (3.24), we note that

Blotaazian] = 1+ [ co (o) cos(2)][- cos(2" )l d

1 K
=5 [1 4 cos(2¢)] cos(2¢) cos(2™¢)dp
T Jo

i/ cos?(2¢) cos (2™ p)dyp [see (3.12)]
2T 0
L [1 4 cos(4yp)] cos(2™p)dep.

47 0

Using the result in (3.12), we get

1/8 if m=2

Bleeitivn] = {0 if m > 2

Similarly, for (3.27), we have:

1" B .
Bletsimrziin] = 1 [ co ()l cos(2n ][ cos(2"p)ldp
1 ™
= — [ [14 cos(2¢)] cos(2™ L) cos(2™p)dy
2w 0
=5 cos(2¢) cos(2™ ) cos(2™p)dyp [see (3.12)]
T Jo

= cos(2¢)[cos(3 x 2™ L) + cos(2™ )] de.
T Jo

It follows from (3.12) that

1/8 if m =2

Blaiwiim-12itm] = {0 i m > 2
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Remark that proving the equality in (3.29) reduces to calculate E [:c?:c? 1 TitmTitm1]
for the particular case when m = 1. However, E [:1:?:):? +1xi+mxi+m+1] appears also in
(3.32) and (3.33). In order to check all these identities, we assume that m > 1 in the
following calculations:

2.2
B2 21 TitmTitmt1]

— % /7r cos?()[— cos(2)]2[— cos (2™ ][ cos(2™ L) dy
0

~ % OTI'[l + cos(2¢)][1 + cos(4¢)][cos(3 x 2™p) + cos(2™p)]|de
1 ™

= Tom [2 + 3 cos(2¢) + 2 cos(4yp) + cos(6¢)][cos(3 x 2™p) 4 cos(2™p)]|dp
T Jo

s 1 ™
=— [ cos(6p)cos(3 x2Mp)dp + — [ [3cos(2¢) + 2cos(4p)] cos(2™p)de.
167 0 16m 0

Now we only need to apply (3.12) in order to get (3.29), (3.32) and (3.33).
O

3.2 Chaos-Based CDMA System: Statistical Properties
of the Received Signal

3.2.1 Calculations for the A-Term
Lemma 3.2.1. When N > 2, with the definition from (1.1), we have:

Bl] = (26), (3.39)
Bld] = 28" + 525, (3.39)
Elaf] = %(26)3 + %(26)2 - 3—32(26) - 3% (3.40)
Ela3] = 3(26), (3.41)
Blorad] = S(26)° + 1:(28), (3.42)
Ela3) = 1—36(26) — %- (3.43)

Proof. For simplicity, we drop the superscript for the entries of the vector x() and
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write x(1) = [x1,z2,... ,:cgg]T. It follows that

ZE

E[@fﬂ

= (28)E[z1] + (28)(28 — 1) B[z} 23]

[see (3.5)],

wlv—*

3 1
~2em)+tenes-1) e (36).(315)]
1 1
~(268)% + <(2
L28)? + L(29),
28 3
i=1
28 28—1
Z i +3 Z [z )
=1
+3 Z E[xf:c?] +6 Z E[ac2x2:c%]
1<i,j<28 1<i,j, k<28
) v i Ak ki

= 28E[29] + 3(28 — 1)E[z]23] + 3(28 — 1)*E[x{a3)
+ 2ﬁ<2ﬁ —1)(28 — 2) B[z} z323)

(25) 3026 - 1) 72 +3(28 - 1)2 136 fsee (3.16) — (3.18)]

3
(25)(25 S1EB-2)5  [see (320)]
1 3 3 3
= S8 + (20 + (20 - o

In this proof, for the calculations which involve as, we adopt the convention that
X(z) = [ylv Y2, ... 7y2,5]T' SO,

2

)

= 2BE[z1yi] + 28(28 — 1) Elz1y122y2]
= 2BE[x}|E[yi] + 2B(28 — 1) E[z122] E[y19]
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- i(Qﬁ) [see (3.5), (3.7)]

Similarly, we get

[ /28 28
Bluad) - B ( ) (zy)
k=1 =1

26 26
=F Zw%) Zx?y? + Z TiTiYilY;
k=1 i=1 1<i,j<28
L i#]
26
= Y EBlgalyll+ ) Blaiyi]
1<4,k<28 =1
i#k
+ Y By + Y Elrlzuy)
1<4,5,k<2f3 1<4,5<28
i), k#i k] i#]

