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Abstract—In this paper, we analyze the bit error rate (BER)
performance of optical code division multiple access (CDMA) system
based on the optical zero-correlation zone (ZCZ) code with zero-
correlation zone 4n — 2 or 1 which is called the optical ZCZ-CDMA
system, by the electrical and optical processing over the optical fiber
and space by computer simulation and theoretical formula. In the
optical fiber transmission of this system, the effect of the avalanche
photodiode (APD) noise, thermal noise and co-channel interference
are considered. Additionally, the effects of the scintillation and
background noise are considered in the optical space transmission of
this system. The optical ZCZ code, which is a set of pairs of binary
and biphase sequences consisting of 1 or —1 with zero-correlation
zone, may be able to provide optical CDMA communication system
suppressed co-channel interference, and we have proposed the com-
pact construction of a code generator and a bank of matched filters for
this code. As a result, the BER performance of optical ZCZ-CDMA
system over the optical space go down compared to that over the
optical fiber, and the BER performance of this system by the electrical
processing go down compared to that by the optical processing, and
this system can’t remove completely co-channel interference.

Keywords— optical communication, optical code division multiple
access (CDMA), optical ZCZ code, scintillation, avalanche photodi-
ode (APD) noise, co-channel interference.

I. INTRODUCTION

HE optical code division multiple access (CDMA) com-

munication system can expect a high speed communi-
cation because this system is able to use a wide band [1],
[2], [3]. In addition, this system can give the multiple access
without changing the wave length. In the optical CDMA
system, a pseudo-noise (PN) sequence used to this system
decides the communication performance [4], [5], [6], [7], [8],
and an optical orthogonal code is often generally used as a
PN sequence. The optical orthogonal code [9] is a set of
binary sequences consisting of 1 or 0, and its crosscorrelation
property has low correlation value. Therefore, the optical
CDMA communication system based on optical orthogonal
code goes down the bit error rate (BER) performance. On
the other hand, the optical zero-correlation zone (ZCZ) code
[10] is a set of pairs of a binary sequence consisting of 1
or 0 and a biphase sequence consisting of 1 or —1 with
zero-correlation zone. Therefore, this code may be able to
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provide optical CDMA communication system suppressed co-
channel interference [11], [12], [13], and we have proposed
the compact construction of a code generator [14] and a bank
of matched filters [15], [16] for this code. In the low- and
hi-speed optical communications, the receiver is processed
by electrical and optical signals, respectively. The former
and latter are called the electrical and optical processing,
respectively. The communication performance of this system
is influenced from these processing.

In this paper, we analyze the bit error rate (BER) per-
formance of optical CDMA system based on the optical
ZCZ code with zero-correlation zone 4n — 2 or 1 which is
called the optical ZCZ-CDMA system, by the electrical and
optical processing over the optical fiber and space by computer
simulation and theoretical formula. In the optical fiber trans-
mission of this system, the effect of the avalanche photodiode
(APD) noise, thermal noise and co-channel interference are
considered. Additionally, in the optical space transmission of
this system, the effects of the scintillation and background
noise are considered.

II. OpTICAL ZCZ CODE
A. Deﬁnition of optical ZCZ code

Let a’y; be a biphase sequence of length N whose elements
take 1 or —1, written as
aly

(ag\f,mag\i,l"" ’ag\/,if" ’agV,N—l)’ )]

aly, € {1,—1}.

Similarly, let a ”’ be a binary sequence of length N whose
elements take 1 or 0, written as

L jd d jd

any (aNO’ag\fl""
aj’ € {1,0%,
d € {1,0},

where 7 denotes ¢ mod N. Let A be a set of M pairs consisting
of a biphase sequence a’; and a binary sequence d Nd, written
as

~J,d

o gl
aNz’

= » N N—1

), @

A = {(ak.ayh), (ak,ay"), - (aly. @),
(¥ ax My, 3)

where M is the number of sequences in a sequence family
and is called family size.
A periodic correlation function between sequences @) v and

