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Permutation-Based DCSK and
Multiple-Access DCSK Systems
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_ Abstract—This paper presents a method for enhancing the generate spreading codes which are applied to conventional
differential chaos-shift-keying (DCSK) and multiple access DCSK  code-division multiple-access (CDMA) systems [13]-[15].
systems. By introducing a permutation transformation which a154 the use of chaotic frequency modulation (CFM) has been
destroys the similarity between the reference and data samples in t ,d dt It icati 161. In th i
a DCSK system, the bit rate can be made undetectable from the extenaed to muiti-user Communlca Ion_s [16]. In the ml_J "use_r
frequency spectrum, thereby enhancing the data security. Using CFM scheme, the base station transmits a reference signal with
different transformations for different users, the interference chaotically varying frequency. All users are first required to
between users in a multiple-access system can be minimized, andsynchronize their chaotic oscillators to the reference signal.
each symbol is ensured to be sent within one bit duration for Tpap every transmitter applies its own unique transformation
all users. Furthermore, the implementation requires only slight to th hronized chaoti f t te its inf
modification to the original DCSK system. 9 e Syn_c ronize _C aotic wave orm 0 Qe”era el S_m orma-

tion-carrying CFM signal. The band in which the mobile units
are transmitting the CFM signals is separated from the band
used for “synchronization” such that the reference CFM signal
is free from interference. In Tamt al. [17], a multiple-access
|. INTRODUCTION technique based on CSK has been proposed and the analytical

VER since Pecaro and Carroll demonstrated experimé?il'error rate (BER) is derived and compared with simulation
E tally that two coupled chaotic systems can be synchronizEgBUlts- o
[1], researchers have shown increasing interest in the applicaMultiple access based on DCSK was first introduced by
tion of chaos to communications. By using a chaotic carrier tlumbanet al. [18], [19]. Afterwards, Jaket al.[20] studied
spread the digital signal over a wide bandwidth, the resultifige multiple-access capability of FM-DCSK. In both cases, two
system inherits the benefits of spread-spectrum communicatiéf@otic basis functions have been used to transmit two streams
such as mitigation of multipath fading and low probability oPf data at the same time in the same frequency band. The bit
detection. A number of chaos-based communication schenmgsgiod is first divided into four time slots. For the first signal,
have been proposed and studied in recent years, including chesreference sample is divided into two parts which are sent
masking [2], [3], chaotic switching or chaos shift keying (CSKin the first and third time slots. Similarly, the data sample is
[4] and [5], differential CSK (DCSK) [6] and frequency-mod-also divided into two parts which are sent in the second and
ulated DCSK (FM-DCSK) [7]. Among the digital communicafourth time slots. To achieve low interference between the
tion techniques proposed, CSK and DCSK are the most widéhansmitted signals, the order of transmission is changed for
studied [8]-[12]. In DCSK, each bit duration is divided into twahe second signal. The reference sample is sent in the first
equal slots. In the first slot, a reference chaotic signal is setwo slots while the data sample is transmitted in the third and
Dependent upon the symbol being sent, the reference signabigrth slots. If the two chaotic basis functions are uncorrelated,
either repeated or multiplied by the factor1” and transmitted the two signals will not affect each other when appropriate
in the second slot. The advantage of DCSK over CSK is th@émodulation techniques are used. When the number of users
the threshold level at the receiver is always set at zero and isiificreases, however, the number of time slots created in each
dependent of the noise level. However, as will be shown latgjit duration would also increase, implying that switching
the bit frequency can be easily determined from the transmittggtween the reference and data samples will be performed more
signal, jeopardizing the security of the system. frequently within the same bit period. This will impose more
To make efficient use of the frequency spectrum occupied Bitingent requirements on the switching circuits in both the
the chaotic signals, several multiple-access schemes have hggismitter and the receiver. Another multiple-access technique
proposed recently for chaos-based communipation s_ysterfrgﬁ,.use with DCSK (MA-DCSK) is proposed and analyzed by
Approaches have been developed for chaotic functions 19, ¢ 5|, [21]. The proposed scheme gives equal average data
rates for all users. As in a single-user DCSK system, each bit
Manuscript received March 11, 2002; revised June 23, 2002. This work wdgiration is divided into two time slots for all users. Here, the
Fuppored Bt by The Hong Kong Polecc sty st s Par) e guirements on the switching circuit in the ransitter and the
was recommended by Associate Editor L. Kocarev. receiver will be similar compared with the single-user system.
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sers, the frame periods and the arrangements of the reference
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- timek =28(1—-1)+1,28(I-1)+2, ..., 28I, the output of
Nl Sk the transmittersy, is
Delay of Tk, fork=28(1-1)+1

