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The selection of appropriate codes for an optical code division multiple access (OCDMA) network, which deter-

mines the maximum number of users and bit error rate (BER) supported by the system, is crucial. This study pro-

posed a variable weight zero cross-correlation Latin square (VW-ZLS) code for spectral amplitude coding

(SAC)-OCDMA systems, which offers high autocorrelation and zero cross-correlation, while providing differenti-

ated quality of service (QoS) features. Using direct detection (DD) technology, the data rate of the proposed
VW-ZLS code reached 4.8 Gbit/s under the condition that BER does not exceed 10°. This was 0.5 Gbit/s higher
than that of zero cross-correlation magic square variable weight optical orthogonal code (ZMS-VWOOC) with the

same cross-correlation characteristics. Further, simulation results showed that in SAC-OCDMA system, the
VW-ZLS code was better than ZMS-VWOOC and exhibited excellent performance.
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Optical code division multiple access (OCDMA) is a
multiplexing technology, which can asynchronously
share the entire channel between different users, while
providing certain data transmission confidentiality and
high quality of service (QoS). It is an alternative solution
for the next generation of access networks!". In recent
years, OCDMA technology has been widely used. It can
improve the physical layer security of free optical com-
munication”), be used in optical sensors to monitor the
health of large urban facilities'™, and overcome the im-
aging speed and resolution of traditional imaging lidar'”!,
However, OCDMA system encounters various chal-
lenges that limit its performance. Generally, it is affected
by five noise sources, including multiple access interfer-
ence (MAI), phase induced intensity noise (PIIN) usually
accompanied by MAI, dark current, shot noise, and
thermal noise!®®. Among these, the most influential is
MAL

Spectral amplitude coding (SAC) has garnered attention
owing to its ability to reduce MAI®'%) requiring simple
system components and incurring low cost'’. In the
OCDMA system, the choice of codes is crucial. Thus,
several codes based on SAC-OCDMA system coding have
been proposed, such as modified quadratic congruence
(MQC) code!'?, optical orthogonal code (OOC)!"*")

fixed right shift (FRS) code'”, Latin square code
(LSO!'™ and zero cross-correlation code (ZCC)!®
However, the code weights of the above-mentioned
codes are fixed, which cannot satisfy the requirements of
current multimedia services, such as simultaneous trans-
mission of voice, data, and video.

To improve the performance of SAC-OCDMA system,
variable weight (VW) codes have been proposed, which
support high QoS. YANG et al'"” first proposed variable
weight optical orthogonal code (VWOOC), which was
useful for OCDMA networks with various performance
requirements. However, its construction was complicated
and the code length was quite long. Later, ANAS et al'*"!
designed variable weight Khazani-Syed (VW-KS) with
multiple QoS. However, only even integers can be se-
lected as the code weight, which limits the choice of
code weight. KUMAWAT et al®"! proposed a VW code
algorithm based on enhanced and modified double
weight codes to handle multimedia services. However,
its cross-correlation value was not optimal and the bit
error rate (BER) was not ideal. Recently, LU et al® con-
structed a zero cross-correlation magic square variable
weight optical orthogonal code (ZMS-VWOOC) that
supports different services. Compared with previous
codes, it offers the advantages of simple construction,
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flexible code weight selection, and zero cross-correlation
value. However, its construction method is only based on
traditional mapping technology, and its code perform-
ance can be further improved.

Based on the standard Latin square matrix and a new
algorithm, this study directly constructed a variable
weight code with double code weight, and used the map-
ping technology to obtain a multi-code weight VW code
according to user requirements. Thus, a variable weight
zero cross-correlation Latin square (VW-ZLS) code that
exhibited better performance for SAC-OCDMA system
was proposed. It offers the advantages of simple and
diverse structure, flexible code weight selection, zero
cross-correlation, and differentiated QoS. This study
focused on code construction and mathematical analysis,
and the mathematical analysis was verified via Matlab
and Optisystem simulations.