A] 4 at shift i/ is defined by

N—-1
D

A] d
N ,(i4+4’) mod N*

Poi 4’ s “4)

apy,ay
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In this paper, the above correlation function Pai @il is
called the auto-correlation function for 7 = 5’ and the cross-
correlation function for j # j'. The set is called an optical
ZCZ code [10] if the periodic auto- and cross-correlation

functions satisfy

w 3i'=0,j=j,d=0,
_ —w ;i/zoaj:j/7d:17
Pty = ) 0 i =047, ®)
0 1<[[<%
N-1 .
w = ; ©)
=0

where w is the number of the nonzero elements in each
sequence and z is a zero-correlation zone. The optical ZCZ
codes are bounded by

N
+

Mgzl' )

B. Optical ZCZ code with z = 4n — 2

Let by, be a Legendre sequence [9] of length Ny = 4n; —1
with positive n; or an M-sequence of length Ny = 2"t — 1
with ny > 2, whose elements take values of 1 or —1, written
as

(bny,0sbNy 15 5Oy is e 5 Oy N —1)s (8)

le,i S {1, —1}

with ZNI "by, s = 1. A binary sequence by, ; € {1,0} of
length N; is given by

bn,

1+ le,z'
—

On the other hand, let Hy, be an Hadamard matrix of order
Ny = 2™2 with ny > 2, written as

(€))

by i

HN2 = [h‘Ny h}\’y U 7h§\/’27 ’ h%z_l]T7 (10)
h?\@ = (hgvg,m h?\/g,u T ’hgvz,iv T vh?VQ,Nz_Ja (11)
hg\,“ e {1,-1},

where T' denotes the matrix transposition, hfvz is called an
Hadamard sequence and h2 Nayi = =1,0 <7< Ny —1. A binary

sequence th,i € {1,0} of length N5 is given by
. 1+ (=1)%n),
pi = ) T (12)

If Ny and N, are relatively prime, i.e., gcd(N1,N2) =1, a
biphase sequence a’; of length N = N; N is produced by
ag\/,i le,i mod Ny * hg\fg,i mod Na* (13)
Similarly, a binary sequence d&d of length N = N;Ny is
produced by

~j,d

h 7,d
aNz N2,i mod N3*

DN, i mod N, - (14)
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Let A be a set of M = N3 — 1 pairs cons1st1ng of a biphase
sequence a’y; and a binary sequence & J\’, of length N = N; No,
written as

A = {ak,ayh, @a), - @ adh,
(e a T ) (15)

The perlodlc correlation function between a’, v and a i N 2 except
when j = j' = 0 is given by

Wt DNy = 0,5 = 5',d = 0,
—(N1+1)N-
P i ~ild ., = % 2_0‘7_]/7d_1
Ut 0 10 =0, # 7',
0 1<) <z2=Ny -1,

(16)

where N/4 < w = (N7 + 1)N3/4 < N/3. Therefore, the
above set of M = Ny — 1 pairs cons1stmg of a biphase
sequence a7}, and a binary sequence d}v’d is an optical ZCZ
code [10] with 2 =Ny —1=4ny —2and M = Ny — 1 =
N/(z+1)—1.

As an example, we generate an optical ZCZ code of N =
NiNy=3x4=12,z2=N;—1=2and M = Ny —1=3.
Let

bs = (+,+,—)
and
h + 4+ + +
TR B R
h + - - +

where H, is a Sylvester-type Hadamard matrix, + and —
denote +1 and —1, respectively. From Eq. (13), we can
generate bi-phase sequences af,, as follows, respectively.

a%? (+7_7_7_7+7+7+7_7_u_7+7+)>
Q%Z = (+a+a+7_,+a_7_7_7_a+7_7+),
a§2 = (+5_’+7+7+a+a_7+7_7_7_7_)'
Similarly, let
83:(+7+7O)
and
[ Y ] [+ + + +
MYl |+ 0+ 0
2O T |4+ + 0 0]
e |+ 0 0 +
[ Ayt ] [0 0 0 0
Ayl 0+ 0+
Rt 00+ 4+ |0
_ﬁivl_ |0+ + 0
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where + denotes 1. From Eq. (14), we can generate binary
sequences a7, as follows, respectively.

