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Abstract—In this article, the authors introduce and propose an
overloaded Synchronous Optical Code Division Multiple Access
(SOCDMA) based on Unipolar Walsh Code (UWC) for fiberoptic communication systems. Given 𝐿 as the number of chips,
it is shown that 2𝐿 − 2 active users can be supported by the
proposed system. In this system the users of the network are
categorized into two groups. Users of each group transmit at
the same power level but different from the level of the other
group’s users. Using the UWC properties we propose a simple
receiver that cancels multiple-user interference (MUI) completely.
Moreover, we obtain the optimal power level of each group in
order to minimize the probability of error for a given average
transmit power. We demonstrate that the proposed receiver has
an acceptable performance compared to the optimum multiuser
receiver.

I. I NTRODUCTION
Optical Code-Division Multiple-Access (OCDMA) systems
have attracted much attention due to the establishment of
Passive Optical Networks (PON) as one of the popular solutions for the residential access. In OCDMA systems, all
resources such as time and frequency are available to the
all users simultaneously and each user is assigned a unique
signature sequence to be distinguished from other users. Two
cases are considered in OCDMA system, synchronous and
asynchronous. In Synchronous OCDMA (SOCDMA) systems,
a time synchronization between users is required. However,
SOCDMA systems have higher spectral efficiency compared
to asynchronous OCDMA systems and more users can be
supported in SOCDMA systems.
OCDMA systems are also classified into coherent and
incoherent systems. Unlike in the coherent case, the signature
sequences in the incoherent OCDMA systems are chosen from
unipolar set {0, 1}. Several signature sequences have been
proposed for incoherent OCDMA systems such as Optical
Orthogonal Codes (OOC) [1] for the asynchronous case and
modified prime sequences [2] for SOCDMA systems. Due to
the unipolar signalling in incoherent OCDMA systems, the
signature sequences can not be orthogonal even in the synchronous case. Therefore, Multiple-User Interference (MUI)
limits the performance of incoherent OCDMA systems.
Many detectors have been proposed to alleviate MUI in
the OCDMA systems. Some of them are single user detectors
such as correlator detector [1], hard limiter correlator [3], and
chip level detector [4]. In the single user detectors, simplicity
at the receiver is achieved at the expense of degrading the

performance as the number of users increases. To overcome
this problem, a number of multiuser detectors have been
introduced. Verdu [5] has proposed an optimal detector which
can be used in OCDMA systems. However, the optimum
detector is prohibitively complex in practical systems. In order
to reduce the complexity of the optimum detector, extensive
research efforts [6]-[8] are devoted to develop suboptimum
receivers. Most notable ones include the decorrelating detector,
the Minimum Mean-Squared Error (MMSE) detector, and the
successive and parallel interference cancellation [9]-[11].
Recently, a set of overloaded SOCDMA codes was proposed
in [12], [13], where the number of users is greater than
the number of chips. Using overloaded SOCDMA codes in
communication networks will result in more efficient use of
bandwidth. These codes are uniquely detectable for overloaded
SOCDMA systems named Codes for Overloaded Optical
CDMA (COO). A simple Maximum Likelihood (ML) detection algorithm was proposed for some COO codes derived
by the knroneker method [12]. However, for general uniquely
detectable codes, there is no simple receiver to detect the user’s
information.
In this paper, we propose an overloaded SOCDMA system
based on Unipolar Walsh Codes (UWC). In our proposed
scheme, the users are divided into two groups and users
in each group transmit their codes at the same power but
different from the other group. Using UWC properties we
propose a simple receiver that completely removes the MUI.
Furthermore, we obtain the system performance due to the
thermal noise and also obtain the optimal power level of each
group to minimize the Bit Error Rate (BER) for a predefined
average transmit power. The rest of this paper is organized
as follows: Section II describes our system model. Section
III presents the proposed receiver structure. Simulation results
are investigated and discussed in Section IV. Finally, Section
V concludes the paper.
II. S YSTEM M ODEL
In this paper, a common On-Off Keying (OOK) OCDMA
system is considered. Each user transmits its corresponding
information bits employing UWCs as its signature sequence
to be discussed in this section. In the following, we describe
our structure model from two different aspects; namely, the
designed codes and the transmitter structure.
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A schematic diagram of the SOCDMA system based on UWC.