The VW-ZLS code is characterized by the following
parameters (L, W, A, 1., @), where W, A and Q represent
the sets {1, Wa,..., ©;}, {40’ Jareer Ao’ }> and {q1, qarenes G}
respectively. Here, L denotes the code length, W denotes
the code weight set, A denotes the auto-correlation, A,
denotes the cross-correlation, and ¢; denotes the ratio of
the code capacity of different code weights to the total
capacity.

For any two codes X=(x, xi,..., X;.;) and ¥=(yy, y1,-..,
vr.1) with code weight w,, the following expressions can
be obtained!"”!

Auto-correlation function:

-1 i
zj:oxjxjearg/la, 1<r<L-1, O

Cross-correlation function:
L-1

Do Ve SAs 1STSL-1L XY, 2)
where @ represents all modulo-L.

The VW-ZLS code was constructed according to the
following steps.

Step 1: A standard Latin square matrix M of order 4
(A4>3) was constructed. M is a matrix of dimensions 4xA4,
with exactly A4 different elements (0 to 4—1). Each dif-
ferent element only appeared once in the same row or
column, and the elements in the first row and column
were arranged in order. Each element of M can be ob-
tained using the following formula:

M, j)=(i+ j)mod 4, 3)

where0<i<(4-1),0<<(4-1) .
For example, when 4=4, M is expressed as
012 3

1

230
M= . “)
2 301
301 2

Step 2: Let the required new code sequence be B(i, f).
When t=M(, )+ j(A-1),0<i<(4-1),0<j<(4-1),
B(i,t)is 1, otherwise it is 0.

Step 3: Using Egs.(1) and (2), the cross-correlation of
the VW-ZLS code is 4.=0, and the autocorrelation is ex-
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pressed as
{ {4-1,4-2}, n=1
R (n)= >
’ {4, -1,4,-2,--, 4 -1,4 -2},n>1
where n represents the number of different 4 values.
Step 4: (1) When 4 acquires a fixed value, the code B
with two code weights is obtained.
For A4=4, the following is obtained
1000100010001
0100010001000

B= : (6)
0010001000100

0001000100010

From the new sequence B, it is evident that when A=4,
the sequence with different code weights, w=4 and w,=3
are obtained. Simultaneously, the minimum code length
is Lg=13 and the number of users is Nz=4. The relation-
ship between variable A, code weights w; and w,, mini-
mum code length Lp, code capacity @p, and the number
of users Np is as follows

©)

{a)le (7)
w,=A-1"

Ly, =A"—A+1, ®)
@, =N, =A. 9)

(2) When 4 takes n variables, the sequence with mul-
tiple code weights can be obtained.

The relationship between variable 4 and code weight
w; 1s presented in Tab.1, when A4 acquires values in the
range from 3 to 10.

Tab.1 Correspondence between code weight w; and
variable A

It is evident from Tab.l that the code with multiple
code weights can be obtained by considering different 4
values, that is, =2, 3, 4, 5, 6, 7, 8, 9, 10. When the
variable 4 takes n values, namely 4, 4,,..., 4,, the rela-
tionship between the minimum code length Lg, code ca-
pacity @p, and the number of users Ny is as follows.

Ly=(A"+ A4 ++A4)— (4 + A4, ++A4)+n, (10)

Dy =Ny =4 +A4,+--+A4,. (11
Step 5: Code capacity @ is expressed as
mA, n=1
@ = . , (12)
mZHAi,n>1

where m represents the mapping times, n represents the
number of different 4 values, and i represents a positive
integer.

Step 6: Mapping technology was used to satisfy user
needs and attain high QoS.

(1) When 4 takes a fixed value, the mapping technol-
ogy increases the number of users while ensuring A.=0
for the obtained code.
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B” 0 0 0
0 B® 0 0
Cy = o o - o | (13)
| 0 0 0 B™
Assuming A=4 and the mapping times m=2, we obtain
10001000100010000000000000
01000100010000000000000000
00100010001000000000000000
c, - 00010001000100000000000000 . (14)
00000000000001000100010001
00000000000000100010001000
00000000000000010001000100
00000000000000001000100010 |

The code C,(26,{4,3},{3,2},0,{1/4,3/4}) is obtained.
By changing the variable 4 and mapping times m, the
needs of the user can be met.