A10

ay5 (+,0,0,0,+,0,4,0,0,0,+,0),
a2 = (+,+,0,0,4,0,0,0,0,+,0,0),
a2 = (+,0,0,4,+,0,0,4,0,0,0,0),
a1y = (0,4,0,4,0,0,0,+,0,+,0,0),
a>' = (0,0,0,+,0,0,+,4+,0,0,+,0),
as = (0,4,0,0,0,0,4,0,0,+,+,0).

A set consisting of a bi-phase sequence a{Z and a binary
sequence &{’Qd, is an optical ZCZ code with N = 12, z = 2
and M = 3.

Its auto-correlation functions are given by

4,0,0,-4,0,0,4,0,0,—4,0,0),

4,0,0,0,0,0,—4,0,0,0,0,0),

4,0,0,0,0,0,—4,0,0,0,0,0),
4,0,0,4,0,0,—4,0,0,4,0,0),
4,0,0,0,0,0,4,0,0,0,0,0),
4,0,0,0,0,0,4,0,0,0,0,0)

1 51,0
pa127a12 )
;!

pa12 a12 ?
1 51,1
19,019 5t
2 a2,1
pa127a12 )"

(

(

adyadlir T (
= (=

(=

(=

3 a3l
palz’aIQ )"t

and its cross-correlation functions

07 07 Oa _47 07 07 Oa Oa 07 47 0’ 0)7
0,0,0,0,0,0,0,0,0,0,0,0).

2 A3,1
pa121a12 )

w020y = (0,0,0,0,0,0,0,0,0,0,0,0),
pal2,a12 K4 (07070a450707070a03 747070)3
palz’dli N (07070703070707070a07070)7
Pui a2 (0,0,0,0,0,0,0,0,0,0,0,0),
12°%12 >
(
(

3 ~1,1 .
pa121a12 )t

C. Optical ZCZ code with z = 1

Let Sy, be a Sylvester-type Hadamard matrix of order
Ny = 2™2 with ny > 2 , written as

0 J L o Na— 1]
)

= [SN27SN2,-~- SNy SN (18)

Sn,
735\/2,1\7271)7 (19)

J
(SN27O7SN2 LR ’SNg,i7 N

SNQ,i € {]‘7 - }3

where T denotes the matrix transposition. It can also be
expressed as

J
SN2

SN, Sy, ® 82, (20)

1 1
SQ - |: 1 =1 :| )
where the operation ® denotes the Kronecker product. Each
row 53\72 is called a Sylvester-type Hadamard sequence.
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A biphase sequence a{v with length N = 2N, is given by

i o
an; = QN SN, imod No»

— . N
Ng,imOszi]‘ ) 37717

{ 80 v
AN = 1 — i+1 . N
_SNQJ, mod Ny — (_1)1 y o S 1 S N —1.

(23)
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From Egs. (22) and (23), the mean value of this sequence agv
is given by
Ng—l Nz—l

N-1

i _ 0o g _ 1 g _
E :aN,i = E SN2,iSNy i E SNy,iSNg,i = 0
i=0 i=0 i—0

where j # 0, 1. Therefore, a biphase sequence ag\, is called a
biphase balanced sequence
A binary sequence ary; ¢ of length NNV is given by
. jd 1+ (=1)¢ a?vi

a]\}ﬂ; = 72 . (25)

Let A be a set of M = N/2—2 pairs consisting of a biphase
sequence a’; and a binary sequence df\}d of length N = 2N,,
written as

~2,d ~3,d i ~J,d
A = {(@ay). @, - (ah ok,
N 1 . N_1d
oy g )
d

The periodic correlation function between ag\, and &g\,’ except
when 7,5 <1 is given by

(24)

(26)