p I 28(1—1)+2,...,20(—1)+p,

Chaotic signal
generator X L

Sk =
Digital inft tion QT3 fork = 2,3([ - 1) +48+1,
to be transmitted 26(0-1)+0B+2,...,20l
—lor+l 1)
@ The transmitted signal, after passing through the channel, which
is assumed to be additive white Gaussian, arrives at the receiver.
Correlator Decoded At time k, the received signaly, is given by
Tia Yy Y bol
k+B @ ”(IZD(-; 1P symbo X o= sk + En @)
] i I Threshold 4 where¢;. denotes the additive white Gaussian noise with zero
Delay of detector mean and variance (power spectral densityjy2. At the re-
B g ceiving end, the reference sample and the corresponding data
(b) sample are correlated. The output of the correlator at the end of
the lth symbol duration is given by
Fig. 1. Block diagram of a noncoherent DCSK system. (a) Modulator. 28(1-1)+3
(b) Demodulator.
= >, TkTkp ®)
k=28(1-1)+1

has to receive half of the frame before demodulation can begi?gPending on whether the outpyts larger or smaller than the
As a consequence, different users will experience differeffeshold zero, a+1" or “—1" is decoded.
demodulation delays although the average bit rates of all userd© simplify the notations, we define

are the same. Also, the MA-DCSK system is substantially T = (ggm(l_l)Jrl Tog(-1)42 =’E2ﬁ(z—1)+@) (4)
different from that of the single-user system. _ ' '

: : - Vi = (§pm+1 Epma2 = Epm+p) )

In this paper, a permutation approach for enhancing the

DCSK scheme is proposed. In Section Il, the operation of s1= (s2p0-1)41 20142 S200-1)48
a conventional DCSK system is briefly reviewed, and in S28(1—1)+4+1 “** S281) (6)
Section lll, the proposed DCSK scheme is described. The fre- T = (Top—1)+1 T28(1-1)+2 " T28(—1)4p
guency spectra of both systems will be compared. In Section IV, TaBU_1)4p41 Tw). @)

the proposed DCSK scheme is extended to a multiple-access ] ] ] )
environment and the system operation is explained in detdif!uS: during thelth symbol duration, the transmitted signal

The analytical and simulation results are also presented afaCck: i, can be denoted by
compared with a previously proposed MA-DCSK scheme. s = (21 ayzy) (8)

whereas the received signal bloek, is now represented by
= (1 + Vo2 aqzy+ Vy_y). 9
Further, the correlator output is simplified to

II. DCSK
A. System Overview

DCSK was first proposed by Kolumbét al. [6]. By using
a chaotic carrier to spread the digital signal over a wide band- yr = (@14 Woo)(um + Uo_1)" (10)
width, the resulting system shares some of the advantagesyPlere superscrigt’ denotes matrix transposition.
spread-spectrum communications such as mitigation of multi-
path fading and low probability of detection. In DCSK, each bB. Frequency Spectra

