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A hybrid spectrally amplitude coded (SAC) optical code division multiple access (CDMA) with
subcarrier multiplexing (SCM) scheme is a potential candidate for future broadband access solutions in
the communication network. In this work, the performance of hybrid technique is investigated.
Theoretical derivations are developed based on the zero cross correlation (ZCC) code. The
performances are evaluated taking into account the relevant noises such as thermal noise, shot noise
and inter modulation noise. Design parameters such as number of optical channels, number of
subcarriers, and input power are varied to see their effect on the system performances. Simulation
analysis using Optisys simulator is also done and compared to the numerical theoretical results. We
measured the performance based on the merits of received power, input power and bit error rates of the
received signals. Results revealed that power penalty due to increased number of channels in the
hybrid system is lower compared to the conventional OCDMA system, and hence improving the system
performance in term of power efficiency. This exhibits the ability of the hybrid system to be one
powerful technique as a candidate for future access network.

Key words: Spectral amplitude coding-optical code division multiple access (SAC-OCDMA), subcarrier

multiplexing (SCM), zero cross correlation (ZCC), broadband access network.

INTRODUCTION

Recent years have seen the rapid growth of bandwidth
hungry broadband access network which keeps the
network and service providers busy finding ways of
connecting the network up to the last mile solutions.
Although fiber optics may seem to be the best option in
the near future because of its huge amount of available
bandwidth, the main issue of cost-constraint and the fact
that it cannot eventually go everywhere makes the
standalone access solution unreliable. On the other hand,
wireless access solutions, despite of having a congested
bandwidth, can eventually go everywhere with cheaper

cost preferable by most end users. Moreover, the
overwhelming advance of high speed electronics
components makes the RF domain architecture still an
ongoing technology. Thus, an ultimate solution that can
satisfy the limitations in the broadband access network is
the convergence of the optical access and wireless
access to exploit the advantages of both architectures
rather than their stand-alone architecture. This hybrid
technology gives rise to the fiber-wireless (Fi-Wi) access
networks, or also known as the Radio over Fiber (RoF)
technology. Until date, there are quite a number of
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published works done on the Fi Wi networks architecture,
mostly proposing on the Wavelength Division Multiplexing
(WDM) architecture on the optical side (Ghazisaidi and
Maier, 2009; Opatic, 2009). In this article, on the other
hand, we proposed the application of optical code
division multiple access (OCDMA) scheme instead of the
WDM to be integrated with the RF domain in subcarrier
multiplexing (SCM) manner.

Optical CDMA is getting more attention because of its
ability to support asynchronous burst communications
with higher level of security. It was employed initially for
local-area (Smith et al.,, 1998), for access network
applications (Pearce and Aazhang, 1994; Zhang et al.,
1999) and also for emerging networks such as the
generalized multiprotocol label switching (Maric et al.,
1993). However, OCDMA system networks are limited by
the multiple access interference (MAI), which occurs
especially when large numbers of users are involved.
Thus, in multi-service environments, the transmission
capacity and the number of users can be increased by
using the SCM technology that enables multiple RF
signals to be transmitted simultaneously over the fiber-
optic links (Kim et al., 2010). The SCM is an attractive
technique where it provides the independency of different
channels. This allows for great flexibility in the choice of
modulation schemes. With this technique, the information
signals are modulated onto different electrical subcarriers
in the radio or microwave domain and combined together
to modulate the intensity of an optical carrier. At the
receiving part, a photo detector will convert the optical
signal into an electric current. To retrieve the original
signal, the electric current will then be demultiplexed and
demodulated using a conventional method. One
significant benefit of SCM is that the electrical
components and equipments are far less expensive than
its optical counterparts. Considering this advantage, we
integrated the SCM into the OCDMA access network to
investigate the effect on the system’s performance.
Related work on the area of hybrid SCM OCDMA has
been done by Sahbudin et al. (2009, 2010) where the
authors evaluated the performance of this hybrid
technique based on different detection techniques. From
their results, it is shown that the best performance of the
hybrid system is by using the direct detection technique.
On another related work by Abd et al. (2012), they
concluded that the hybrid system can be improved in
term of cardinality by selecting an appropriate code in
OCDMA. In their study, the researchers utilized the multi
diagonal (MD) code which has a zero cross correlation
property compared to other codes evaluated in the
research. Hence, in our work, we did not compare the
results based on number of users or subcarriers since the
zero cross correlation (ZCC) code used in this study also
have the same property as in MD code. The originality in
this paper lies in the evaluation on how increasing the
channels in optical domain and subcarrier domain affect
the power loss of the hybrid system.