%N i =0,7=3,d=0,

_ ., .7,

o, 2 i =0,7=7",d=1,

Pai a2l i 0 i'=0,j#7, @7)
0 i =+2—+1,

where w = N/2. Therefore, the above set of M = N/2 —
2 pairs consisting of a biphase sequence a’; and a binary
sequence dg\,’d is an optical ZCZ code with z =1 and M =
N/2—-2=N/(z+1) —

As an example, we generate an optical ZCZ code of N =
2Ny =2x4=8,z=1and M = N/2 — 2 = 2. From Egs.
(17), (22) and (23), we can generate bi-phase sequences aé,
as follows, respectively.

a’g = (+7+a_a_7_7+a+7_)7

G;g = (+7_a_a+7_7_7+a+)-
From Eq. (25), we can generate binary sequences aé 4 as
follows, respectively.

a2’ = (+,+,0,0,0,+,+,0),
ag’ = (+,0,0,+,0,0,+,+),
agt = (0,0,4+,+,4,0,0,+),
ag't = (0,4,+,0,+,+,0,0).

A set of pairs consisting of a bi-phase sequence ag and a
binary sequence &S’d is an optical ZCZ code with N = 8§,
z=1and M =2.

Its auto-correlation functions are given by

~2,0

pa8 Jag i T pas,aso,i’ = (4707 _23070707 _2a0)7
=paarty = (—4,0,2,0,0,0,2,0)
5105

2 52,1
pa87a8 N

(22) and its cross-correlation functions are given by

= (07032707 _430a270)7
~2,0,4,0,-2,0).

pag,dg 04 = pas,a8 Oﬁi/

=Pazazte = (0,0,

2 23,1 .
pag,a8 N
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III. OpTIiCAL ZCZ-CDMA SYSTEM

The optical CDMA system based on the optical ZCZ code is
called the optical ZCZ-CDMA system. In the transmitter, the
binary sequence is used to send optical signal corresponding
to a short pulse and the absence of light. A transmitter sends a
binary sequence dg\’,dj in according to input data d; € {1,0} as
optical signal. On the other hand, in the receiver, the biphase
sequence is used as the reference sequence.

In a low-speed communication, the receiver is processed by
an electrical signal, which is called the electrical processing.
This system needs one avalanche photodiode (APD) element.
Figure 1 shows optical ZCZ-CDMA system by the electrical
processing. The received signal r; is passed through a filter
matched to the biphase sequence, afv, which is called the
electrical correlator, and is recovered to the bit data in the
detector. From Eq. (4), the input of a detector Ry is given by

N-1

J
> aly i
i=0

Similarly, in a high-speed communication, the receiver is
processed by an optical signal, which is called the optical
processing. This system needs two avalanche photodiode
(APD) elements because the reference sequence is the biphase
sequence which takes as 1 or —1. Figure 2 shows optical
ZCZ-CDMA system by the optical processing. In splitter, the
received signal is switched to the optical correlator 0 and
1 accordmg to element values 1 and —1 of the reference
sequence a’y, respectively, and is added as RO and RO in the
optical correlator 0 and 1, respectively. The difference output
signal of APD 0 and APD 1 is recovered to the bit data in the
detector. From Eq. (28), the input of a detector Ry is given

(28)

by
N— N-1 J
1 + al 1—ay,
= R — R}, (29)
Note that if z = 1 then (1 + agv’i)/Z and (1 agv’i)/Q are
afvol and ay;, ’1 from Eq. (25), respectively.

IV. THEORETICAL ANALYSIS OF BER PERFORMANCE

We theoretically analyse the BER performance of optical
ZCZ-CDMA systems by the electrical and optical processing,
and evaluate it by computer simulation. Table I shows speci-
fications of theoretical analysis and computer simulation.

A. BER performance in optical fiber transmission

The theoretical formula of BER characteristics of the optical
ZCZ-CDMA system by the electrical processing over the
optical fiber is given by

—(a —p)?
PBER = \/W/ exp{w()}da
_ 1 A
= 2erfc( 202(m)>7 30)
. wGTC)\S<M;W_1>, (1)
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TABLE I
SPECIFICATIONS OF THEORETICAL ANALYSIS AND COMPUTER
SIMULATION.