A. Designed Codes
A UWC is a family of {0, 1} sequences of length 𝐿 where
the number of 1’s in each sequence is 𝐿2 . UWCs are obtained
from a Hadamard matrix generated by the following recursive
algorithm [14]
(1)
H1 = [0]
]
[
]
[
0 0
HL HL
, (2)
H2 =
,
H2L =
HL HcL
0 1
where 𝐿 = 2𝑃 , (𝑃 ≥ 1) is the length of these codes and 𝑃
represents the number of recursions; the matrix HcL is the
binary complement of matrix HL . Based on the recursive
algorithm, 𝐿 codes can be generated. However, since the first
row of the Hadamard matrix (HL ) contains all zeros, it cannot
represent any information; this leaves us with 𝐿 − 1 codes.
For the rest of this paper, the underloaded UWC matrix is
denoted as UL−1 where the number of available codes is
less than the code length. For simplicity, we assume that all
𝐿 − 1 signature sequences have normalized energy; thus, the
amplitude of UWC is divided by √ 𝑃1 −1 . The overloaded UWC
2
matrix is generated as follows
]
[
UL−1
.
(3)
C2(L−1) =
UcL−1
Each row of C2(L−1) represents a UWC; thus, 2(𝐿 − 1)
UWCs with the code length of 𝐿 are obtained. The loading
factor, i.e., the ratio of the number of users to the code length,
is approximately equal to 2. Let 𝐶𝑖 be the 𝑖th row vector
of C2(L−1) . From (3), it can be observed that 𝐶𝑖 is the
complement of 𝐶𝑗 if ∣𝑖 − 𝑗∣ = 𝐿. Therefore, the correlation
function, Φ𝑖,𝑗 , for any pair of code sequences 𝐶𝑖 and 𝐶𝑗 in a
discrete manner is presented as follows
⎧
⎨ 1 𝑖=𝑗
0 ∣𝑖 − 𝑗∣ = 𝐿
Φ𝑖,𝑗 =
(4)
⎩
0.5 otherwise
From (4), the correlation between any two sequences which
are not complementary, is 0.5. This property can be used to
cancel the MUI.

B. Transmitter Structure
In this subsection, the transmitter structure of the overloaded
SOCDMA system employing the proposed UWC is proposed.
The fiber-optic CDMA system considered in this paper consists of 2𝐿 − 2 active users communicating synchronously
through a passive star coupler. To transmit its corresponding
information bits each user employs the UWC stream as the
signature sequence. Moreover, the users are divided into two
groups. Half of the users transmit the generated UWC at the
power level 𝑃1 while the rest of the users transmit at the
power level 𝑃2 . Figure 1 shows the principle structure of the
proposed system. As depicted in Fig. 1, the output bit of each
information source is modulated into OOK signal by an optical
modulator. The optical OOK signal is then passed to an optical
CDMA encoder that maps each bit into a UWC. The optical
CDMA encoders are realized by the simple tapped delay lines.
Then the encoded lightwave from all users are coupled into
the single-mode fiber channel by a passive star coupler. To
simplify the analysis, we ignore the fiber loss and splitting
effect of all passive devices such as star coupler and optical
CDMA encoders. Therefore, the discrete-time model for the
received signal can be described by
S

=

𝐿−1
∑

2(𝐿−1)
∑ √
√
𝐵 𝑖 𝑏𝑖 C 𝑖 +
𝐵 𝑖 𝑏𝑖 C𝑖

𝑖=1

=

𝑖=𝐿

∑
∑
√ 𝐿−1
√ 2(𝐿−1)
𝑃1
𝑏𝑖 C𝑖 + 𝑃 2
𝑏𝑖 C𝑐1+𝑚𝑜𝑑(𝑖,𝐿) , (5)
𝑖=1

𝑖=𝐿

where 𝐵𝑖 , 𝑏𝑖 , and C𝑖 represent the optical intensity, the transmitted bit, and the code sequence of the 𝑖th user, respectively.
In the next section, we describe the proposed receiver structure
for such systems.
III. T HE P ROPOSED R ECEIVER
In this section, we describe the proposed receiver structure
for the SOCDMA system. In the proposed receiver, data of any
two users with complementary codes are decoded simultaneously. As it can be observed from Fig. 2, the received signal
is divided into two equal parts by a 1 : 2 optical splitter, then