duration is first divided into two equal time slots and every trans- | this section, we analyze the frequency spectrum of a 10-bit
mitted symbol is represented by two sets of chaotic signal sagcgk signal sample. Fig. 2 plots the magnitude of the spec-
ples sent in the two slots. The first sample set serves as the {gfm. It can be seen that the spectrum is white and no useful
erence (reference sample) while the second one carries the ggtsrmation can be retrieved. Next, we square the DCSK signal
(data sample). If a+1" is to be transmitted, the data sampleample and plot the magnitude spectrum again. From Fig. 3, it
will be identical to the reference sample, and if-al” is to  can be clearly observed that the spectral value goes to zero at
be transmitted, an inverted version of the reference sample wjid multiple frequencies of the bit rate. This observation can be
be used as the data sample. Fig. 1 shows the block diagramgxglained as follows. When the DCSK signal sample is squared,
the modulator and demodulator of a noncoherent DCSK systetiie resultant signals in the information-bearing slots become
Assume that the system is discrete. R¢t be the spreading identical to their corresponding reference slots. Thus, no fre-
factor, defined as the number of chaotic samples sent for eaglency component at odd multiples of the bit rate (i.e., any mul-
binary symbol, wher@ is an integer. Denote tHéh transmitted tiples of slot rate) exists because any contributions from the in-
symbol bya; € {—1, +1}. During thelth bit duration, i.e., for formation-bearing slots will be cancelled exactly by those from
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% ' ' ' ' ' ' ‘ ' ' The output blockr; is then passed to a conventional DCSK

demodulator for decoding. Comparing with the conventional
25 1 DCSK system, additional transformation and inverse transfor-
mation are needed in the transmitter and receiver, respectively.
The objective of the additional transformations is to eliminate
2r 1 the bit rate information in the frequency spectrum.

In this paper, we propose the use of permutation in the trans-
formation process. Specifically, the transformation and inverse
transformation are given, respectively, by

F(sl) = slPQ/; (13)

and

s ' Gv) = F Y w) = vi(Pas) ' = wi(Pap)”  (14)

whereP,g is a2 x 2 permutation matrix [22] in which the
% 1 2 3 4 5 6 7 8 9 10 elements are either “0” or “1” and there is exactly one “1” in

normalized bit frequency .
_ _ _ _ each row and in each column.
Fig. 2. Magnitude of frequency components versus normalized bit frequency

for a conventional DCSK signal sample. B. Frequency Spectra

2 - ' - - ' - - ' - The frequency spectra of the P-DCSK signal sample and the
square of the sample are plotted in Figs. 5 and 6, respectively.
It can be seen that in both cases the spectrum is white and no
18] 1 bit rate information can be retrieved. Hence, the data security is

enhanced. For the intended receiver with complete knowledge
of the permutation matrix, nonetheless, bit synchronization can

12 4 still be easily accomplished for demodulation purposes.

IV. PERMUTATION-BASED MA-DCSK SYSTEM

In this section, we apply the aforementioned P-DCSK scheme

ol ] to a multiple-access environment.

il 1 A. System Description

2k . Fig. 7 depicts the block diagram of a permutation-based
. . . . MA-DCSK (PMA-DCSK) system. Denote thith transmitted

% 1 2 3 4 5 6 7 8 9 1o symbol of user by afl). The corresponding signal block will

normalized bit frequency .
. . _ _ be given by
Fig. 3. Magnitude of frequency components versus normalized bit frequency

for the square of a conventional DCSK signal sample. sl(i) _ (Séi/g(l i 5%(1 Diz o 5%(1 1t
the reference slots at such frequencies. This may not be very de- sgg(,,l)ﬂ,ﬂ cee sggl)
sirable because anyone, intended or unintended, can retrieve the G () %)

; ; =(z;’ o'z (15)
bit rate of the DCSK system easily. U

where
[ll. PERMUTATION-BASED DCSK SYSTEM () () i ()
T = ("72;3(171)“ Tag—1)+2 " 332;3(171)“3) (16)