(2) When 4 takes n variables, first, mapping technol-
ogy is used to increase the number of code weights,
which is then used to achieve high QoS.
c,” 0 0 0

0o c,” o0 0

0 o . 0

0 0 0o c,™

Assuming 4=3, 4 and the mapping times m=2, we ob-
tain

C= (15)

@
Cz{Cg C;”}’ (16)
(71001001 ]
0100100 0
0010010
C, = 1000100010001 | - (17)
0 0100010001000
0010001000100
0001000100010

The code C{40,{4,3,2},{3,2,1},0,{1/7,4/7,2/7}} is
obtained, and high QoS can be achieved by changing the
variable 4 and mapping times m.

To exploit the bandwidth of the SAC-OCDMA system
based on the largest number of active users, the code
length must be as short as possible. Tab.2 shows the
comparison of four variable weight codes under the same
code weight and number of users. It is evident that the
code length of VWOOC is excessively long, which is not
ideal for an SAC-OCDMA system. VW-KS code has
shorter code length. However, its A¢max=1, which results
in the system being affected by MAI. The code lengths
of ZMS-VWOOC and the proposed VW-ZLS code are
short and A.,,x=0. However, that of the latter is smaller.

The cross-correlation of the proposed VW-ZLS code is
zero, with no overlap in the frequency spectrum between
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codes. Therefore, direct detection (DD) technology was
used to analyze the performance of this code. The DD
technology contains a single decoder, which is very sim-
ple and low cost. Moreover, it can support more users
than complementary subtraction (CS) and subtraction
detection technologies!****.

Tab.2 Comparison of different variable weight code
properties

Code Code weight Total Code Aemax
users length
VWOOC 4{5,4,3,2} 50 427 1
VW-KS 4{8,6,4,2} 50 170 1
ZMS-VWOOC 4{5,4,3,2} 48 168 0
VW-ZLS 4{5,4,3,2} 48 164 0

Fig.1 shows the architecture of SAC-OCDMA system
based on VW-ZLS code. It consists of a transmitter and a
receiver. The transmitter includes a broadband light
source (BBS), an encoder, user data, and a modulator.
The receiver includes a filter, photo-detector, and
low-pass filter (LPF). At the transmitting end, for each
coding sequence, the corresponding wavelengths are
combined via an optical coupler, modulated by a
Mach-Zehnder modulator (MZM), and then the modu-
lated signals of all users are multiplexed together and
sent through a single mode fiber (SMF). At the receiving
end, the DD technology is used to segment and decode
the received combined optical signal according to the
code, and the photodetector and LPF are used to recover
the information.

To analyze the system, the following conditions need
to be assumed™> "),

1. Each user has the same received power.

2. Each power spectrum component has the same
spectrum width.

3. Assuming that the light source is ideally unpolarized,
its spectrum is flat at a given bandwidth [vy—Av/2,
vo+Av/2], where vy denotes the central light frequency,
and Av/2 denotes the light source bandwidth.

4. Each bit stream of each user is synchronized.

In an SAC-OCDMA system based on the power spec-
tral density (PSD) of broadband light source, thermal
noise, PIIN, and shot noise are the main factors that af-
fect the system performance. To remove the influence of
PIIN, the cross-correlation value should be as small as
possible!®*],

Since the cross-correlation value of VW-ZLS is zero,
the influence of MAI and PIIN was eliminated. The per-
formance of the receiver depends on the signal-to-noise
ratio (SNR) as SNR=I’/c*, where I denotes the average
photo-current and ¢” denotes the variance of different
noise sources. For VW-ZLS code, ¢” can be written as
the sum of the shot (oshmz) and thermal (athemmlz)
noises*”.