ĞĐŽĚĞƌ

^ƚĂƌ
ŽƵƉůĞƌ

Tc

WĂƐƐŝǀĞŽƉƚŝĐĂů
ƚĂƉƉĞĚĚĞůĂǇůŝŶĞ
ďĂƐĞĚŽŶƐĞƋƵĞŶĐĞηŬ

^ƉůŝƚƚĞƌ
ϭ͗Ϯ

WŚŽƚŽͲ
ĚĞƚĞĐƚŽƌ

n k (t )
WĂƐƐŝǀĞŽƉƚŝĐĂů
ƚĂƉƉĞĚĚĞůĂǇůŝŶĞ
ďĂƐĞĚŽŶƐĞƋƵĞŶĐĞηũ

WŚŽƚŽͲ
ĚĞƚĞĐƚŽƌ

Fig. 2.

=


𝑃 1 𝑏𝑘

MUI term



𝐿−1
∑

+ 0.5𝑃1

2(𝐿−1)

𝑏𝑖 + 0.5𝑃2

𝑖=1,𝑖∕=𝑘
noise term

+


𝑛𝑘

1
, 𝑛𝑘 =
𝑇𝑐

desired term

𝑑𝑗

=


𝑃2 𝑏𝑗

∫

𝑇𝑐
0

𝑛𝑘 (𝑡) d𝑡,


𝑛𝑗

, 𝑛𝑗 =

1
𝑇𝑐

∫

𝑇𝑐
0

t =T

0
1

н

dj

1

1

0

(6)

where 𝑛𝑘 , 𝑛𝑗 ∼ 𝒩 (0, 𝜎 2 ) are independent Gaussian random
variables. In addition, 𝜎 2 = 4𝑘𝐵𝑅𝑇𝐿0 𝐵𝑅 , where 𝐵𝑅 = 1/(2𝑇𝑐 )
is the receiver bandwidth, 𝑘𝐵 is Boltzmans constant, 𝑇0 is
the temperature, and 𝑅𝐿 is the load resistance. In these
expressions, the first term represents the desired signal, the
second and third terms are the MUI noise and the last term
denotes the thermal noise. The output of the upper and lower
branches in (6) and (7) can be rewritten as follows
{
𝑑𝑘 = 𝑃1 𝑏𝑘 + 𝐼𝑘,𝑗 + 𝑛𝑘
(8)
𝑑𝑗 = 𝑃2 𝑏𝑗 + 𝐼𝑘,𝑗 + 𝑛𝑗
where 𝐼𝑘,𝑗 represents the MUI noise. As shown in (8), based
on the correlation properties of UWC, the MUI noise is the
same for both branches. Therefore, by subtracting photodetectors’ outputs (𝑑𝑘 and 𝑑𝑗 ), the MUI noise is cancelled out as
seen in Fig. 2. Let 𝐷𝑘,𝑗 be the decision variable as
𝐷𝑘,𝑗 = 𝑑𝑘 − 𝑑𝑗 .

(9)

The decision variable is then passed to the decision unit
which is the comparator device. In the decision unit, the two
transmitted bits are decoded simultaneously. In Appendix A,
it is shown that the simple receiver is an optimum detector
based on the observation signals 𝑑𝑘 and 𝑑𝑗 . Furthermore, we
show in Appendix B that the optimal values of 𝑃1 and 𝑃2 to
minimize the probability of error for a fixed average optical
transmit power are related by 𝑃1 ≃ 2𝑃2 . Finally, the decision
rule can be summarized as follows
⎧
(0, 1)


⎨
(0, 0)
(𝑏𝑘 , 𝑏𝑗 ) =
 (1, 1)

