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Summary
In this paper, a new code called Random Diagonal (RD)
code for spectral amplitude coding optical code division
multiple access (OCDMA) networks is presented. This
code is compared with other codes like MQC, MFH and
Hadamard which use the same technique. In our work, we
utilized this code in one of the OCDMA applications
which is called “triple-play” services (audio, video, and
data) with different quality-of-service (QoS) requirements; this service is performed by using multiple weights
of RD code. The results characterizing the bit-error-rate
(BER) with respect to the total number of active users
show that RD code offers a significant improved performance over other types of codes. Furthermore, this code can
accommodate 20 additional users with smaller code
weight at BER of 10-9. In variable weight system, we
have shown that using this type of system does not only
suppress the Phase Intensity Induced Noise (PIIN), but
also that RD code with large weight always have the best
performance, when other users of different weights are
present in the system.

1

Introduction

Multiple-access techniques are required to meet the
demand for high-speed, large-capacity communications
in optical networks, which allow multiple users to share
the fiber bandwidth. There are three major multiple access
approaches. Each user is allocated a specific time slot in
time-division multiplexing (TDM) and a specific frequency (wavelength) slot in wavelength-division multiplexing (WDM). Both techniques have been extensively
explored and utilized in optical communication systems
[1, 2]. Alternatively, OCDMA [3 – 7], [4] is receiving
increasing attention due to its potential for enhanced
information security, simplified and decentralized network control, improved spectral efficiency, and increased
flexibility in the granularity of bandwidth that can be
provisioned. To eliminate the multiple access interference
(MAI), spectral-phase coding was proposed to use the
orthogonality of bipolar codes by programming the phase
to 0 and 180 degrees. Since the phase was a very difficult
issue to preserve in fiber, the technique of spectral
amplitude coding (SAC) with unipolar version is proposed
[5]. In spectral amplitude-coding system, the inherent
phase-induced intensity noise (PIIN) results in significant
performance degradation. To suppress it, a code with
lower constant inphase cross-correlation has been used
[6]. In OCDMA system, PIIN is strongly related to MAI

due to the overlapping of spectra from different users [7].
It is important in OCDMA to select suitable codes for all
the online users, such as the maximum number of the users
that can be supported and the BER, depends on the codes
selected. Usually optical orthogonal codes (OOC), prime
codes, MFH codes, and Hadamard codes [6 – 8] perform
well due to their low correlation value and relatively large
code space. However, these codes suffer from various
limitations one way or another. The codes’ constructions
are either complicated (e. g., OOC and MFH codes), the
cross-correlation are not ideal (e. g., Hadamard and Prime
codes), or the code length is too long (e. g., OOC and
Prime codes). In this paper, we focus on the design of RD
codes used in variable weight system among those codes.
This code is constructed using code segment and data
segment. One of the important properties of this code is
that the cross correlation at data segment is always zero.

2

Construction of the RD code’s matrixes

We denote a code by (N, W,l) where N is the code length,
W is the code weight, and l is in-phase cross correlation.
N
P
Let us define l ¼ xi yi as the inphase cross- correlation
i¼1

of two different sequences X=(x1,x2,….xN) and
Y=(y1,y2,….yN). When l=0, it is considered that the code
possesses zero cross correlation. The design of this new
code can be preformed by dividing the code sequence into
two sub-matrixes which are code sub-matrix and data submatrix [9]. The advantages of dividing the RD codes into
two parts became easier for hardware implementation
using direct detection rather than using different types of
detection techniques. Another major advantage of our new
codes, including both MQC and MFH, lies in the first
property, i. e., elements in each sequence can be divided
into groups and each group contains only one “1”. This
property makes it much easier to realize the address
reconfiguration in a grating-based spectral amplitudecoding optical CDMA transmitter. We can use a group of
gratings to reflect all the desired spectral components; and
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then use another group of gratings to compensate the
delays of the desired components and again incorporate
them into a temporal pulse.

3

Variable code weight implementation
using RD code

In this section we will show how the RD code provides
optical domain service differentiation using variable code
weights. A higher weight indicates higher priority transmission. In previous studies [10, 11] researchers have
grouped the information into three types: audio, video and
data. Three weights of RD code (3, 4 and 5) will be used to
represent them respectively. Note that the weight could be
chosen independently based on the required signal quality.
The total code length for variable code weight implemenw
P
tation is given by NT =
NJ where Nj represents the
J¼1