Nordin et al. 877

MATERIALS AND METHODS
Hybrid SCM-OCDMA system description

The proposed hybrid OCDMA SCM system configuration is shown
in Figure 1. The main difference between the hybrid architecture
compared to the conventional OCDMA architecture lies in the
added microwave domain in the transmitter and receiver part to
represent the SCM architecture. At the transmitter, data with
independent unipolar digital signal is mixed with a different
microwave carrier (fj), called the subcarriers. The subcarriers are
then combined and optically modulated onto the code words (ci)
using an optical electrical modulator (OEM). In this paper, we
utilized the ZCC code (Anuar et al., 2006) in the SAC- OCDMA
code family because of its special feature where the cross
correlation is always zero. The code structure does not have an
overlapping of bit ‘1" and it will not cause the ZCC code to interfere
between users. Eventually, this will definitely suppress the phase
intensity induced noise (PIIN). Thus, only shot noise and thermal
noise have been considered, ignoring PIIN due to zero cross-
correlation between users.

The code words which are based on the ZCC code are
generated with different wavelengths provided by the light source.
Table 1 shows an example of ZCC code with weight two and three
code words, where A7-A6 represents the assigned wavelengths for
each code. From Table 1, the assigned code words will be:

optical channel 1 == 4, A,
Codeword Icitfca{ channel 2 == )112 )1;

optical channel 3 == A, Adg
The encoders consist of a multiplexer which will combine the
different wavelengths to generate different code words. The n
modulated code words are multiplexed together via a combiner and
transmitted through the single mode fiber. Upon this stage, we can
observe that each channel is actually assigned a subcarrier
frequency, f;, and a particular code word, ci, where each pair (fi, i)
is unique with respect to every other channel. Each channel of (fi,
c) is representing one user in the system. At the receiver, the
different modulated code words are separated by an optical
decoder consisting of a splitter and multiplexers based on their
assigned wavelengths. Then, the decoded signal is detected by the
photo detector. A splitter and an electrical band pass filters are
used to split the subcarrier multiplexed signals and reject unwanted
signals, respectively. In order to recover the original transmitted
data, the incoming signal is electrically mixed with a microwave
frequency fi and filtered using a low pass filter (LPF). In the
transceiver scheme, it is important for the receiver to decode the
correct code sequence and to be tuned to the correct RF frequency
to ensure the receiver recovers the desired data signal while
rejecting other unwanted signals. Therefore, this enables the hybrid
scheme to support high transmission rate with a high level of
security. The hybrid system design is based on the direct detection
technique. The advantage of direct detection technique is that only
one decoder and one detector are needed for each code sequence.
This is achievable due to the zero cross correlation properties of the
ZCC code where the information can be adequately recovered from
any of the chips that do not overlap with any other chips from other
code sequences. Accordingly, only the clean chips are filtered out
by the decoder and detected by the photo detector.

System performance analysis

In the analysis of this hybrid SCM/OCDMA system, we have
considered the effect of shot noise, thermal noise and also the
inter-modulation distortion of subcarrier channels on the photo
detector. The PIIN is ignored due to the zero cross correlation
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Figure 1. The hybrid SCM/OCDMA system configuration.

condition and no overlapping of spectra from different users. In our
analysis, the following assumptions are made (Wei et al., 2001):

(i) Each light source spectra is ideally unpolarized and its spectrum
is flat over the bandwidth [y — Av/2, v, + Av/2] Where Vo is the optical

center frequency and Av is the optical source bandwidth in Hertz,
(ii) Each power spectral component has identical spectral width,
(iii) Each user has equal power at the receiver,

(iv) Each bit stream from each user is synchronized.

