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A B S T R A C T

This paper reports the implementation and theoretical model for analyzing an optical CDMA/DWDM hybrid
system to reduce two major problems, the Inter-Symbol Interference (ISI) and the Four-Wave Mixing (FWM)
effects and improve the performance of optical subscriber access networks by using Zero Cross-Correlation (ZCC)
optical codes, which helps to reduce the effect of the Multiple Access Interference (MAI). A squeezing method is
used in the proposed hybrid system to completely suppress the ISI. In this method, the sequence interval of the
signature code is squeezed into a duration of less than one-bit. The hybrid system is capable of accommodating
120 optical CDMA users carried by only 10 DWDM wavelengths spaced by 0.2 nm with 60 Gb/s/wavelength
transmitted over 105.075 km of optical fiber. The result shows that the optimum interval of the code sequence is a
quarter (i.e., 25%) of the bit duration. Moreover, the results reveal that the CDMA technology based on the spread
spectrum is capable of increasing the nonlinear tolerance of the proposed hybrid system as the energy of bits is
distributed over the chip sequence code. Also, the number of ones/weight and the positions between them have a
significant effect on the performance of the proposed hybrid system.
1. Introduction

Among all multiplexing techniques for the optical subscriber access
network, Code Division Multiple Access (CDMA) is a strong candidate for
creating effective multiple methods due to its asynchronous access and
code multiplexing, and because it uses broad bandwidths in optical de-
vices for the electrical CDMA method and the E/O conversion [1]. None
of other multiplexing techniques, such as Wavelength-Division Multi-
plexing (WDM), and Time-Division Multiplexing (TDM), can provide
such features.The OCDMA system is considered as the most promising
candidate for the high-speed optical networks. However, besides the
many outstanding characteristics of the OCDMA system, unfortunately,
Multiple Access Interference (MAI) limits the performance of the system,
especially when a large number of users access the shared media simul-
taneously. MAI is considered the main source of noise in OCDMA and its
occurrence is due to the presence of non-orthogonal signals from other
transmitters at each receiver. Many different techniques have been pro-
posed to suppress MAI, such as interference cancellation techniques
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[2–11]. Moreover, It is worth mentioning that the broadening of the
pulses induces an unwanted Inter-Symbol Interference (ISI), which leads
to errors in the decision at the receiver. As a result, a reduction of the data
rate of the optical communication system occurs. On the other hand,
WDM is an ideal technique for optical communication systems. Unfor-
tunately, WDM has a limited number of users due to the limited com-
mercial band spectrum (C-band), and each wavelength is dedicated to
only one subscriber. Furthermore, it is well known that in the WDM
system, the maximum allowable transmitted power channel is limited
due to a nonlinear phenomenon that is known as the Four Wave Mixing
(FWM) effect. To fully utilize the huge bandwidth offered by the optical
fiber and the abovementioned features of optical CDMA, the combination
of both techniques (CDMA and WDM) is regarded to be a competitive
option for the future optical network. In literature, there are few reports
on the combination of WDM and optical CDMA [12–17]. In Ref. [12], 2
WDM x 4 OCDM in upstream transmission has been experimentally
demonstrated, over 23 km of Single-Mode Fiber (SMF), at 1.25Gbps with
100 GHz channel spacing where the same 4 chips sequence have been
. Eltaif).
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Fig. 1. The architecture of hybrid system.
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used in both wavelengths, and the results show that there is power loss of
2 dB when there are interfering channels. While in Ref. [13],
WDMA/OCDM hybrid system is proposed where there are two
WDM-PONs, each encoded by different encoder, with different optical
codes. The first WDM-PON consists of 8 ONUs carried on 192.1–193.5
THz with 200 GHz channel spacing while the second supports 2 ONUs
carried on center frequencies 192.9 and 193.1 THz. It is shown that the
Bit Error Rate (BER) of channels that operate at 192.9 THz, and 193.1
THz is increased due to the cross-correlation caused by the second
WDM-PON. However, none of the previous studies considered the
nonlinear effects, e.g., FWM. In this paper, a hybrid optical CDMA sys-
tem/DWDMwith 0.2 nm channel spacing considering the effects of FWM
and ISI is proposed. Zero cross-correlation sequence code is used due to
its features of suppressing the MAI. On the other hand, CDMA, which is
based on spread spectrum technology, has the ability to reduce the FWM
effects, where the optical energy of each bit is spread over the optical
sequence code.