=28(28 — 1)E[z]23]E[y3] + 2BE 1] Elyi]
+28(28-1)(28 - 2)E [5'31902903]1‘3[?;23/3] +26(28 — 1) E[z} 2] Ely1y2)
11

=25(26 — 1)15 + B— [see (3.5) — (3.7),(3.15)]

1
= L@ + 1:(28)

3

28 251
Z zjyll+3 Z [27y; i1yis] + 3 Z Elz}yizjy;)
i=1 1<i,j<28

JFLjFi+L

+6 > Eleyiryciyl
1<1,5,k<28
i Ak ki
26-1

28
:ZE[Q«“?] [vi]+3 Z (272 1] B[y yisa]
=1
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> Elz)ERy)+6 Y Elnaia] Elyiyiykl

1<4,j<283 1<i,5,k<2p
FijEi+ i), b ok
= 2BE[x}|Ely] + 3(28 — 1) Elxiz2] Elyiya] + 3(28 — 1)* Ela3 23] Elyiys)
+28(28 —1)(28 — 2) Elz12223] E[y1y2y3]
_ 3028 1) <—i) <—i> [see (3.4), (3.9), (3.10), (3.21)]
3 3

After these preparations, we prove the following lemma.
Lemma 3.2.2. For N > 2, we have:

1

Bl4] = 5(26),
B[4 = N (26) + 3(25)2 - 508)
3 3 2y 3 3 9 3
ElA°] = g(20)°N (%)N VT3 ( B8)? — 1—6(25) — 5528+ 55

Proof. Most of the calculations are straightforward. We use the fact that the chaotic

sequences assigned to two different users are statistically independent and E[x(D] =
Ex®] =... = ExM] = o:

E[A] = Elai] + (N — 1)Elas]

%(25) L (N-1E [(x(l))—l—x@)] [see (3.38)]
%(25) +(N-1)E [(x“))T] E [x@)]
= 528),
E[A%] = E[a?] + (N — 1)E[a3] + 2(N — 1)E[a1as]

+ (N - 1)(N - 2)E[CLQCL3]
N-1

1 1 -1
128+ 528) + ——(26)  [see (3.39), (3.41)]
(

o (<) () e
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FO W =28 | (x) X (x0) ] £ [x9)

1 1 1
= ZN(%) + 1(25)2 - g(%)-

The calculations for E[A?%] are slightly more complicated. Applying the well-known
multinomial theorem, we get

N N
A3 = a?—l—SZa%an—i—i’)Zalai
n=2 n=2

N
+ Z a% +3 Z afnan +6 Z Ay O A,
n=2

2<mn<N 1<m,n,p<N
m#n m#n,n#p,pFm

which leads to
E[A% = Ela}] + 3(N — 1)E[a%as] + 3(N — 1)E[a;63]
+ (N —1)E[a3] + 3(N — 1)(N — 2)E[a3a3)]
+ N(N —1)(N — 2)E[ajazas).

The expression above can be further simplified by using the fact that the chaotic se-
quences assigned to two different users are statistically idependent:

Elaay) = F _(X(1)>TX(1) (x(1)>Tx(1) (X(1)>T_ E :X(Q): =0,

Ela3as) = F -(X(1)>TX(2) (X(1)>TX(2) (X(1)>T- E :X(3): =0,

Elajazas] = E -(x(l))Tx(l) (x(l))Tx(2) (x(l))—r- E :x(?’): = 0.

It follows that

E[A% = Ela}] + 3(N — 1)E[a1a3] + (N — 1)E[a3]
1 3 3

=328+ 1528 + 5(28) — 55 [see (3.40)
43N —1) [é(QB)Q + %(m)} fsee (3.42)]
(N -1) [%(25) - %} fsee (3.43)]
3 3 3 1 3 9 3
= §(25)2N + 52BN — N + 5(25)3 - 1—6(25)2 — 5520 + 55
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3.2.2 Calculations for the B-Term
Lemma 3.2.3. Applying the definition from (1.2) to the case when N > 2, we get:

E[b;] =0, 1<i<N, (3.44)
1
B} =20, 1<i<N, (3.45)
1
Elbb3] = 75(28 - 2), (3.47)
9 3
3 P — _ =
E[b}] = 1(28) - 7. (3.48)
B[] = —(28) - -. (3.49)
16 8
Proof. For simplicity, we write x(1) = [x1,29,... ,xgg]T and x((f) = [y0,Y1,- .- ,ygg_l]T.
Hence, we have:
28—1
Ebl = ) Elzwipa] =0 [see (3.7)],
1=0
28—1
Elb)] = > Elyi)Elzi] =0 [see (3.4)],
=0
28—1 2
=0
28—1
=Y Elfala]+ Y Ermiazzia]
i=0 0<4,j<28—1
i#j
1
=120+ Y Elwwizizie)  [see (3.6)]
0<i,j<28—1
i#j
1
= 1(20). (3.50)

The identity in (3.50) can be verified by assuming that i < j and applying the previous
results to the following cases:

0<i<28—2 1<y Eq. (3.8)
0<i<28—2 i+1=j Eq. (3.22)
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i=0 j=1 Eq. (3.23)
i=0 j=28-1 Eq. (3.25)

Moreover, we have

28—-1
E[bg] =FE (Z yi$i+1>
i=0

28—1
=Y EWERI )+ > ElyylEria )
i=0 0<i,j<28-1

1#]
1
= 1(26) [see (3.5) and (3.7)].
Since the proof of (3.46) is straightforward, we do not present it here. However, the
proof of (3.47) is slightly more complicated:
r 2

25-1 25-1
Elbit3] = E <Z CCz'CCz'H) <Z ykl“k+1>
i=0 k=0

26-1 26-1
=F (Z xixi“) Z y,%xiﬂ + Z Lk+1Tp+1YkYp
i=0 k=0

0<k,p<2p-1
L k#p
= Z Elzizipxi o) Elyi] + Z Elzivip12p12p+1] E[yryp)
0<i,k<28-1 0<i,k,p<28-1
k#p
1
=5 Z Bz 177 41) [see (3.5) and (3.7)]
0<i,k<28—1
1
= —(28 —2). 3.51
Ls-9) (351)

The identity above is obtained by computing E|z;z;4+123 4] for the cases outlined in
Table 3.1.
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For (3.48), we have:

2—-1
E[b:ﬂ =F (Z xile)
1=0

281 28—2
3.3 2.2
= Z Elzizy ] +3 Z Elzizi T 17i42]
i=0 i=0
281
2.2
+3 Z Elxiri w12
=1
22
+3 Z Elriai @z
0<i,j<28-1
i#£j—1,i#]i#j+1
+6 Z E[xixiﬂxjxjﬂxkxkﬂ]
0<i,j,k<28-1

3

i#3,) 7k kit
28-1 28-2
= Z Blafx}] +3 Z Elz}alzita]
i=0 i=0
28-1

+3 Z Elzizix?, ]
1=1

+3 > Blaia} xjr]
0<i,j<28—1
i#j— 1A i#j+1
+6 Z E[xixiﬂxjxjﬂxkxkﬂ]
0<i,j,k<28—1
i#5,J7k ki
282

=3 Eliz} i)
=0

+3 > El?x? x4 [see (3.28),(3.30) and (3.31)]
0<4,j<26—1
i) = Li g i+

_ g(zﬁ ~1)+3 Y Elta? miovis] [see (3.20) and (3.33)

0<i<28-3
_ 2(25 1+ %m _9) fsee (3.32)]
9 3
::15(26)__1'
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Conditions Identity Justification

0<i<28-1 k>i—1 Elziwixi,,] =0 Eq. (3.26)
1<i<2p-1 k=i—1 Elx}z;11] =0 Eq. (3.34)
i=k+2 0<k<23-3 Bl Tppompys] = 1/8 Eq. (3.24)
i=k+m 0<k<28-m—1 Ezi ThimTitm+1) =0 Eq. (3.27)
(2<m)

Table 3.1: Results needed for the proof of the identity in (3.47).

In the equations above, we employed the identity F[z;z;117;2j4125T5+1] = 0 from
(3.31). However, the argument we used for proving (3.31) is not true in the particular
case when i =0, j =1, k = 28 — 1 and Ez;x 102 j4125Tk41] = E[.’E%.’EQCEQg_l.’E%B].
Even in this case, it can be shown that F|x;z;112;2j41050k+1] = 0 when [ is large
enough, but we do not outline here the calculations.