These assumptions are important for mathematical simplicity.
Without these assumptions, it is difficult to analyze the system. To
simplify our analysis, Gaussian approximation is used for all. The
Gaussian’s approximation is used in the calculation of bit error rate
(BER) because the noises and disturbances that are always
present in the communication systems are modeled quite
accurately (Kazovsky et al., 1996; Lin et al., 2005). PIN photo
detectors are used, and the dark current is assumed to be
negligible. The spacing of optical carriers is assumed to be
sufficiently wide so that the effect of crosstalk from adjacent
channels is negligible (Chao, 1993). The subcarrier channels are
equally spaced. Thus, the noise variances at the photo detector due
to detection can be denoted as:
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where Isnot denotes the shot noise, linermal is the thermal noise and
Imp is the inter-modulation distortion noise due to the subcarrier
channels. When incoherent light fields are mixed and incident upon
a photo detector, the phase noise of the fields causes an intensity
noise in term of photo detector output, where the source coherence
time is expressed as (Smith et al., 1998):

[G?)dv
T, = =2 S &)

TG (v)dv

where G (v) is the power spectral density (PSD) of the thermal
source. Let Cy; denotes the ith element of the kth ZCC code
sequence, and the code properties for direct detection technique
can be written as:



Nordin et al. 879

Table 1. ZCC code with weight two and three code words.

Code words Al A2 A3 MM A5 A6
1* code word 1 0 1 0 0 0
2" code word 0 1 0 0 1 0
3rd code word 0 0 0 1 0 1
W fork =1 3) The desired signal for a particular user is obtained by expressing

N

Cc.()c =
; «(HC ) {O for else
The power spectral density (PSD) of the received signal is Yang
(2004):

rW) = 530 d, X C (S (rect () @

K represents the number of ZCC code sequences, where each
carrying their own subcarrier channels; L is the ZCC code length;
Ps is the effective power of broadband source at receiver, with
bandwidth =Av; dyy is the modulated data of the nth subcarrier on
the kth optical code; which can be denoted as:

Nc
d,(t) = Zun,k (t)m, , cos(w,t) ®)
n—1

Unk denotes the normalized digital signal of “0” and “1” at the nth
subcarrier channel of the kth code, while mnx is the modulation
index of the nth subcarrier of the kth code. N is the number of
subcarrier channels in each code sequence and w, is the angular
subcarrier frequency. Here, we assume that the modulation index is
identical for all subcarrier channels (Hui et al., 2002), thus,

1
O<m,, SN—; (6)

(o3

The rect (i) function in Equation (4) is denoted as:

rect(i) = u[v—vO —%(— L+2i— 2)} - u[v A —%(— L+ 2i)} = {u[%}}
@)

where u(v) is the unit step function. The PSD at the input of the
photo detector at the Ith receiver during one data bit period can be
expressed as Gqq(v), which equals to r(v) as stated in Equation (4).
Hence, the total power incident at the input of the photo detector is
written as:

TGM (V)dv = T[ZV idk (t)i C. ()C, (i){u[ALV}HdV

®)
P, Av<&E L .
= e T A O CL T, () ®
Thus,

[Gaq (vydv = Pif wd,
© (10)

the photocurrent, | as:

0

11)
where R is the responsivity of the photodetector denoted as:
e
N I A (12)
hv

(o3

n is the quantum efficiency, e is the electron’s charge, h is the

Planck’s constant, and v. is the central frequency of the original
broadband pulse. Substituting Equation (10) into the Equation (11)
we obtain

| = S}{[&Wd, } (13)
L

Substituting Equation (5) into Equation (13), the desired
photocurrent signal for the kth channel can be written as:

P Nc
| = *R%WZUM (t)m, , cos(w,t)
n=1 (14)
The desired signal is then driven to the RF demodulator and mix

coherently with a local oscillator given by 2cos (wnt). The signal
becomes

Nc
I = ER%W > u,, ()M, , cos(w,t)[2cos ()] 15
n=1
P Nc
=REW U, (Om,, 205’ (@,1)]
n=1
Simplified by using trigonometric identities, | is expressed as

Nc
I = ERP—EWZUM (t)m, ([1+cosa,t)] (16)

n=1
At the receiver’s end, the doubled frequency component is filtered

out using low pass filter (LPF). Thus the output of the RF
demodulator can be expressed as:

= ERPEW l'ln,k (t)mn,k (17)

Unk(t) is the normalized digital zll For the noise variances, we only
consider shot noise, thermal noise and inter-modulation distortion
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Table 2. The parameters used for BER calculation.