2

4K,T B
(o} )

=0} +o.. =2elB+ (18)

— “shot thermal
L
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where e represents the electronic charge, B represents the
electrical bandwidth of the receiver, Kg represents the
Boltzmann’s constant, 7, represents the absolute receiver
noise temperature, and R represents the receiver load
resistance.

According to the nature of the VW-ZLS code, using
DD technology, the relevant attributes of the ith user
whose code weight is W can be expressed as

W,k =1, The same mapping matrix
ZI_L:] C,()C () =4 0,k =/, Thesame mappingmatrix . (19)
0,k = [, Different mapping matrix

The Gaussian approximation was used to calculate the
BER. The PSD of the received optical signal can be ex-
pressed as!*”)
Y4 GOTO,
where Py denotes the effective power at the receiver, d;
denotes the data sent by the kth user and is “1” or “07,
and Ci(i) denotes the ith element of the kth code se-
quence.

[1(i) can be expressed as

H(i)=u[v—v0—%(—L+2i—2)}, 21

where u(v) represents the unit step function, and is ex-

NB/
k=1

G(v)= (20)
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pressed as

1,
u(v) = {0

Using Eq.(18), the sum of the PSD at the photodetec-
tor of the /th receiver in a period can be expressed as

LI L7 L o | AV
A_vzkzi dy ZH C,(HC,(Du I:T:| dv=

v2>0

v<0’ (22)

+00
0

J, ooxv=]

Pﬁr AV Ny L . )
ETZ"Z{ dei:] C,(O)C () =.
PW, P

sr Np }DSTVVJ
I di+TZk:{,k¢ldk :T' (23)

The photocurrent 7 at the output of the photodetector is
expressed as

- RP.W.
I= Rjo G(v)dv = Tf (24)

where R is the responsivity of the photodetector, with
R=ne/hv, where 5 denotes quantum efficiency, 4 repre-
sents Planck constant, v represents the center frequency
of the original broadband light pulse, and e represents the
electronic charge.

Substituting Eq.(22) into Eq.(13), the noise variance is
expressed as

i ’ Data (1) ’ | i
ﬁ‘ . Mach Zehnder 9 Al QT\ 9’ LPE h _>’ Data ‘
i | Filter(D) -modulator ‘ i
Encoder (1) Decoder (1)
w| : 91 N |» :
BBS Y| . By .
= d = @ °
: |
> - —>| Filter () —)J —>’ LPF ‘ —)l Data ‘
: Filt Mach Zehnder l - - |
{ Filter(n) -modulator |, t \ |
— b — Decoder ()
Fig.1 Block diagram of the SAC-OCDMA system using the VW-ZLS code
eBRPW. K.TB lows!'"*!
o’ =2 L> L+4 ‘;“ . (25) ) VR
o Lo . BER =P, =—erfe| |-~ |, (27)
Considering that the probability of each user sending a 2 8
“17 bit at any time is 1/2, the average SNR of each user is where erfc denotes a complementary error function.
RPW, 2 The performances of VW-ZLS code and
IE I ‘ ZMS-VWOOC, which have the same correlation char-
SNR =— = BRPI . (26) acteristics (4.=0), were compared numerically. The BER
o BT 4 4K, 1.8 was calculated using Matlab. Tab.3 summarizes the pa-
L R, rameters used in the calculation.

Using non-return-to-zero on-off keying (NRZ-OOK)
as modulation mode, the BER can be calculated as fol-

Figs.2 and 3 show the relationship between the number
of users and BER of VW-ZLS code and ZMS-VWOOC
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with code weights of 6, 5, and 4, when the received power
of the signal was —10 dBm and the data transmission rates
were 622 Mbit/s and 2 Gbit/s, respectively. As seen from
Fig.2, when W=6, the maximum numbers of users that
VW-ZLS and ZMS-VWOOC can accommodate
(BER=10") are 112 and 105, respectively. Similarly, when
the code weights are 5 and 4, the maximum numbers of
users of VW-ZLS code are 93 and 74, respectively, and
those of ZMS-VWOOC are 88 and 70, respectively. Thus,
VW-ZLS code can accommodate more users than
ZMS-VWOOC. Further, the results showed that the BER
increased with the number of users. At the same number of
users, the larger the code weight, the higher the BER of the
code. Fig.3 shows that with the increase in data rate, the
maximum number of users decreased. When R,=2 Gbit/s,
VW-ZLS code still exhibited good performance.