2. System description and analysis

The operational block diagram of the proposed hybrid system is
shown in Fig. 1, where there are M continuous-wave Distributed Feed-
back Lasers (DFB) to generate Kwavelengths with wavelength spacing of
0.2 nm, each is followed by an external modulator drives by a sinusoidal
signal, which is used to create a periodic train of Return to Zero (RZ)
pulses. Then, each wavelength is split into M outputs ports, and each
represents one user’s data, where an external modulator is driven by an
electrical Non-Return to Zero (NRZ) data source that is used to impose
the modulation by blocking the zero bits. The NRZ data is the Pseudo-
Random Binary Sequence (PRBS) with a length of ð29 �1Þ at the bit
Fig. 2. Squeezing method implementation for a
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rate of 5Gbps. The modulated data of each user is then encoded by a
unique code of Zero Cross Correlation (ZCC). The M encoded users’ data
are combined together by an optical combiner, where the same optical
sequence code is used for all other wavelengths. Finally, all K wave-
lengths are multiplexed by WDM multiplexer and then sent over single-
mode fiber. In addition, Dispersion Compensating Fiber (DCF) is used for
dispersion compensation, and preamplifier used to compensate for the
loss. Each wavelength/channel can accommodateM optical CDMA users,
where each user is encoded by a unique optical code, and the same code
can be reused for other wavelengths. So, the proposed hybrid system is
capable of accommodating KxM users. ZCC sequences are used as
signature codes for the optical CDMA users, where there areM zero cross-
correlation sequences that can be generated; each sequence code has a
weight w and a length; 2mðw2 þwÞ where m is the mapping process, and
the interested reader may refer to Ref. [18] for further details. As is
mentioned that a splitter is used to split one wavelength into M outputs,
each mth output is modulated by 5 Gbps, and is further encoded by time
delays to correlate the desired code. In order to mitigate the ISI, the chips
interval must be squeezed into less than one-bit duration. The squeezing
method is used to ensure that ISI is avoided, and its basic principle is to
squeeze the interval of the optical signature sequence code into a small
segment of the bit duration. Fig. 2, shows the concept of the squeezing
method, in which the optical signature sequence code, which consists of
24 chips, is squeezed into 75 ps out of 100 ps, which is the bit duration, so
there is a 25 ps that is not occupied which dose not allow the ISI to occur.

3. Hybrid system analysis

In this section, we theoretically analyze the performance of the
CDMA/DWDM optical hybrid system, considering the effects of FWM,
24-chip time spread optical sequence code.
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ISI, MAI, and the receiver noise. In order to have some insights into FWM
effects, the Amplified Spontaneous Emission (ASE) noise is neglected in
the analysis. Considering Intensity Modulation/Direct Detection (IM/
DD) transmission and RZmodulation format, the proposed hybrid system
consists of K wavelength/channels, each of which carries M optical
CDMA users. The data corresponding to mth user in the kth wavelength is
modulated by two cascading Mach-Zehnder Modulators (MZM). The first
MZM, which is driven by sinusoidal clock with frequency equal to the
data rate, operates as a pulse carver to generate a train of identical short
pulses, while the second MZM blocks out the zero bits. Hence, the output
of the second MZM can be expressed as

dmk ðtÞ ¼
ffiffiffiffiffi
Pt

p
bmk ðtÞcos2

hπ
2
cos2ðπBtÞ

i
where 0 < t � T

(1)

where bmk ðtÞ and B are the data of the mth user in kth DWDM channel and
the clock frequency, respectively.The signature sequence code of the mth