number of different weights used in a single system, and w
is the total number of different weights. The following
example demonstrates the variable weight implementation. We assume that there are 3 different services required
in a single System KW , and the weights used are W1 = 3,
W2 = 4, and W3 = 5, with 3 users of video-on-demand
(VoD) services, 3 users require audio services and 3 desire
data based services. Thus, K3= K4= K5=3. To find the
code length for each KW, using Eq. (3), the code length is 6,
8 and 10 for K3=3, K4=3 and for K5=3 respectively. The
total code length is NT= N3+N4+N5= 24. An example of
variable weight code structure is shown in Fig. 1, which
supports 3 users of weight 3, 3 users of weight 4, and 3
users of weight 5. Codes of different weights should be
arranged in such a way that the cross-correlation at data
level (data sub-matrix) is still maintained at zero. For ease
of implementation and coordination, the same portion of
the code is dedicated to the same weight. As an example,
consider the variable weight code, Cx in Fig.1 b which
comprises 9 codes of weight 3, 4, and 5. The codes are
actually divided into 3 parts (denoted by the dotted lines)
according to their weights. The mapping technique is
presented here to increase the number of users for the
specific code weight. Then the codes of different weights
are combined together by adding zeros, after, before or
both before and after the original codes. As can be seen in
Cx, for the first user of weight 3, 18 zeroes (NT-N3) are
added after the original code to satisfy the total code length
NT. Note that the maximum number of users is given as
K
Kmax (W) = CW
, as shown in Fig. 1a. In the following
section, the performance evaluation of variable weight
implementation in a single system is presented.

4

Performance analysis

4.1 Performance analysis of single weight RD code
Fig. 2 shows the setup of the proof-of-principle simulation
for the proposed scheme. The performances of RD, MFH,
and Hadamard codes were simulated by using the
simulation software OptiSystem Version 6.0. As illustrated in Fig. 3, a simple schematic block diagram consists
of two users. Each chip has a spectral width of 0.8 nm. The
tests were carried out at a rate of 10 Gbit/s for 20-km
distance with the ITU-T G.652 standard single-mode
optical fiber (SMF). All the attenuation a (i. e., 0.25 dB/

Fig. 1: Construction of variable weight codes: a) the general form for
K
specific mapping and weight, where CW
are the code generated for
specific weight; b) the actual general code for the system

km), dispersion (i. e., 18 ps/nm km), and nonlinear effects
were activated and specified according to the typical
industry values to simulate the real environment as close
as possible. The performance of the system was characterized by referring to the bit-error rate (BER). As shown
in Fig. 3, after the splitter, we used a Fiber Bragg Grating
(FBG) spectral phase decoder operates to decode the data
at data sub-matrix. The signal was decoded by a photodetector (PD) followed by a 0.75 GHz low-pass-filter
(LPF) and error detector, respectively. The transmitted
power used was 0 dBm out of the broadband source. The
noise generated at the receivers was set to be random and
uncorrelated. The dark current value was 5 nA, and the
thermal noise coefficient was 1.8 · 10-23 W/Hz for each of
the photodetectors. The eye pattern diagrams for RD,
MQC codes are shown in Fig. 3 respectively. The eye
diagrams indicate clearly that the RD code system gives
better performance as it has a larger eye opening.
The light source of every user is assumed to be
unpolarized and has a flat spectrum over a bandwidth
Dv Hz. The average optical power for one balanced
detector when the desired user transmits bit “1” is
Psig ¼

<Psr W
,
N

where < is the photodiode responsivity and Psr the
received optical power of a single source at the decoder. In
the analysis, we take into account three different noise
sources, which are shot noise, PIIN, and thermal noise,
since they are dominant sources of noise that exist in the
SAC OCDMA system [9,15]. Hence, the average SNR
used in evaluating the performance of RD code, derived
similar to [9], is given as

SNR ¼ 2eBWP
N

2<Psr W

2

N
sr <

þ

B<2 Psr W K
2N 2 DV

ðK ¢ 1 þ W Þ þ

4KB Tn B
RL
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estimated using Gaussian approximation [9, 11, 14, 15] as
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Pe = 1/2 erfc ( SNR=8).