⎩
(1, 0)

if
if
if
if

𝐷𝑘,𝑗 ≤ −0.5𝑃2
− 0.5𝑃2 < 𝐷𝑘,𝑗 ≤ 0.5𝑃2
0.5𝑃2 < 𝐷𝑘,𝑗 ≤ 1.5𝑃2
1.5𝑃2 ≤ 𝐷𝑘,𝑗

(10)
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the split signals are fed into two optical matched filters. These
optical matched filters are implemented by fiber tapped delay
lines [1]. In the upper branch the injected signal is correlated
with the 𝑘th spreading sequence, while in the lower branch, the
fed signal is correlated with the 𝑗th spreading sequence which
is the complementary of the 𝑘th spreading sequence. The
outputs of these matched filters are converted into the electrical
signals employing two photodetectors. The photodetectors are
modeled as an ideal square-law device [15], with quantum
efficiency equal to one. During the photodetection process,
several noises such as beat noise, thermal noise, and shot noise
are generated. It has been shown that the beat noise can be
ignored by averaging through the detection in the incoherent
OCDMA systems [16]. Furthermore, we assume that the
dominant noise source in the receiver is thermal noise and shot
noise contribution is negligible. Therefore, the photodetector
noise can be modeled as additive Gaussian noise. Following
the squaring of the input light in each branch, we proceed by
processing the detected light. In most digital optical systems,
especially for receivers in the direct detection, the processing
part is an integrate-and-dump device with integration time 𝑇𝑐 .
We denote 𝑇𝑐 to be the chip duration of the UWC. Thus, the
output of the upper and lower branches after sampling are
obtained as follows
=
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In this section, the numerical and the simulation results of
the proposed overloaded SOCDMA system are presented.
Fig. 3 shows the BER performance of the proposed receiver
compared to the optimum multiuser receiver versus the average
SNR. The average SNR is given by 𝑆𝑁 𝑅𝑎𝑣 = (𝑃12 +𝑃22 )/2𝜎 2 .
The code length, 𝐿, is considered to be 16 and the number
of users is 30. It should be noted that the optimum multiuser
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Fig. 3. BER for the proposed receiver and for the multiuser receiver versus
average SNR.

receiver performs an exhaustive search to determine the most
likely combination of transmitted bits [5]. In the proposed
receiver, the noise components at the output of each matched
filter are uncorrelated and Gaussian, therefore they are statistically independent. Consequently, the observed noise power
at the output of the proposed receiver is 3dB higher than
the noise power observed in the optimum multiuser receiver.
This can also be observed from Fig. 3 that the required SNR
for the proposed receiver is 3dB higher than the optimum
multiuser receiver to get the same BER. However, in the
optimum multiuser receiver we need to search over 22𝐿−2
possible combinations of the transmitted bits that is much more
complex than our proposed receiver.
The analytical result is compared with the simulation for the
proposed receiver in Fig. 4. To this end, we consider the code
length and the number of users to be 16 and 30, respectively.
As shown in Fig. 4, the analytical results are confirmed by
simulation.
V. C ONCLUSION
In this paper, we have introduced an overloaded SOCDMA
system based on UWCs for fiber optic communication systems. In this system we divide active users into two groups.
The members within each group transmit their information
at the same power level which is different from the other
group members. The receiver design based on the UWC
properties not only mitigates the MUI completely but also
benefits from a simple structure. Moreover, the optimal power
level of each group has been obtained to minimize the BER
for a given average transmit power. The performance of the
proposed system and the optimum multiuser detector has been
compared. It has been shown that the required SNR for the
proposed receiver is 3dB higher than the optimum multiuser
receiver to achieve the same BER. However, the complexity
of the proposed receiver is lower than that of the multiuser
detector. Furthermore, the accuracy of the analytical results
are verified by the simulation.
APPENDIX A
In this appendix, we describe the optimum decision rule
based on the observation signals, 𝑑𝑘 and 𝑑𝑗 . For this develop-
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ment, the decision rule is made such that the probability of a
correct decision is maximized for equally likely input signals.
Thus, the decision rule is defined as follows
arg max 𝑃 (𝑑𝑘 , 𝑑𝑗 ∣𝑏𝑘 , 𝑏𝑗 ).
{𝑏𝑘 ,𝑏𝑗 }

(A.1)