A. System Description

Fig. 4 depicts the block diagram of the proposed permutﬁf‘d{fl(:)} represents the chaotic sequence generated hfthe
tion-based DCSK (P-DCSK) system. In this scheme, each sighBp0S generator. In the PMA-DCSK scheme, each signal block
block undergoes a transformatidh before transmission, and©f theith user undergoes a permutation-transformafipibe-

the transmitted block, denoted hy, equals fore transmission, and the transmitted block, denoteah}@y
equals
w =) 4 ) _ (4 () )
At the receiver, we write théth received signal block as = W= (”2/3(1—1)+1 Upa-1)+2 T Y2p(1-1)+8
u;+ (Ug—2 Py_1). The incoming block will first undergo an MO O} )
inverse transformatiod = F~! to retrieve an output block;, 26(1-1)+6+1 20t

ie., —F (sl(i))

= G(v). (12) =5\ Py) (17)
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noise
oy Transmitter -
Receiver
l ‘s Inverse DCSK
DCSK x I, | Transformation _ .| Transformation |¥7 | Demodulator » Decoded ..
Modulator Xk F \_/ | G =1f" v Symbol %1
Fig. 4. Proposed P-DCSK communication system.

2: ' ' ' ' ' ' ' ' ' At the jth receiver, denote thigh received signal block by, =
u; + (Vg o Uy 1). The incoming block will first undergo an
inverse transformatiotr; = Fj‘1 to retrieve an output block

ar i (]) e

" 1 =6
3
£ @\"
g =(w + (Yo—2 Vo_1)) (ngg)
T ) 0N\T
= (P ' ) + (Voo o 1) (Pzig)
i i .\ T A
: - - Z sPG) (PY) + (Vo Wara) (PY))
N\ T
J) i) p(@) ( p(d) (4)
T S T e S T + Zsl P (P5, ) + (o W) (P5))
normalized bit frequency
Hé]
Fig. 5. Magnitude of frequency components versus normalized bit frequency N
for a P-DCSK signal sample. _ () () p(i, 5)
= s + Z £} P2ﬂ
20 T v T T T T . T T required DCSK signal of user j i;}
18H _ interference from other users
\\ T

6l i + (To—a PUo_q) (ngg)) (19)

14 H - n(;irse

12 E

2 where

E 10 .

®

: (.3 _ pl) (pli)

o} - Py = P{) (Pzg) . (20)

[1g n

oL | The matringi,;]), being the product of two permutation ma-
trices, is also a permutation matrix. The output bIn?:’R isthen

r 1 passed to a conventional DCSK demodulator for decoding.

ol : . : > - L - . . 1 To ensure that the inter-user interference is kept to a low

normalized bit frequency ® i ° level, it is necessary and sufficient that the+ )th (A =
Fig. 6. Magnitude of frequency components versus normalized bit frequenty 2, - - ., ) element ms; )Pgﬁ] (¢ # j) should not equal

forthe square of a P-DCSK signal sample. to theAth element o its negation. In other words Ry, the

nonzero elements in theh (A = 1, 2, ..., 8) and(\ + ﬂ)th

(4)
where P, ; is a23 x 2 permutation matrix used by usér yos should not differ by columns. Denote the element in the
The overall transmitted signal block of the whole system duringn row andbth column in the matrle<L 7) by p ) If the

the /th bit duration, denoted by, is derived by summing the

(i ])
signals of all users, i.e., nonzero elements in theth and(\ + ﬂ)th rows arep and

p(;jr]ﬂ) . respectively, thefy — v| # (. There are many ways to

Z uld = Z s p) (18) choose the permutation matrices such that the aforementioned
1 8 ap- e - .
P condition is satisfied. One simple example, based on a random
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Transmitter 1
noise
a}(’) Transmitter i T
l Receiverj
NO) _ afd v Inverse [0)) DCSK
DCSK X ) I: Transformation [ + ! | _| Transformation X 5| Demodulator . Decoded ~(J)
Modulator * ¢ F,; U G_,:Fj'l yl(/) Symbol &