user, which consists of 2mðw2 þwÞ chips in kth wavelength, is given as

ckmðtÞ¼
X2mðw2þwÞ

f¼1

Ckm
f Pðt� fTcÞ (2)

where ckm 2 0,1 and PðtÞ refers to the unit rectangular pulse with Tc

duration. Hence, the encoded optical CDMA signal corresponding to kth

wavelength and mth user is expressed by

SkðtÞ ¼
XM
m¼1

X2mðw2þwÞ

f¼1

ffiffiffiffiffi
Pt

p
bmk ðtÞCkm

f Pðt � f TcÞ

cos2
hπ
2
cos2ðπBtÞ

i (3)

Finally, the K channels are multiplexed by DWDMmultiplexer, where
each wavelength consists of M optical CDMA users, is given as

SðtÞ¼
Xk
k�1

SkðtÞ (4)

At the output of the DWDM de-multiplexer, the kth wavelength signal
of mth user is expressed by

riðtÞ¼
XM
m¼1

X2mðw2þwÞ

f¼1

ffiffiffiffiffiffiffiffiffi
Ps:km

p
bmk ðtÞCkm

f t cosðθkÞ

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PFWM
k ðtÞ

q
cosðθk � θFWMÞ (5)

where Ps ¼ Pr
2mðw2þwÞ, Pr is the received power, bmk is the data bit of the mth

user in kth wavelength, which is either ‘1’ or ‘0’, and PFWM
k ¼P

abcP
abc
OCDMA=DWDM is the total power of FWM products generated at fre-

quency fk. The FWM power, due to the interaction of frequencies fa, fb
and fc, is given as

Pabc
OCDMA=DWDM ¼ η

9
ðdyÞ2

�
Pa

N

��
Pb

N

��
Pc

N

�

exp½ � αL�
"
ð1� e�αLÞ2

α2

# (6)

The FWM efficiency η depends on the phase of mismatching, which
can be expressed as in Ref. [19].

η¼ α2

α2 þ ðΔβÞ2

2
641þ 4e�αLsin2ΔβL2

ð1� e�αLÞ2

3
75 (7)
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Δβ refers to the phase of mismatching, and it can be represented as

Δβ ¼ 2πλ2

c
ðΔfacÞðΔfbcÞ

�
Dc þ λ2

2c
ðSDÞ

ðΔfac þ ΔfbcÞ�
(8)

where d is the degeneracy factor, and its value is 1 when fa ¼ fb , and 2
when fa 6¼ fb. γ is the nonlinearity coefficient, L is the transmission length;
Pa; Pb;Pc are the transmitted power per wavelength/channel, and each
wavelength is shared with M optical CDMA users where the transmitted
power per chip is Pa

ð2mðw2þwÞÞN ; and α is the attenuation of the fiber, the

chromatic and slope dispersion are represented by Dc and SD respecti-
vely.Without the loss of generality, the first user in kth DWDM channel is
the desired user. So, after the decoding process, the received optical field
at the photo-detector of the desired user in kth wavelength is given as

EðtÞ¼Ek;1ðtÞ þ EMAIðtÞ þ Ek;FWMðtÞ (9)

The first term is the electric field of the first user in kth wavelength; the
second term is the electric field of the MAI while the third term is the
total electric field of FWM generated at frequency fk. The total signal
current at the output of photo-detector can be derived as

ibðtÞ ¼ RwPr:kl

2m
�
w2 þ w

�þ R

2m
�
w2 þ w

�
XM
m¼jþ1

Pr:kmbmk Ikm;j
�
tkm:j
�þ iFWMðtÞ þ ishðtÞ þ ithðtÞ

(10)

The first term is the desired signal, where R is the responsivity of the
photo-detector, the second term is due to the MAI, where Ikm;jðtkm:jÞ is the
cross-correlation betweenmth user and jth user in kth wavelength, the third
term is due to the FWM, the fourth and the fifth are due to the shot and
thermal noises, respectively. The mean currents of FWM, the signal-FWM
and MAI-FWM are represented by the first, second and third term
respectively in Eq. (11).