The probability 𝑃 (𝑑𝑘 , 𝑑𝑗 ∣𝑏𝑘 , 𝑏𝑗 ) can be expressed as
∑
𝑃 (𝑑𝑘 , 𝑑𝑗 ∣𝑏𝑘 , 𝑏𝑗 ) =
𝑃 (𝑑𝑘 , 𝑑𝑗 ∣𝑏𝑘 , 𝑏𝑗 , 𝐼𝑘,𝑗 )𝑃 (𝐼𝑘,𝑗 )
=

∑

𝐼𝑘,𝑗

𝑃 (𝑑𝑘 ∣𝑏𝑘 , 𝐼𝑘,𝑗 )𝑃 (𝑑𝑗 ∣𝑏𝑗 , 𝐼𝑘,𝑗 )𝑃 (𝐼𝑘,𝑗 )

𝐼𝑘,𝑗

=

∑
𝐼𝑘,𝑗

√

−1
2
1
√
𝑒 2𝜎2 (𝑑𝑘 −𝑃1 𝑏𝑘 −𝐼𝑘,𝑗 ) ×
2𝜋𝜎 2

1

−1

2𝜋𝜎 2

2

𝑒 2𝜎2 (𝑑𝑗 −𝑃2 𝑏𝑗 −𝐼𝑘,𝑗 ) 𝑃 (𝐼𝑘,𝑗 ).

(A.2)

In (A.2), the independency of the signals at the correlator
outputs is used. Moreover, for a large number of interfering
users, the probability density function of MUI is approximated
by a Gaussian distribution, 𝑃 (𝐼𝑘,𝑗 ) ∼ 𝒩 (𝜇𝐼 , 𝜎𝐼2 ), appealing
to central limit theorem arguments.
By taking the ∑
natural logarithm of (A.2) and using the
approximation ln
𝑒𝑥𝑖 ≃ max(𝑥𝑖 ), the decision rule can
be simplified as
arg max ln 𝑃 (𝑑𝑘 , 𝑑𝑗 ∣𝑏𝑘 , 𝑏𝑗 ) =
{𝑏𝑘 ,𝑏𝑗 }

{

{

(𝐼𝑘,𝑗 − 𝜇𝐼 )2
2𝜎𝐼2
{𝑏𝑘 ,𝑏𝑗 }
{𝐼𝑘,𝑗 }
2
(𝑑𝑘 − 𝑃1 𝑏𝑘 − 𝐼𝑘,𝑗 ) + (𝑑𝑗 − 𝑃2 𝑏𝑗 − 𝐼𝑘,𝑗 )2 }}
(A.3)
−
2𝜎 2
The MUI value which maximizes the inner bracket term of
(A.3) is given by
(
)
𝜇𝐼 𝜎 2 + 𝜎𝐼2 (𝑑𝑘 + 𝑑𝑗 ) − (𝑃1 𝑏𝑘 + 𝑃2 𝑏𝑗 )
𝐼𝑚 =
(A.4)
2𝜎𝐼2 + 𝜎 2
arg max

arg max

−

As the MUI noise is the dominant noise in the incoherent
OCDMA systems, we can assume that 𝜎 2 ≪ 𝜎𝐼2 . Therefore,
(A.4) is simplified as
𝐼𝑚 ≃

(𝑑𝑘 + 𝑑𝑗 ) − (𝑃1 𝑏𝑘 + 𝑃2 𝑏𝑗 )
2

(A.5)

Finally, substituting (A.5) into (A.3) results in a decision rule
as
arg max log 𝑃 (𝑑𝑘 , 𝑑𝑗 ∣𝑏𝑘 , 𝑏𝑗 ) ≡
{𝑏𝑘 ,𝑏𝑗 }

arg min

{𝑏𝑘 ,𝑏𝑗 }

[

(𝑑𝑘 − 𝑑𝑗 ) − (𝑃1 𝑏𝑘 − 𝑃2 𝑏𝑗 )

]2

(A.6)

APPENDIX B
In this appendix we obtain the optimal values of 𝑃1 and
𝑃2 to minimize the BER for a fixed average transmit power.
From (8), the decision variable can be represented as
𝐷𝑘,𝑗 = 𝑑𝑘 − 𝑑𝑗 = (𝑃1 𝑏𝑘 − 𝑃2 𝑏𝑗 ) + (𝑛𝑘 − 𝑛𝑗 ).