Transmitter N

Fig. 7. Proposed MA-DCSK communication system.

permutation matrix and a “shifting” matrix, is described in Ap- Ey/Ny indB

pendix A. We assume that all users use the cubic map 1.08+00 5

1I2 1:1' 1'6 1‘8 &)

Trp1 = g(ar) = 4a}, — 31y (21)

Mo,
to generate the chaotic sequences, and each uses a different LoEo1 \\\\
tial condition. Based on the permutation matrices constructe b
in Appendix A, the analytical BER can be found as (see Ap «

=

pendix B) = : o
y o1 20 2(N%-1) Ey\ LE® |
() — = o ey 4 =b b
BERY) = Jerfe| | + == +4N (No : \:
I —o— Simulated PMA-DCSK
E, —21-(1/2) | ~—4— Simulated MA-DCSK [21]
+ 23 (F) (22) st~ Analytical PMA-DCSK
0 1.0E03

where the complementary error functi@mfc(.) is defined as Fig. 8. Simulated and analytical BERs of MA-DCSK systems. Spreading
! factor23 = 200 andN = 3.

_ 2 e
erfe(y) = N /w e " dA. @3) g, Computer Simulations and Discussions
Also, E, represents the average bit energy, i.e., I this section thg performanpe of the proposed PMA—DCSK
digital communication system is studied by computer simula-
E, = 28E[22] (24) tions. We assume that the cubic map (21) is used by all users

to generate the chaotic sequences, each with a different initial

and) is a constant dependent upon the chaotic sequence, i'gp,ndmon. For this map, it can be shown that

- Var[xg]. 25 E[z7] =0.5 (26)
E2[22] (&) var[z7] = 0.125. (27)

Note that the BER expression obtained in (22) is independent
of 7, indicating that all users are having the same BER perforhe analytical BER can thus be obtained by substituting (26)
mance. and (27) into (22) with appropriate values of spreading factor,
Unlike the multiple-access technique in [21] whose operatiorumber of users, and noise power spectral density.
relies on specific frame structures, the proposed PMA-DCSKThe relevant BERs for the DCSK systems are shown in
scheme eliminates the frame structures altogether and enabigs. 8—-10. From Fig. 8, we clearly see that the analytical and
each bit of information to be sent within one bit duration. Moresimulated BERs are in very good agreement for a spreading
over, the level of interference between users is similar. As factor of 200, where the assumption of normal distribution
the single-user P-DCSK case, the data security is improved lbé-the conditional correlator output holds well. Also, the
cause the bit rate or frame rate cannot be determined from IA-DCSK system achieves similar performance as that of
frequency spectra of the signals. the MA-DCSK system [21].
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Ey/N, indB interference can be minimized. Compared with a previously

‘ proposed multiple-access technique [21], the PMA-DCSK
scheme ensures that the transmission of the signal block for one
symbol is confined to one symbol duration for all users. Also,
there is no need to assign different frame periods for different
users. As a consequence, users do not have to wait for half
of the frame before demodulation can commence. Simulation
results indicate that both systems have very similar bit error
performance. Similar to the single-user case, the similarity
between the reference and data samples are removed, and data
security is therefore enhanced. It should be noted that although

1‘2 1;1 1'6 18 4)

LOE-02 | the proposed PMA-DCSK scheme has been studied with the
3 \ time slots being synchronized among all participating users, it
—e—3users ' is anticipated that the interference between users will not vary
A Suses too much even when the time slots are not synchronized. Thus,
- Tusers the BER performance should not differ substantially from that
10E03 found analytically.
Fig. 9. Simulated BERs versus, /N, for the PMA-DCSK system. Number APPENDIX A

of usersN =3, 5, and 7. Spreading factdp = 200. c (i)
ONSTRUCTION OFPERMUTATION MATRICES P, 5