iFWMðtÞ¼ 2RPFWM
k ðtÞcos2ðθk � θFWM

Þþ 2R

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Pr; k1

2mðw2 þ wÞ ðtÞP
FWM
k ðtÞ

s
cosðθkÞcosðθk � θFWMÞ

þ 2R
XM
m¼jþ1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Pr; km
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The signal current for bit ‘1’ can be written as

ið1Þ¼ RWPr;kl

2mðw2 þ wÞþ
R

2mðw2 þ wÞ
XM
m¼jþ1

Pr:kmIkm;j
�
tkm:j
�

þ 2RPFWM
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þ2R

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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s
cosðθkÞcosðθk � θFWMÞ

þ2R
XM
m¼jþ1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Pr ; km
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FWM
k ð1Þ

s
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(12)

where the mean and variances for bit ‘1’can be expressed as

< ið1Þ> ¼ RWPr;kl

2mðw2 þ wÞ þRPFWM
k ð1Þ (13)



Table 1
Hybrid system parameters.

Parameter Value

Number of channels K ¼ 10
Number of users in each channel M ¼ 12
Length and weight of the sequence
code

2mðw2 þ wÞ ¼ 24;w ¼ 2

Input transmitted power to the fiber 18 dBm
Total channel length 105.075 km (90 km SMF þ 15.075 km

DCF)
Preamplifier gain 5 dB
Channel spacing 0.2 nm
Cross effective area for SMF 80 um2

Attenuation for SMF 0.2 dB/km
Dispersion for SMF 16.75 ps/nm.km
Dispersion slope for SMF 0.075 ps/nm2.km
Cross effective area for DCF 22 um2

Dispersion for DCF � 100 ps=nm:km
Dispersion slope for DCF �0.45 ps/nm2.km
Attenuation for DCF 0.5 dB/km
Data rate per channel 60 Gbps

Fig. 3. BER versus transmitted power of random 6 channels with 0.2
nm spacing.

Fig. 4. BER versus transmitted power of random 5 Optical CDMA users in
channel 5.

Fig. 5. BER versus transmitted power of random 6 Optical CDMA users in
channel 7.
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σ2ð1Þ¼ R2

m 2 3

XM
P2
r:km þ σ2signal�FWMð1Þþ σ2

MAI�FWMð1Þþ σ2shð1Þ
ð2 ðw þ wÞÞ m¼jþ1

þ σ2thð1Þ
(14)

where

σ2
signal�FWMð1Þ¼

2R2Pr ; k1
2mðw2 þ wÞ
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and

σ2
MAI�FWMð1Þ¼
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ð2mðw2 þ wÞÞ2
XM
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Pr:km
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The mean and variance values for bit ‘0’ are given as

〈ið0Þ〉¼RPFWM
k ð0Þ (17)

σ2ð0Þ¼ σ2
MAI�FWMð0Þ þ σ2

FWM�FWMð0Þ þ σ2shð0Þ þ σ2thð1Þ (18)

where
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σ2
MAI�FWMð0Þ¼

2R2

m 2 2

XM
Pr:km

1 X
PFWM
k þ 1 X

PFWM
k (19)
ð2 ðw þ wÞÞ m¼jþ1

 
8

a 6¼b 6¼c
4

a¼b 6¼c

!

σ2MAI�FWMð1Þ has the term order of ðPFWM
k Þ2, and it has very small value

compared with the thermal noise. Hence, it can be neglected. Then,
following [20], the BER is given as

BER¼Q
�
〈ið1Þ〉� 〈ið0Þ〉
σð1Þ þ σð0Þ

�
(20)

4. Results and discussions

In comparison with our previous work in Ref. [21] where 12 wave-
lengths were used, each of which carries 8 optical CDMA signals, the
proposed hybrid system in this paper consists of only 10 wavelengths,
and each wavelength carries 12 optical CDMA users’ data. Hence, a
hybrid system of 120 users is implemented with a reduced number of
wavelengths and more users per wavelength. The system parameters are
summarized in Table 1.