Next we calculate E[b3]:

3

28—-1
E[bg] =F (Z yﬂiﬂ)
i=0

251 251 252
= Z Elyja} ] +3 Z Elyia} yi1wi] + 3 Z Elyi e}, yi12is2)
i=0 i=1 i=0
+3 > Elyiaiymi) +6 Y By syt
0<i,j<28-1 0<i,j,k<2B8-1
i ) T et
261 261 252
=Y El} B +3 ) Elewl)Blyiy] +3 ) Elazipe) Elyiyi]
i=0 i=1 i=0
+3 > ElajzqlElyfy]l +6 Y Elraaziazeal Byl
0<ij<26—1 0<i j k<261
JFi—1j#i,j#i+1 i#),j#k,k#Fi
252
=3 Z Elz 12 42] Ely; yig1] (3.52)

1=0

~se5-2(-1) (-3) (359)
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3 3
= =(28) - <.

In (3.52), we have used the fact that E[z? ] =0 (see (3.4)) and E[z?,,2j11] = 0 when
{i}n{j—1,5,j+1} = 0 (see (3.10)). We have also employed the identities E[z;22, ;] = 0
(see again (3.10)) and Elx; 12 412541] = 0 when @ # j, j # k, k # i (see (3.21)). The

2
result in (3.53) follows from (3.9) and the fact that Elydy] = E [(x((f)) xf)] =

E [xf) (;cfﬁ))Q] —0.

O
The moments of B are given in the next lemma.
Lemma 3.2.4. For N > 2, we have:
E[B] =0, (3.54)
E[B?] = %N(Zﬁ), (3.55)
E[B% = %N(%) + %(25) - ZN. (3.56)

Proof. The identity in (3.54) follows from (3.44), whilst (3.55) is an immediate conse-
quence of (3.45) and (3.46). For proving (3.56), we apply a formula which is similar to
the one employed in Section 3.2.1 for computing E[A3]:

E[B3] = E[b3] + 3(N — 1)E[bbs] + 3(N — 1)E[bb3]
+ (N = 1)E[B3] + 3(N — 1)(N — 2)E[b3bs]
+ N(N —1)(N — 2)E[bybybs).

It is easy to verify that E[b3bs] = E[b3b3] = E[b1bobs] = 0. All that remains is to use,
in the expression above, the results from (3.47)-(3.49) :

Bl = [ 220 - 3] o -1 [ e -] + V-1 [Be9) - ]

3 3 3
= SN(28) + 15(28) = N
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3.3 Some More Calculations

In this section, we prove one more lemma concerning moments of random variables A,

B and C:

Lemma 3.3.1. Employing the definitions from Section 1.1, we have:

E[C] =0, (3.57)
E[C?] = %(26), (3.58)
E[AB] = %(25 _9), (3.59)
E[AC] = 0, (3.60)
E[BC] = 0. (3.61)

Proof. The identity in (3.57) can be obtained without difficulties. For proving (3.58),
we use the notation x() = [X1,x2,... ,xgg]T, as we have already done previously:

28
E[C?) =) ERJIE[]+ Y FElua]EGEE]
i=1 1<i,j<28
i#j

N,
= 70(25) [see (3.5)].
The proof for (3.59) is given below.

E[AB]= ) Elambn] = Elaib1]. (3.62)

1<m,n<N

Proving the identity above reduces to:

Elamb,) =0 if m #n, (3.63)
Elambm] =0 if m # 1. (3.64)

We show that (3.63) is true when m = 1 and n = 2 because all other cases can be
treated similarly:

Elaib] = E [(X(l))Tx(l) (X(1)>T] = [Xg)] _o

(1)

For (3.64), we take m = 2 and introduce the notation: x;”’ = [z¢,z2,... ,xgg]T, x(2) =

2
[Y1,Y2,. .. ,yg[g]T and x&) = [yo,y1,- - ,yg[g,l]T. Note that xg = x93 and yo = yag. As
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x() = [x1, T2, ... ,xgg]T, we have:

Elagbo] = Y Elwsx;|Elysyj—1] = 0.
1<i,j<28

For computing Ela1b1], we observe that

E[albl] = Z E[x?xj:cj,l] (365)
1<i,j<28
28
= Z E[$?mz+1xz+2]
i=1
1
=526 -2). (3.66)

Bearing in mind that zg = zgs, we let k be min{i,j,j — 1} for any term z?z;x;_;
within (3.65). If the power of xy in z2z;z;_1 is odd, then E[z?x;x;_1] = 0 due to the
arguments of the same type as those used when proving (3.21), (3.22) and (3.25). It
follows that the only terms within (3.65) which can potentially have values different
from zero are of the form E[z?%;imZitm+1] (m > 0). However, these terms equal 1/8
when m =1 [see (3.24)], and otherwise are zero. This observation completes the proof
for (3.66). From (3.62) and (3.66), we get (3.59).
For the last two identities, it is easy to observe that

R NONENCNEON _

;E[( ) = (x)'| £l =
N

-3 [(X;">)TX<1> (xm)T] Elg] =o.

3.4 Computation of Skewness for the Terms Within (1.4)
Skewness of A: We apply the definition from [2, Eq. (3.89)]:

1s(4) = % (3.67)
E[A%] — 3E[A%E[A] + 2(E[A])?
C {E[A2] - (B[4}
16NV
26) —

(3.68)

1
SN(©2B) - — 2 (28) + 5
{iN(@28) - 1(28)}"
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L 3(N —3/4
RNCERE (z\(f - /263/)2 +o()| (28> 1),

In (3.67) we denoted k3(A) and ka(A) the cumulants of order 3 and 2, respectively.
It is known that r3(A) coincides with the central moment of order 3 of A, and we
computed it in (3.68) with formula from [2, Eq. (3.41)]. In the same equation, for
evaluating ra(A) we used the identity xo(A) = Var[A]. For the calculation of E[AY]
when ¢ € {1, 2,3}, we applied Lemma 3.2.2.

Skewness of B: Using Lemma 3.2.4, we get:

n3(B) = 7[/@:(318;?”/2
~ E[BY]
- {B[B)}?
~IN@B) + £5(28) - 3N
O {ves”
1 [3(N+1/2)

~ 281 vz T (28>1).

Skewness of (41 B): Since §; and B are statistically independent, it is straightforward
to write down the following chain of identities:

k3(01B)

[k2(01B)]3/2

_ El(&B)%]
{B[(6:B)2]}*?

_ Bl E[B?]
{E[52}*? (BB}

73353(7r/2)1/2

(7’2252) o

37‘(‘1/2
- 1 H3(B).

n3(01B) =

In the calculations above, we used (1.6) and (1.7) (after replacing b with b).
All results obtained so far in this section are shown more compactly in (1.10).
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7=0

(26)*  ((2m)'/2s3(w — 3)(b® + b7)) /16

(28)%  (3(2m)"/2s3(2N — 1) (b + b)(3bb + b* + b — 7wbb))/32
(28)"  (9(2m)/2s3 (AN = 3)(b + b)(b* + bb + b?)) /64

(28)°  —(9(2m)2s3(2N — 1)(b+ b) (b + bb + b2)) /64
(28)° ( 2(m = 4)(* +0%))/8

(28)Y  $2(N/4—1/8)(2b2 + wbb + 2b?)

T=s5/2

(28)°  ((2m)'/2s3(8b° 4 b°)(m — 3))/128

(26)? (3(27r)1/253(2N—1)(2b+b)(6bb+4b2+b2 2mbb)) /256
(28)Y  (9(2m)Y /253 (AN — 3)(2b + b)(4b2 + 2bb + b?)) /512
(28)°  —(9(27)Y/2s3(2N — 1)(2b + b)(4b2 + 2bb + b?)) /512
(28)%  —(s*(4b® +b%)(m — 4))/32

(28)  (s%(2N — 1)(4b* + 7bb + b2))/16

(28)*  ((2m)'/?b3s%(w — 3))/16

(26)%  (3(2m)'/?b3s3(2N —1))/32

(28)"  (9(2m)' /233 (4N — 3))/64

(28)°  —(9(2m)'/2b3s*(2N — 1)) /64

(28)>  —(b*s*(m —4))/8

(28)"  20*s*(N/4—1/8)

Table 3.2: Expressions of k3(d09A) and ka(dpA) when 7 € {0,s/2,s}. The results are
presented as polynomials of variable (23). For each value of 7, in the second column,
we outline the coefficients of the polynomial corresponding to k3(dgA) followed by
the coefficients of the polynomial corresponding to k2(d9A). The expression of each
polynomial can be obtained by multiplying each coefficient with the power of (2/3)
shown on the same row and then summing the resulting terms. Remark that the
degree of the polynomial for k3(dpA) is three, whilst k2(dpA) is a polynomial of degree
two. In the expression of ko(dpA), the term of degree zero is zero.