0B 3 5 No.ofusen N 7 In this appendix, we illustrate a simple method to construct
: the permutation matriceBgLB) based on a random permutation

matrix and a “shifting” matrix. A permutation matrix is a square

' matrix in which the elements are either “0” or “1” and there is

‘// exactly one “1” in each row and in each column [22]. Define

L0E01 & Rpasarandom permutation matrix of sjzex § andAgs as the

“shifting” matrix of sizeg x 3 where

o
£ 01 0 -0
, 0 0 1 o
1.ow/ Ag=1|: .~ . of. (28)
—— 28=20 1 0 --- 0 0
—a— 28 =200 i i
Note that the consequence of multiplyinds to an array
1.0E-03 (z1 w2 --- x5)k times is equivalent to shifting the elements
Fig. 10. Simulated BERs versus number of usdfgfor the PMA-DCsK IN the array to the right: times with the overflown elements
system. Spreading fact@s3 = 20 and 200.E, /N, = 20 dB. being re-inserted from the left. In other words
k
V. CONCLUSION (1 o - wp)Ap
= (a:[,»_k+1 T—k+2 - T T1 T2 --- .’L’ﬂ_k). (29)

In this paper, we have shown that in the conventional DCSK
system, the information on the bit rate can be derived easily frGy, the permutation matrix for usecan be chosen as
the transmitted signal samples. To remove this loophole from
eavesdropping, we have proposed a permutation-based scheme pi <I,g 0p ) (30)
for use with DCSK (P-DCSK). Compared with the conventional 28 05 RsAj

DCSK technique, additional transformation and inverse trans- of 40 the identit tri d tri
formation are required at the transmitters and receivers. In é'fll?er s andbs are he identity matrix and zero matrix, respec-

study, a simple permutation is performed on each signal bloli¥elY: of sizej x (3. The permutation mat”*’géj) in (20) can
(reference and data samples) before transmission. At the 7@ be rewritten as
ceiving end, a reverse permutation is performed to recover the G ) 1s 05
original signal block. By employing permutation, the similarity Py = (0, R AinT> .
between the reference and data samples is destroyed. Thus, data . el
security is enhanced and the bit rate is not readily detectedlbycan be readily shown that the diagonal elements of
inspecting the signal in the frequency domain. RﬁA;,_JRg are all zeros when # j. Thus, the nonzero
We also extend the P-DCSK technique to a multiple-aglements in the\th (A = 1,2, ..., 3) and (A + g)th rows
cess environment (PMA-DCSK). By appropriately assigninig Pg‘@”) will not differ by 8 columns, and a low inter-user
different permutation pairs to different users, the inter-userterference is achieved.

(1)
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DER'?\?A?FFO’\II\?I())(FBBER oz ( ])) Z ( ¢ 1))

In this appendix, we derive the analytical BERof the pro- #]

. . N
posed PMA—DCSK systgm. All symbols are defined as in Sec- FNE) Z £ (x(]’))
tion IV-A and in Appendix A. P
Consider thdth received signal block of thigh user. When i;éj
this block undergoes an inverse transformation, the output block CNT ) N\T
is obtained by substituting (15), (30) and (31) into (19), i.e., as + Z Z Dz (Z( ’])) +y a (‘I’(]))
=1

shown in (32) at the bottom of the page. Wh¢H is sent to the o R
conventional DCSK demodulator of theh user, the output of N T T
the correlator at the end of tfth bit duration, denoted by, +Y oy, (z(i’j)) + Uy (<1>(j)) (34)
can be computed from i=1
where

() () EN: (%)

J J v
y =z + ) m + Uy , o

l [ 1;1 l Z(z,]) ( (%, 7) ( %)) . Z;;,J)) — (C(Z)R@‘A;_JR}; (35)

1F]
T o) = (¢gf> VIR ¢§;>): U, A5 RY. (36)