To show the significant achievement, we illustrate the results by
analysing 6 random channels out of 10 DWDM channels for different
values of the transmitted power as the BERmeasurement results reveal in
Fig. 3. Each channel carries 12 users’ data encoded by ZCC optical codes;
each user data rate sets at 5Gbps. It is worth noting that, by encoding the
signal of each user over the total chip interval which is a quarter of the bit
duration, 75% of the bit duration is not occupied, and the ISI can be easily
mitigated. Moreover, the diffusion of bit energy on the code sequence
reduces the FWM. Consequently, the generation of FWM is efficiently
suppressed, and it is possible to transmit the 120 optical CDMA signals
over 10 DWDM channels over 105.75 km with an acceptable BER.
Clearly, the length of the signature sequence code helps to reduce the



Fig. 6. Received eye diagrams of random users carried by channel 5.

Table 2
Performance comparison of the proposed OCDMA/DWDM hybrid system with
exiting systems.

Parameters [22] [23] Current Hybrid
System

Total Number of OCDMA
users

8 32 120

Number of Channels 2 16 10
Channel Spacing 0.8 nm 1.6 nm 0.2 nm
Spectral Efficiency 0.05 b/s/

Hz
1.2 b/s/Hz 2.4 b/s/Hz

Transmission Distance 28 km 100 km 105.075 km
Identification Sequence
Code

Fourier
code

OOC ZCC

Modulation Type OOK NRZ/
DQPSK

OOK

Type of Fibre used SMF þ DCF SMF þ DCF SMF þ DCF
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FWM effect. The results also reveal that the hybrid system has the best
performance when the transmitted power is 18 dBm. In terms of spectral
efficiency, this system has achieved 2.4 b/s/Hz, as compared with 0.27
b/s/Hz reported in Ref. [15]. However, the average BER of channel 8 is
slightly larger than that of other channels because the crosstalk varies
with the position of the channel in the grid. Hence, the crosstalk in
channel 8 is more severe than in other channels.

Figs. 4 and 5 show the BER measurement results of random optical
CDMA users in channels 5 and 7 versus the transmitted power. Clearly,
from the figures, the BERs of users 8 and 11 in channel 5 as well as users
1, 10 and 12 in channel 7 are lightly higher than the BER of other users.
This is because of the positions of ones (w) in the signature sequence
code, also because the longer distances between the positions of ones (w)
in the sequence code, the better the performance. Therefore, the optical
signature sequence code plays an important role in increasing the hybrid
system’s tolerance to optical nonlinearity and therefore capacity. More-
over, Fig. 6 represents the received eye patterns of random users (2, 5, 8
and 11) carried by channel 5 at transmission distance of 105.075 km (90
km of SMFþ15.075 km of DCF), and transmitted power of 18 dBm.

The performance comparison between the proposed OCDMA/DWDM
hybrid system and existing systems across a variety of parameters is
presented in Table 2. The results show that the proposed hybrid system
has better performance in terms of the number of accommodated users
per channel, spectral efficiency, and transmission distance as compared
with the state-of-the-art of existing optical systems.

5. Conclusions

This paper reports the implementation of an optical CDMA/DWDM
hybrid system to solve two major problems, the ISI and the FWM, as well
as enhance the performance for optical subscriber access networks using
ZCC optical codes. Moreover, this hybrid system supports 5Gbps per user
over 105.075 km of an optical fiber and transmitted power 18 dBm, with
an achievement of spectral efficiency at 2.4 b/s/Hz. It also accommo-
dates 120 users of optical CDMA carried by only 10 DWDM channels,
155
with a channel spacing 0.2 nm and a data rate of 60 Gb/s/wavelength.
Due to the spread spectrum theory, where the energy of the bit spreads all
over the chip sequences, FWM effects can be easily reduced through the
CDMA technique with a high input power. In addition, squeezing the
chips sequence into less than one-bit duration can easily eliminate the ISI.
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