Fig. 2: Simulation setup of the proposed transceiver scheme

Fig. 4 shows the relation between the number of users and
the BER, for RD, MFH, MQC and Hadamard codes, for
different values of K (number of users). It is shown that the
performance of the RD code is better compared with the
others even though the weight is far less than other codes,
which were 7 in this case. The maximum acceptable BER
of 10-9 was achieved by the RD code with 20 active users.
This is good considering the small value of weight used.
This is evident from the fact that RD code has a zero crosscorrelation while Hadamard code has increasing value of
cross-correlation as the number of users increases. However, a few code specific parameters were chosen based on
the published results for these practical codes [9, 11, 13,
14]. The calculated BER for RD was achieved for W=5
while for MFH, MQC and Hadamrad codes were for
W=10, W=12, and W=64, respectively.
4.2 Performance analysis of variable weight RD code
Using the same transceiver system with the same
parameters listed in Fig. 3, a variable weight users CX
was applied to the system to support 9 users with three
different weights W=3, 4, and 5. One of the most
important differences between single weight system and
variable weight system is that PIIN leads to changes, since
each user is different from the other user by the number of
weights, and this can be explained in more detail as
follows. When all active users are transmitting bit “1” the
code
P sequence for single weight system can be expressed
as Kk¼1 Ck ¼ KW=N ; however, for a variable weight
system, the total number of active users at a given time is
the summation of different
Pweight that coexists in a single
system, denoted by Kx= wj¼1 Kj , where j is the number of
different weights used in single system, and w is the total
number of different weights. Therefore Cx can be
Kx
P
P
Ck ¼ ð1=Nx Þ wj¼1 Kj Wj . This leads
approximated as
k¼1

to the variance of PIIN as

Fig. 3: Eye diagram of (a) one of the RD channels, (b) one of the MQC
channels, at 10 G bit/s

where e is the electron charge, KB is the Boltzman
constant, Psr = ¢10 dBm is the optical received power, B
= 311 MHz is the receiver’s noise-equivalent electrical
bandwidth, h = 0.6 is the photodetector quantum
efficiency, DV = 3.75 THz is the linewidth of the broadband source, l = 1550 nm is the operating wavelength, Tn
= 300 K is the receiver temperature, RL = 1030 W is the
receiver load resistance and W, N, and K, are the code
weight, code length, and total number of active users,
respectively, as being the parameters of RD code itself.
The bit-error-rate (BER) or probability of error, Pe, is

Fig. 4: BER against the number of actives users for various codes
employing SAC technique
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Next, we investigated the PIIN noise for various received
power using the same system parameters used in the
previous section. In OCDMA systems, phase induced
intensity noise (PIIN) is related to multiple access
interference (MAI) due to the overlapping of spectra
from different users. Here, we analyzed the relations
between PIIN noise and received power. The system was
simulated using variable weight code (W=3, 4, and 5),
single weight system W=5, and for MFH code with W=5.
From Fig. 6, it can be observed that the system performance was improved using RD code with variable weight
rather than for RD code with single weight system and
MFH code. This result can be explained as follows. The
system performance improved for a long code, since
generally as the code length increases, the distributed
chips become less frequent; thus, when a desired user
sends a “0” its signal is statistically less disturbed.
Therefore, for a given dispersion and the fiber length,
longer code improves the system performance. From this
figure, one can see that the PIIN noise can be effectively
suppressed by using variable weight RD code family.

Fig. 5: BER performance for variable weight RD code system

4

Fig. 6: PIIN versus Pr for variable weight RD code, single weight RD
code and MFH code for K=9

2

I=

P2sr ¡

Pw

j¼1

¡Kj Wj ðKj ¢ 1 þ Wj Þ<2
DV ¡ N 2

.

The average SNR for users of particular weight of interest,
Wj , with the presence of other users of different weight, is
given as

SNRx ¼

2

2eBWj Psr <
Nx

þ

B< Psr ¡

w
P

2<Psr Wj

2

Nx
W j Kj

j¼1
2Nx2 DV

§

¥ 4K T B
Kj ¢ 1 þ Wj þ RB n
L

Figure 5 depicts the BER of large (W=5), medium (W=4)
and small (W=3) weight RD codes while varying the large
weight users, K from 0 to 140. Three different weights
used in the simulation are 3, 4, and 5. It can be seen that the
BER for codes of all weights worsen as the total number of
simultaneous user’s increases, since more users in a
system increase the noise level and further degrade the
system performance. BER for W=5 has the smallest error
probability in all the other cases (W=4 and W=5) due to
larger weight that contributes to higher received signal.
For example at K=90 the BER = 5¡10¢8 , 8¡10¢12 and
2¡10¢14 for W=3, 4 and 5 respectively. At this point in
time the number of large weight users had dominated the
networks, thus contributing to higher probability of error.

Conclusions

In this paper, a variable weight RD code family is
performed for spectral amplitude coding OCDMA system
with zero cross-correlation at data segments. It is shown to
achieve similar BER of 10-10 ; RD code is capable of
supporting 20 more users than MQC with smaller weight
(7 weights less than MQC). The ability of RD code to
support services in multimedia applications has been
presented, where three different code weights can be
obtained with a proper choice of supportable users. Codes
with large weight always have smaller BER even when the
code length is long. The PIIN is also an important system
limitation which must be reduced. Thus in an access
optical network, when the variable weight is used, PIIN is
suppressed significantly and the overall network performance can be improved. This proposed technique can be an
excellent candidate for use in next generation OCDMA
networks applications.
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