N
oz + 3" o)z Ry ATIRE + Uy AZRY
= Note that the elements " /) and® (/) are permutations of the
(33) elements inc”) and ¥y, respectively. ‘
Suppose41”is transmitted for usef, i.e.,a(?) = +1. Then,

(34) becomes
Without loss of generality, we consider the probability of

error for the first symbol i.el,= 1. For brevity, the subscripts D { )
of the variableg”’, z{”) anda\" are omitted. The input to the ¥ ‘( = +1)
threshold detector at the end of the first symbol duration, now _ 7.4
denoted by, is given by —~—

requ1red signal

_|_Za V(111)+ZU(13)+ZZQ()V7121)

T
(]) = oD@ 2R A] ’RT (4) -
- ( ) Z g ( ) 7 7 (= .
l;éj intor-usor‘i:ltorfcronco
N N
+al? Z ()" + WD 4 XG0 § 3 aOx 6D L y0)(37)
% 2
) L N\T ~ -
+ Z Z a(l)z(n)RﬁA;’_lR’g (z(l)) noise
n=1 =1
"75] #i where
T
+ Zz( IR; AL UT —l—Za VW Ry Al RT( <>) . s
=1 i=1 (6,5) — (8 (1)) — (1), ()
. U =x T = T, T 38
+ UoRs AL UT ( ) 1;1 kT (38)

. . X . [ i) (1) i—j pT s
PP = (29 oDz + Zzl Za, RyA'R | 4 (wy Uy 1A;'RY)

1=1
i#] L#J
_ (J) + Zz( i) + Uy s a( z(]) + Zal1 )IngZ JR + \I}2l—lAEjRg 32)
iz iz
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T A . variance ofy, andcov[C, D] represents the covariance 6f

n,4,7) _ (n i, ] _ (n) (4, 5) e ’
Vi) — g (z( ])) = a (39) andD defined as
k=1

S

Wi _ g ((I,@-))T =3 aP g (40) cov[C, D] = E[C'D] — E[C]E[D]. (45)
k=1
r B We assume that all users use the cubic map
XG5 — Ty (Z(i,j)) — kazl(claj) (41) ,
k=1 Try1 = g(wx) = 4wy, — 3wy, (46)
8
. \\T .
YW =g, (‘I)(’)) = Z &g (42) to generate the chaotic sequences, and each uses a different ini-
k=1 tial condition. With this map, the mean value of each chaotic

sequence is zero [17]. Also, it can be readily shown that
Notice that the input to the detector consists of three compo-

nents, namely required signal, inte_r-us_er interference and noise. B [U(i’j)] _ JBE[z], ifi=j 47)
The mean value of ) |(a9) = +1) is given by 0, otherwise
E [V<"7i=f'>] =0, n=1,...,N;
@) () = ; 5
By|(at = +1)] i=1,....j—1ij+1,....,N. (48)
N N
=E [U(M)} +)_ aE [V(J’w)} +) E [U(W)] Furthermore, the variances of the terms in (38)—(42) are given
=1 =1
i#] i#] by
N N N
@ (n,4,5) (i,5) 21 i
SDIDIAL [V } +Y B [W ] var[U“’j)} _ [Bvarlaf), ifi=j o)
nZj 7S =t PE?[z7], otherwise
FE[X0D] 4+ Y aOB[X0)] 4+ B[Y0)] (B, fori # j,i#n
= var [V("V‘?])} =4 B2
i#] -1 E?[a7] ~ BE?[27], fori#ji=n
N N
) [Uu,j)} +3 ok [Vu,q:,j)} +YE [Ua,j)] (50)
2! i var [W)| = BNoE[s3) /2 (51)
N N ..
. o @3] = -2
£33 atE [V("’”)] 4z [X }_[3N0E[lk]/2 (52)
e var [Y(j)} — ANZ/4 (53)

where E[¢4] denotes the mean value ¢f The last equality and the covariance terms in (44) can be shown to be zero. Thus,

holds becausg[¢,] andE| ,(j)] are both zero. The variance of(43) and (44) can be simplified to
yD|(a) = +1) is found from [23]