The optimum allocated power is obtained by solving the
following simultaneous equations
[ (
⎧
)2 ]
𝑃2
∂Λ
−1 √1
−1

√
√
=
exp

∂𝑃2
2 2 2𝜎

2 2𝜎 2𝜋[
]


⎨ − √1 √1 exp −1 ( 𝑃1√−𝑃2 )2 + 𝜆𝑃 = 0
2
2
4 2𝜎 2𝜋
2 2𝜎
∂Λ
2𝑃

=
𝑃
+
𝑃
−
=
0
 ∂𝜆
1
2
𝐿−1[


( −𝑃 )2 ]

−1 √1
−1 𝑃1√
2
⎩ ∂Λ = √
+ 𝜆𝑃1 = 0
exp
∂𝑃1
2
4 2𝜎 2𝜋
2 2𝜎
The above equations are solved numerically and the optimum
power level is 𝑃1 ≃ 2𝑃2 .
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The optimum threshold is chosen such that the BER is
minimized. Without loss of generality, assume that 𝑃1 > 𝑃2 . [2]
Therefore, the optimum decision rule is as follows
⎧
[3]
(0, 1) 𝐷𝑘,𝑗 ≤ −0.5𝑃2


⎨
(0, 0) −0.5𝑃2 < 𝐷𝑘,𝑗 ≤ 0.5(𝑃1 − 𝑃2 )
(B.3) [4]
(𝑏𝑘 , 𝑏𝑗 ) =
(1, 1) 0.5(𝑃1 − 𝑃2 ) < 𝐷𝑘,𝑗 ≤ 𝑃1 − 0.5𝑃2


⎩
(1, 0) 𝑃1 − 0.5𝑃2 ≤ 𝐷𝑘,𝑗
By using the obtained optimum threshold, the error probability
is calculated as follows
1
𝑃𝑒 = [𝑃 (𝑒∣(0, 1)) + 𝑃 (𝑒∣(0, 0)) + 𝑃 (𝑒∣(1, 1))
4
(
)
𝑃
1 ( 𝑃 1 − 𝑃2 )
√2
√
+𝑃 (𝑒∣(1, 0))] = 𝑄
+ 𝑄
, (B.4)
2
2 2𝜎
2 2𝜎
where 𝑃 (𝑒∣𝑏𝑘 , 𝑏𝑗 ) is the conditional error probability when the
transmitted bits are 𝑏𝑘 and 𝑏𝑗 , respectively.
The goal is to find the power allocated to each user such
that the BER is minimized where the total transmitted power is
2(𝐿−1)
∑
𝐵𝑖 where 𝐵𝑖 represents the optical
constrained by 𝑃 ≥
𝑖=1

intensity of the 𝑖th user. Since the users in the first group
transmit at the power level 𝑃1 and the users in the second
group transmit at the power level 𝑃2 , the power constraint can
2𝑃
. Hence, the optimum power
be simplified as 𝑃1 + 𝑃2 ≤ 𝐿−1
allocation is given by the following optimization problem
( ( 𝑃 )
( 𝑃1 − 𝑃2 ))
2
√
𝑄 √
+ 0.5𝑄
.
arg
min
2𝑃
{𝑃1 ,𝑃2 },s.t. 𝑃1 +𝑃2 ≤ 𝐿−1
2 2𝜎
2 2𝜎
(B.5)
The constraint minimization problem can be converted into
an unconstrained optimization problem by introducing the
Lagrange multiplier 𝜆 as follows
∫ ∞
𝑢2
1
√ 𝑒− 2 d𝑢
Λ(𝑃1 , 𝑃2 , 𝜆) =
𝑃
2𝜋
√2
2 2𝜎
∫ ∞
(
2𝑃 )
1 − 𝑢2
√ 𝑒 2 d𝑢 + 𝜆 𝑃1 + 𝑃2 −
. (B.6)
+ 0.5
𝑃1 −𝑃2
𝐿−1
2𝜋
√
2

2𝜎