Tab.3 Typical parameters used in the calculation

Symbol Parameter Value
n Photodetector quantum efficiency 0.6
Electrical bandwidth 311 MHz
R Receiver load resistor 1030Q
A Operating wavelength 1 550 nm
Py Received optical power —10 dBm
T Receiver noise temperature 300 K
e Electron charge 1.6x107" C
h Planck’s constant 6.63x107* Js
Ky Boltzmann’s constant 1.38x107% J/K
10°
—— W=6ZLS
—k - W=6 ZMS
10° —A— W=57LS
iy —A- =5 ZMS
& —A— W=4ZLS
—K-- W=4ZMS
10
A

-15 /
10707720 20 60 80 100 120 140 160
The number of active users N

Fig.2 BER versus the number of active users for the
VW-ZLS code and ZMS-VWOOC (R,=622 Mbit/s)

10°
10°
RS
IS§]
AQ
=k - W=6.ZMS
107° —A— W=5ZLS |
A Ww=57ZMS
—*— W=4ZLS
[ i —& - =4 ZMS
10"

0 20 40 60 80 100 120 140 160
The number of active users N

Fig.3 BER versus the number of active users for the
VW-ZLS code and ZMS-VWOOC (R,=2 Gbit/s)
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Figs.4 and 5 show the relationship between BER and
the effective power of the VW-ZLS code and
ZMS-VWOOC with 40 users, when the code weights are
6, 5, and 4, and the data transmission rates are
622 Mbit/s and 2 Gbit/s, respectively. It is evident that
compared with ZMS-VWOOC, the SAC-OCDMA sys-
tem using VW-ZLS required less power under the same
conditions. In addition, when the data rate increased, the
required power increased.

S0°| H#W=67Ls
AQ

— ~W=6 ZMS
—¥—w=5ZLS
107} — -w=5ZMS
W=4ZLS
e W=4 ZMS . A\
-30 25 -20 -15 -10

Effective power from each user (dBm)

Fig.4 BER versus the effective received power from
every user for the VW-ZLS code and ZMS-VWOOC
employing the SAC-OCDMA technique (R,=622 Mbit/s)

10"f

10°F

—¥— =6 ZLS
S10°)
~ W=6 ZMS
—¥—=5ZLS
107F — ~W=5ZMS
W=4 ZLS
W=4 ZMS
10°

-30 -25 -20 -15 -10
Effective power from each user (dBm)

Fig.5 BER versus the effective received power from
every user for the VW-ZLS code and ZMS-VWOOC
employing the SAC-OCDMA technique (R,=2 Gbit/s)

Fig.6 shows the performance of 40 online users with a
received power of —10 dBm at different data rates. With
the increase in data rate, the BER of code increased
gradually, and the performance of the code decreased.
For the same code, the larger the code weight, the lower
the BER at the same data rate. When the acceptable BER
of the system is 107, the data rates of the VW-ZLS code
with code weights of 6, 5, and 4 are 4.8 Gbit/s, 3.4 Gbit/s,
and 2.2 Gbit/s, respectively, and those of ZMS-VWOOC
are 4.3 Gbit/s, 3.0 Gbit/s, and 1.9 Gbit/s, respectively.
Thus, VW-ZLS code can support a faster transmission
rate and the code performance is better.

Fig.7 shows the relationship between the number of
users and BER under different code weights at data rates
of 1.8 Gbit/s and 2.3 Gbit/s. It is evident from Fig.7 that
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when W=4, the numbers of users supporting 10~ er-
ror-free voice applications are 86 and 75, respectively.
When W=5, the numbers of users supporting 10” er-
ror-free data applications are 55 and 48, respectively.
When =6, the numbers of users supporting 102 er-
ror-free video applications reach 56 and 49, respectively.
Thus, the code weight can be chosen flexibly according
to different service needs to satisfy the needs of users.