Symbol Parameter Value
# Photodetector quantum efficiency 0.6
A Linewidth broadband source 3.75THz
Ap Operating wavelength 1550nm
B Electrical bandwidth 80MHZz/311MHz
R, Data bit rate 155Mbps/622Mbps
T, Receiver noise temperature 300K
R, Receiver load resistor 1030L1
E Electron charge 1.6x107*C
H Planck’s constant 6.66 x10~* Js
K; Boltzmann’s constant 1.38 102K

(IMD) noise. The noise power for shot noise is given as:
(1300) = 2Bl (18)

Substituting lqa in Equation (18), assuming all users transmitting bit
“1”, we get

RP, W
(15,0) = 20827 a9

The thermal noise is given by Papannareddy (1997);

4K Ty B
<|t2hermal> = % (20)
L

where K T ,B,andR is the Boltzmann constant, absolute receiver
b n L

noise temperature, noise equivalent electrical bandwidth of the
receiver and receiver load resistor respectively.
The inter-modulation distortion noise as expressed in Koshy and
Shankar (1997, 1999) is:

(1) = Piweme, | D4 Dn | @)

where D113 is the three tone third order inter-modulation at f; + fi - fj;
given by

D, :%(N —r +1)+%[(N % 75]7%[17(71)'“ ke (22)

where N is the number of subcarrier channels which in this case is
equal to Ng, r is the rth subcarrier. Dy, is the two tone third order
modulation at 2f; — fi; given by

D, = 5| N-2-3 8- (0"} | @)

2

The total noise here can then be expressed as

(%) = (1) = (Hoermar) + (Hoao)

s
<i2> — 2eB RP, W + 4KgTy B + PSZ,‘.RZmS k D11 + Dy,
L R_ ’ 32 64

The SNR of the hybrid SCM/OCDMA using ZCC code can be
written as

2

- 4

i

mZprZ

() M
SNR =~/ =

<| > 2eBP;W +4KBTnB+P2 R2me |:D111 + D21j|

L R, SR "k32 64
(24)

The BER can be obtained from the SNR by employing Gaussian
approximation:

oer-0serd | *hF |

(25)
Where the error function erfc (x) can be defined as Larry (1998);
2 X
erfc(x) = —_[ e Vdt
[ Jo
(26)

Typical error rates for optical fiber telecommunication systems is 10
® _This error rate depends on signal to noise ratio at the receiver.
The typical parameters used for BER calculation in this study are
summarized in Table 2.

Network simulation setup

The hybrid system has been simulated using the software “Optisys”
Version 6.0. We vary the design parameters such as the number of
OCDMA channels and number of subcarrier channels to observe
their effect in the simulated environment. The optical channel chip
width is equal to 0.8 nm while the subcarrier frequency spacing is
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network when optical channels are increased from 2, 4 and 6.

set to 600 MHz. In addition, to avoid clipping in the data spectrum,
the subcarrier frequencies are set to be equal or larger than twice
the bit rate assigned. The transmission medium used in the
simulation is the standard single mode fiber (ITU-T G.652). To set
the simulation as close to the real environment as possible, the
nonlinear effects such as the four wave mixing and self-phase
modulation are activated according to their typical industrial values.
Accordingly, attenuation and dispersion effects are set to be at 0.25
dB/km and 18 ps/nm-km. For the receiver, we set the photo
detector thermal noise coefficient at 1.8 x 102 W/Hz, while the
dark current value is set to be 5nA. BER analyzers are placed at
the end of the receiver’'s output to evaluate the bit error rates and
observe the eye pattern of each received signal.

RESULTS AND DISCUSSION

To ensure that the fiber system has sufficient power for
correct operation, network designer needs to calculate
the span’s power budget, which is the maximum amount
of power it can transmit. From a design perspective,
worst-case analysis calls for assuming minimum
transmitter power and minimum receiver sensitivity. This
provides for a margin that compensates for variations of
transmitter power and receiver sensitivity level. Our
objective is to investigate how an increasing number of
channels affect the power penalty loss of the system. We
then compare the conventional all optical OCDMA with a
system with hybrid SCM OCDMA. Figure 2 shows the
variation of BER over received power in the conventional
OCDMA system as the number of channels is increased.
Here, each code word represents one channel (that is,
one user or subscriber).