Skewness of (dpA): For this term, the calculations are much more difficult than for
the previous ones. This is why we restrict our attention to the case when 7 € {0,s/2, s}
and use Symbolic Math Toolbox in Matlab. The expressions obtained for x3(dyA) and
k2(dpA) are outlined in Table 3.2. Note that both k3(d9A) and xa(dgA) are regarded
as polynomials of variable (23). For all three values of 7, the results from Table 3.2 are
further used to find 73(dpA) when N is fixed and f — oo (see 1.11).

O
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3.5 Proof of Lemma 1.2.1

The identity in (1.42) can be easily obtained by using (1.41) and

the results presented

in Table 3.3. For (1.43), we use the results in Table 3.4 along with those which are

outlined below:
Under the hypothesis that m # n, we have:

1 m 1 m
Elan2{" )] = Blana(V|Elxl))]
=0 [see (3.4)].

For m =n (n # 1), we get:

Elape{ )] = Elage{"al)]

5| (S ) ol
j=1
28
= ZE [:cgn):c%)} E [acgl)xgl)]
j=1
=0,

because we cannot have simultaneously j = 2 and j = 1 [see also (3.7)]. Then we take

m=n=1:

E[an:cgl):cgg)] E[alxgl)xg/lg)]

| as LS ()
—E (ﬁ”) (15)}+E[( (xQB”JrQBz:l

=0.

B ot (o) ]

It can be easily shown that each term within equation above is zero by using the same

approach as in the proof of (3.21).

We continue our analysis by computing £ [bmx(ll)xg;)] It is clear that

E[bmxgl)xg%)] 0 if m#n.
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When m = n and n # 1, we have:

_E[(xgvf] [(xw)]@];[“x] B

1
=1 [see (3.5) and (3.7)].

1 m
ElbpaiV2l)) = B

The last case which we should consider is m =n = 1:

E :cl :cw Zx(l T 1

=B [(o) (o) T+ B[ (o) 0 +ZE[9€1 NONSONG

1
=7 [see (3.6) and (3.23)].

Elbpat) )]

Using the definition in (1.41), we obtain:

E [21-2\0400,0601777’75 )a%(nﬂ

_ {(75“)2 HERE I RRTEOD (%("’)2}
Han 3 () + E 3 (i) o)

n=1 n=1
+ 2800 ( (”)21(26—2)+252§: " (0 (”>)1
001 \V; 3 1n:1 Yo \Vi-1 T ) g
— 5 |0+ 207 - 529)] + 82 28) + 22 (20) + 2t (26— 2)

+5Z% ZN: [(%@1)2 - (%-(")ﬂ :
n=1

2
Note that (%'(n)) =1 for all 7 and n. A simple comparison of the expression above
with the one in (1.14) leads to the conclusion that (1.43) is true.
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Identity Justification
Elai] = B Bq. (3.38)
Ela,|=0,n#1 Lemma 3.2.2
Elby] =0 Eq. (3.44)
Bl =0 Eq. (3.7)
1 Ty | = q. (3.

BVl =0, n#1 Eq. (3.4)
E[C]=0 Eq. (3.57)

Table 3.3: Auxiliary results for proving the identity in (1.42).

Identity Justification

B[] = 1207 + £29) Ba. (3.39)
[aman] =0, m #n Lemma 3.2.2
[b2] = 7(26) Eq. (3.45)
[bnbn] =0, m #n Lemma 3.2.4

S
8
—_—
=
N—
[N}
l\')&/\
= 3
wgﬁ
|3
[ RN o
I

Egs. (3.5),(3.6)

O,m#nm#1,n#1 Eq. (3.4)

Lemma 3.3.1
Lemma 3.3.1

Table 3.4: Auxiliary results for proving the identity in (1.43).
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