B[y?|(a® = +1)] = BEla?] (54)
var [y@| () = +1) ] var [yo)‘(am = +1)]
_ Z ] + i i sar [y ] ~ pvarfe}] + (N = DBEaf] + (N — N)BE?[«])
i=1 =l i=1 + NBNoE[2}]/2 + NBNoE[x}]/2 + NG /4
N N / = pvar[zi] + (N? — 1)BE?[22] + NOBNoE[z2] + BNZ /4.
+ Z var [W(i’j)] + Z var [X(i’j)} + var [Y(j)} (55)
=1 =1
+ Z Z cov[C, D] (44) Likewise, we can find the mean and variance,6? given a
- D ' “—1" has been sent. Denote the respective mean and variance
C#D by E[y?|(a¥) = —1)] andvar[y?)|(al?) = —1)]. Using the
aforementioned results, it can be easily shown that
where C,D € {U®GD(i = 1,...,N); a®Dymid) . ' ' '
(m = 1L,...,N;i = 1,...,5 =1, j+1,...,N); E[gj(J)’(a(]) = _1>}:_E[y(1>‘(a(ﬂ :+1>} (56)
W 9) (L _ 1, ..., N), X(]-,J); a® x (@ 9) (z =

Looosj — 1,5+ 1,..., N); Y@}, var[¢] denotes the Var[y(j)’(a(j) = —1)}=var[y(”’(oz“) =+1)}- (57)
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BERU>—%Pum(yU>g(ﬂ(aﬁ):ﬁq))-+%Pum(yU>>(ﬂ(a0>——4))
1 ot E[y(j)|(a(j) = +1)] N 1 _E[y(j)|(a(j) =—1)]
= —€r —
4 \/2var[y(j)|(a(j) = —|—]_)] 4 \/2var[y(j)|<a(j) = —1)]
() =
e [ E09le9 = 1)
V2varfy@|(al) = +1)]
erfc [3E[xz]
=—er
2 V2(Bvarfzy] + (N2 — 1)E2[27] + NBNoE[z{] + BNG /4)
1
1 2 (E222]\ ' 2AN2-1) 2N [E[2]\ ' 1 [E}2]\ °| °
o [2 (B 20 2 ) L) )
2 B \ var[z] 16} Ié] Ny 26 \ Ny
1
20 2(N?—1) (Eb>_1 <Eb>_2 :
= —erfc — + —— -+ AN | — + 26 — 59
2 (l 58 N) PN 9

. . . . [4]
Sincey@|(a) = +1) andy@|(al) = —1) are the sum of a

large number of random variables, we may assume that both of
them are approximately normal. This assumption holds betterls]
for larger spreading factors [24]. In the detection of the symbol,
an error occurs i) < 0/(at) = +1) ory¥) > 0|(al) =
—1). The BER for usey can thus be computed from (58) and [6]
(59) shown at the top of the page, where the complementary
error function.erfc(.), is defined as

[7]
2 [
erfe(v) = — e N dA (60)
ﬁ P

(8]

Also, E, represents the average bit energy and is given by
9]

Ey =20E[z}] (61)
and 101

2

= [”“"Zk] . (62)

E2[x7] [11]

Note thaf( is a constant for a given chaotic sequence, regardless
of the presence of any scaling factor of the sequence. This gy
be illustrated as follows. Suppose the chaotic sequénge is
multiplied by the factor before transmission and the average
power of the signal is changed by times. The value of2
remains unchanged, i.e.,

[13]

[14]
Q- var[(vay)?] _ var[v2z2] _ vivar[z?] _ var[z?]
E2[(vzr)?] E2[1227] viE2[z2] E2[z2]°

(63)

(15]

[16]
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