Spreading sequence optical ZCZ code
Sequence length N 24 16
Family size M 7 6
Zero correlation zone z 2 1
Num. of the nonzero elements w 4
Num. of trials 106
Bit rate 156Mbps | 234Mbps
Chip rate 3,744Mcps
Laser wavelength A 830nm
APD quantum efficiency 7 0.6
APD gain G 100
APD effective ionization ratio Ky s 0.02
Bulk leakage current I 0.1nA
Surface leakage current I 10nA
Modulation extinction ratio M, 100
Receiver noise temperature 7. 1,100K
Receiver load resistor Ry, 1,030 Q2
Background noise P, -45 dBm
Scintillation logarithm variance o2 0.1
2 2 w I b
o(m) = G°F.T.qX s|w+ m+ N—
€
e
1T
+N SP ©+ Nop,, (32)
NPy
As = (33)
S hf K
1
Py, = —Ppu, (34
w
2G -1
F. = KgG+(1 Keff)( a ) (35)
o _ 2T T G6)
th €2 RL ’
C
o= 5% (37
GADN 4
w = 4(z+1) ;2 =4dn -2, (38)
2 R = 17

where 1 and o2(m) are the average and variance of the
correlation output, m is the number of users, G is the APD
gain, T, is the chip duration, IV is the sequence length, M,
is the modulation extinction ratio, As is the average number
of absorbed photons over T¢, w is the number of the nonzero
elements in each sequence, F; is the excess noise factor, [} is
the bulk leakage current, I is the surface leakage current,
e is the elementary electric charge, o2, is the variance of
thermal noise, 77 is the APD quantum efficiency, P, is the
received laser power per chip without scintillation, Py;; is the
average received laser power per bit without scintillation, P,
is the background noise per chip duration T, h is Planck’s
constant, [ is the optical frequency, K.z is the APD effective
ionization ratio, kp is Boltzmann constant, 7T} is the receiver
noise temperature, Rj; is the receiver load resistor, ¢ is
velocity of light, and X is the laser wavelength. Note that
the background noise isn’t considered over the optical fiber.
Figures 3 and 4 show BER performance of optical ZCZ-
CDMA system with z = 2 and 1 by the electrical processing
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Fig. 1. Optical ZCZ-CDMA system by the electrical processing.
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Fig. 2. Optical ZCZ-CDMA system by the optical processing.

over the optical fiber, respectively.

Similarly, the theoretical formula of BER characteristics of
the optical ZCZ-CDMA system by the optical processing over
the optical fiber is given by

B 1 i
. 3
DBER 267’f0< Q&Q(m))’ (39)
M, -1

i o= wGT [ —< =4, 40
f w ( M. > o (40)

N — I

52(m) = G2F.T. )\s(w+ “’)m+2b

I,T.

+2 ; + 202, (41)

Figures 5 and 6 show BER performance of optical ZCZ-
CDMA system with z = 2 and 1 by the optical processing
over the optical fiber, respectively.

From Figs. 3, 4, 5 and 6, the optical ZCZ-CDMA system
by the electrical and optical processing over the optical fiber

can’t remove completely co-channel interference, and the BER
performance of this system by the electrical processing over
the optical fiber go down compared to that by the optical
processing.