To increase the number of channels, we need to
increase the number of code words. We can see that the
BER degrades as the received power gets smaller. It
must be noted that even a very small fall in optical signal
power can deteriorate the BER by some order

of magnitudes. It is obvious in Figure 2, at the 10° BER,
the received power at photo detector is -23 dBm for 2
optical channels and -19 dbm for 4 optical channels. The
error flooring at BER of 10™° occurs at -11 dBm received
power for 6 optical channels. Thus the power penalty loss
here is about 12dB when we increase the channels from
two to six in the all-optical environments. Clearly, even a
small increase in the number of optical channels, the
required receiver sensitivity power increased significantly.
This leads to a huge difference in the amount of power
that needs to be transmitted at the transmitter side. It is
also evident that the BER degrades with the increase
number of channels because, as channels are increased,
the code length of the system will also increase. The
larger the code lengths (L), means a larger bandwidth is
needed for the system. Noise power is proportional to
bandwidth. Larger bandwidth will cause a higher noise
power level, thus, lowering the signal —to noise ratio of
the system. Hence, BER will degrade. This can be
described by SNR and BER equation in the article in
Equation (24) and (25). In addition, as the number of
channels increase, the MAI from other users will be a
limiting factor, and hence, results in degrading the BER.
Figure 3, on the other hand shows the relation of BER
and received power with a fixed optical channel (fixed
code word) and increase number of subcarrier channels.
The received power sensitivity is shown to be increased
in smaller range values when the subcarriers are
increased from three to six subcarriers. For BER of 10
error floor, a system with three subcarriers shows a -
23dBm receiver sensitivity, while the system with four
and six subcarriers only needs an increased receiver
sensitivity of -22dBm and -20dBm. Here, the power
penalty loss with increased channels from three to six is
only about 3dB. This difference ranges is much smaller
as compared to increasing the number of optical channels.
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Figure 3 also includes the simulation result using Optisys
software of a system with fixed optical channel equals to
two (two OCDMA codes) and subcarriers channels equal
to three, four and six. The BER curves of the simulation
parts are plotted in red dashes. As expected, the plot of
BER over received power curves of the simulation shows
relatively the same patterns as compared to the
theoretical curves in black lines. In addition, BER is
depicted to be deteriorating when the number of sub
channels is increased. In SCM OCDMA system, as the
number of sub channels is increased, inter-modulation
distortion products of the second and third order
harmonics will also increase. Thus, this will degrade the
BER as these harmonics can combine or overlap with the
original signal and destructively decrease or reduce the
signal power of the original signal. Again, the SNR
decrease, and finally the BER are deteriorated.

Figures 4 and 5 indicate the simulation result to
validate our previous discussion by showing the
variations of BER dependences over input power. In
Figure 4, to achieve a BER of 10°, the required input
power for two optical channels is -10dBm. As the optical
channels are increased to four and six, input power
required also increased to -4dBm and 0dBm,
respectively. A total power loss of 10dB in the transmitted
power is observed when we increase the number of
channels from two to six. In contrast, when subcarrier
channels in Figure 5 are increased from three to four and
finally to six sub channels, the input powers required by
the system are from -10 dBm to about -8 dBm, which is
only about 2 dB power penalty lost. This is a significant
difference in the power range from that in Figure 4. Thus,
it is clearly demonstrated that to accommodate a larger
number of subscribers, power consumptions are
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improved in a hybrid system
conventional system.

Figure 6 depicts the variation of BER with respect to
fiber length for three and five subcarriers when different
input powers are fed to the system. It is observed that the
BER degrades as the transmission distance increases.
The dispersion and attenuation increases as the optical
fiber length increases, thus decreasing the BER. The
curves show that the system can perform well with an
acceptable BER better than 10 for up to 50 km for the
system occupying three subcarriers with input power of
0dBm and 35 km for five subcarriers. It is obvious that
larger number of subcarrier channels will degrade the
system performance. In addition, lower input power will
result in shorter achievable distance for the acceptable

compared to the

BER of 10®°.The system with three subcarriers can be
transmitted up to 30 km with -5dBm input power, while for
five subcarriers channel can only be transmitted up to 15
km.

Conclusion

This work presents an analytical and simulated
performance of a hybrid subcarrier multiplexing over
optical CDMA based on ZCC code. Our work reveals that
system performance in term of power penalty loss is
improved via the proposed hybrid SCM OCDMA system
based on the observation of BER curves over transmitted
and received power. In addition, it is apparent that the
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theoretical and simulation both have almost similar
relation patterns and results in the hybrid performances.
We have ascertained that to achieve large cardinality
broadband access network, this hybrid system is a more
preferable architecture compared to conventional all
optical OCDMA. This work can be a future guide to more
intensive research on hybrid network. The SCM/OCDMA
system could be one promising solution to the symmetric
high capacity network with high spectral efficiency, cost
effective, good flexibility and enhanced security, an
attractive candidate for next generation broadband
access networks.
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