1 0()

10° |

a4

S5}

& —%- =6 ZMS

10" A W=57LS
—A- =5 ZMS
—— w=47LS
—- =4 ZMS

001 2 34 5 6 7 8 9 10

Data rate (Gbit/s)

Fig.6 BER versus the data rate for the VW-ZLS code
and ZMS-VWOOC employing the SAC-OCDMA tech-
nique

100
10° [
I : 5 4 ;
l;é W —¥— 1.8 Gbit/s W=6
= — — "2 % — % 2.3 Gbitls =6
10" I —A— 1.8 Gbit/s =5
L /AL A 23Gbitls =5
Voice T 1.8 Gbit/s W=4
2.3 Gbit/s W=4
10"

0 20 40 60 80 100 120 140 160
The number of active users N

Fig.7 BER versus the number of active users of the
VW-ZLS code with transmission data rates of
1.8 Gbit/s and 2.3 Gbit/s

Fig.8 shows the performance of the system based on
BER and data rate. It can be observed that for VW-ZLS
code with W=6, 5, and 4, the BER increased with the
increase in data rate. In addition, as expected, the
VM-ZLS code with large code weight is more effective
than that with small code weight, which can be attributed
to relatively large power units received at the PIIN pho-
todiode associated with the codes of large weight.
Therefore, the analysis indicates that the proposed model
can provide different QoS. The VW-ZLS code with lar-
ger code weights can be used for services with higher
data rate requirements, whereas that with smaller code
weights exhibited relatively better performance at low
data rates.

To enrich the research conducted, an SAC-OCDMA

Optoelectron. Lett. Vol.19 No.1

system with VW-ZLS code for four users was simulated
using Optisystem system software, as shown in Fig.9.
The simulation was conducted for a distance of 25 km.
The attenuation of the optical fiber was 0.2 dB/km and
the dispersion was 16.75 ps/(nm-km). The noise at the
receiver was considered to be randomly generated and
completely uncorrelated. The dark current value of each
photodetector was 5 nA and the thermal noise coefficient
was 1.8x10% W/Hz.

1 0(!

—¥—W=6 for video
—¥—W=5 for data
¢ W=4 for voice e ¥

0111213 1.4151.6 1.71.8 1.9 2.0
Data rate(Gbit/s)
Fig.8 BER versus data rate of the VW-ZLS code

o 1 < ]

Fig.9 Simulation model of the VW-ZLS code for four
users at 2 Gbit/s and —=10 dBm input power

As shown in Figs.10 and 11, when the user rate is
2 Gbit/s, the BER of the user with =4 is 10", and that
of the user with W=3 is 10°. Thus, the larger the code
weight, the smaller the BER. However, when the user
rate is lower than 2 Gbit/s or the transmission distance is
less than 25 km, the system can support more users.

This study proposed a VW-ZLS code based on the
standard Latin square matrix, and its design, structure and
characteristics were introduced. The numerical results
showed that when the data transmission rates were
622 Mbit/s, 1.8 Gbit/s and 2.3 Gbit/s, the maximum num-
bers of users supported by the SAC-OCDMA system us-
ing VW-ZLS code were 112, 66 and 58, respectively, in-
dicating good performance. Further, compared with simi-
lar variable weight codes, VWOOC, VW-KS, and
ZMS-VWOOC, the cross-correlation value of the
VW-ZLS code was 0 and the code length was reduced. In
addition, using DD technology to eliminate MAI and PIIN,
it was verified via experiments that the performance of the
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Fig.10 Eye diagram indicating the performance of four
users with weight 4 using the VW-ZLS code at 25 km
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Fig.11 Eye diagram indicating the performance of four
users with weight 3 using the VW-ZLS code at 25 km

VW-ZLS code was better than that of ZMS-VWOOC.
Furthermore, for the same codeword, the larger the code
weight, the lower the BER and the less the power re-
quired.
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