B. BER performance in optical space transmission

The theoretical formula of BER characteristics of the optical
ZCZ-CDMA system by the electrical processing over the

22



INTERNATIONAL JOURNAL OF COMPUTERS AND COMMUNICATIONS

1
0.1
0.01
2
<
-
5
g 0.001
o} N
= m .
A m +
X .
0.0001 75, T
¥ m by N
0 m=s simulation \ o w o\ T
0.00001 - mH--m3 R S Y
O m= ® \ \
® m: \ \ \
\
0.000001 L w Yy
48 46 44 4 40 38 36 34 32

Average received laser power per a bit Pbir [dBm]

Fig. 3. BER performance of optical ZCZ-CDMA system with z = 2 by the
electrical processing over the optical fiber.
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Fig. 4. BER performance of optical ZCZ-CDMA system with z = 1 by the
electrical processing over the optical fiber.

optical space is given by

1 oo oo o0
Pggr = 5/ P(Al)/ P(A2)"'/ p(Am)
0 0 0
w(Ar) )
. dA
erfc(\/202(A17A27“'7Am) '
dAs---dA,,
1 oo o0
= 3 v [ aa
p(Ar) )
. — 2 |dAdA 42
erfc( 502 Ay A) 1aA, (42)
A = Y A (43)
j=2
L | —(n4; + %)
P = e ST
p(A) = p(Az)*---*p(An), (45)
,U,(Al) = ’UJGTC)\S (Jw';\;]-) Al, (46)
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Fig. 5. BER performance of optical ZCZ-CDMA system with z = 2 by the
optical processing over the optical fiber.
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o?(Ay, A)

N —w
G?’F,T.{ \s —_
(w + Me

)(A1 +A)

I I.T,
+NM+Nf +N="F + Noj,,, (47)

where p(A;) is the probability density function of the scin-
tillation A; for jth (1 < j < m) user, o2 is the scintillation
logarithm variance, p(A;) and 02(A;, A) are the average and
variance of the correlation output, respectively and * denotes

the convolution as

pla)xp(a) = > p(d)pla—a). (48)
a’=0

Figures 7 and 8 show BER performance of optical ZCZ-
CDMA system with z = 2 and 1 by the electrical processing
over the optical space, respectively.

Similarly, the theoretical formula of BER characteristics of
the optical ZCZ-CDMA system by the optical processing over
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Fig. 7. BER performance of optical ZCZ-CDMA system with z = 2 by the
electrical processing over the optical space.
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Fig. 8. BER performance of optical ZCZ-CDMA system with z = 1 by the
electrical processing over the optical space.

the optical space is given by

- 1 o0 o o0
Ppgr = 5/ p(Al)/ p(A2)"'/ p(Am)
0 0 0
~erfc< Ay >dA1
\/2&2(141’1425”' aAm)
dAy---dA,,
1 oo oo
= 5[ [ s
0 ~O
~erfc<’lw)dA1dA, (49)
252(Ay, A)
N M, -1
i) = wGTA ()= ). 50)
=2 2 N-w
o (Al,A) = G FGTC )\s w + M (A1 +A)
+N>\b+2% +2IS€TC + 202, (51)

Figures 9 and 10 show BER performance of optical ZCZ-
CDMA system with z = 2 and 1 by the optical processing
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over the optical space, respectively.
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Fig. 9. BER performance of optical ZCZ-CDMA system with z = 2 by the
optical processing over the optical space.
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Fig. 10. BER performance of optical ZCZ-CDMA system with z = 1 by
the optical processing over the optical space.

From Figs. 7, 8, 9 and 10, the optical ZCZ-CDMA system
by the electrical and optical processing over the optical space
can’t remove completely co-channel interference, and the BER
performance of this system by the electrical processing over
the optical space go down compared to that by the optical
processing. From Figs. 3, 4, 5, 6, 7, 8, 9 and 10, the BER
performance of this system over the optical space go down
compared to that over the optical fiber.

V. CONCLUSIONS

In this paper, we analyze the BER performance of optical
ZCZ-CDMA system with zero-correlation zone 4n—2 or 1 by
the electrical and optical processing over the optical fiber and
space with considering the effects of the scintillation, APD
noise, thermal noise and co-channel interference by computer
simulation and theoretical formula.

As a result, the BER performance of this system over the
optical space go down compared to that over the optical fiber,
and the BER performance of this system by the electrical pro-
cessing go down compared to that by the optical processing.
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The optical ZCZ-CDMA system by the electrical and optical
processing can’t remove completely co-channel interference.
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