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Abstract: - This paper proposes a hybrid subcarrier multiplexing/optical spectrum code division multiplexing 
(SCM/OSCDM) system for the purpose of combining the advantages of both techniques. Optical spectrum 
code division multiple access (OSCDMA) is one of the multiplexing techniques that is becoming popular 
because of the flexibility in the allocation of channels, ability to operate asynchronously, enhanced privacy and 
increased capacity in bursty nature networks. On the other hand, subcarrier multiplexing (SCM) technique is 
able to enhance the channel data rate of OSCDMA systems. The system utilizes a new unified code 
construction named KS (Khazani-Syed) code based on the Double Weight (DW) and Modified Double Weight 
(MDW) codes.  This paper also presents a new detection technique called Spectral Direct Decoding (SDD) 
detection technique for the OSCDM. SDD is effective in rejecting the unwanted signals that interfere with the 
wanted signals. This results in reduced receiver complexity and improved the performance of the hybrid system 
significantly.  
 
 
Key-Words: - Hybrid SCM/OSCDM, Khazani-Syed (KS) code, multiple access interference, phase-induced 
intensity noise 
 
1 Introduction 
The SCM technology is simple and also cost 
effective. It provides a way to take advantage of the 
multi-gigahertz bandwidth of the fiber optics using 
well established microwave techniques for which 
components are matured and commercially 
available [1]. Furthermore it is less expensive than 
the corresponding wavelength division multiplexing 
(WDM) technology [2]. 

Optical CDMA (OCDMA) systems have 
received more attention because CDMA allows 
many users share the same transmission medium 
asynchronously and simultaneously with a high 
level of transmission security [3]. However, 
multiple access interference (MAI) is the main 
reason for performance degradation in OCDMA 
especially when large number of users is involved. 

In this paper, the performance of the hybrid 
SCM/OSCDM system is investigated and presented. 
The system utilizes KS (Khazani-Syed) code which 
is a unified code construction based on DW and 
MDW codes [4]. This hybrid system is proposed for 
the purpose of combining the advantages of both 
techniques.  It is proposed as a means of increasing 
the maximum permissible number of simultaneous 

active users by increasing the SCM and/or the 
OSCDMA codeword. Thus the resulting hybrid 
system is robust against interference, possesses high 
transmission security and increases the channel 
capacity in the existing optical fibers. In addition, a 
new detection technique named spectral direct 
decoding (SDD) is proposed for the hybrid system 
of SCM/OSCDM. It is a simple and an easy to build 
OSCDMA decoder, giving results better than the 
AND subtraction [5, 6] detection techniques.  This 
new technique has reduced the receiver complexity 
and at the same time improved the system 
performance.  
 
 
2 Hybrid SCM/OSCDM System 
Fig. 1 shows the block diagram of the hybrid 
SCM/OSCDM system. At the transmitter, data with 
independent unipolar digital signal is mixed by a 
different microwave carrier. The subcarriers are 
combined and optically modulated onto the code 
sequence using an optical external modulator 
(OEM). Then m modulated code sequences are 
combined together and transmitted through the 
optical fiber. At the receiver, an optical splitter is 
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used to separate the different modulated code 
sequences. The received signal can be decoded by 
using a matched code sequence and the unmatched 
components will be filtered out. Then, the decoded 
signal is detected by the photodetector. A splitter 
and an electrical bandpass filter (BPF) are used to 
split the subcarrier multiplexed signals and to reject 
the unwanted signals, respectively. In order to 
recover the original transmitted data, the incoming 
signal is electrically mixed with a local microwave 
frequency fi and filtered using low-pass filter (LPF).  
 

 
Fig. 1 Block Diagram of SCM/OSCDM System 

with Direct Decoding Technique 
 
 In this hybrid system, each user is assigned a 
particular code sequence ci, and subcarrier 
frequency fi, where the pair of (ci, fi) is unique with 
respect to every other user. Only the intended 
receiver is able to correctly demodulate the detected 
signal, made possible by the decoding scheme. 
Every receiver is matched to a pair of (ci, fi). Each 
receiver must tune to the correct frequency and code 
sequence to receive the desired data. Other signals 
are rejected. 
 
2.1 AND Subtraction Detection Technique 
The implementation of a hybrid SCM/OSCDM 
system using AND subtraction detection technique 
is shown in Fig. 2. Optical bandpass filters are used 
as the encoders and decoders for all detection 
techniques that will be discussed in this paper. For 
example, let us consider the KS code sequences as 
shown in Table 1.  

Table 1. KS code with weight, W=2 

 

Note that λi where i is 1, 2, ...N, represents the 
spectral position of the chips in the KS code 
sequence.  

The optical pulses are encoded according to the 
KS code sequence and then the code is optically 
modulated with the SCM signal. For example, the 
KS code sequences shown in Fig. 2 are denoted as 
X= (1100) and Y= (0110). The outputs of the two 
OEMs are combined and transmitted through an 
optical fiber. 

 

 
Fig. 2 Hybrid SCM/OSCDM System using AND 

Subtraction Technique 
 
 The outputs from the filters are detected by the 
two photodetectors (PIN) connected to a subtractor. 
In order to decode two code sequences of KS code 
and detect the signal, this technique requires four 
filters and four photodetectors. Two filters with 
bandwidth twice the chip width for λ1 and λ2, and λ2 
and λ3, and two filters at the position of the 
overlapping spectra occurring in the code 
sequences, that is λ2.  
 
2.2 Spectral Direct Decoding (SDD) 

Detection Technique 
The hybrid SCM/OSCDM system using SDD 
detection technique is illustrated in Fig. 3. This 
technique is simple and different as compared to the 
AND subtraction detection technique. For two KS 
code sequences as shown in Fig. 3, it requires only 
two filters for the decoders, which are used to filter 
the non-overlapping chips, λ1 and λ3 because the 
overlapping chips of the two code sequences may 
cause interference at the receiver [7]. The number of 
photodetectors is reduced to two. It does not require 
any subtractor at the receiver. 
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Fig. 3 Hybrid SCM/OSCDM System using SDD 
Detection Technique 

 
 
3 Analysis of Hybrid SCM/OSCDM 

System 
In the analysis of the proposed hybrid system, 
incoherent intensity noise, shot noise, thermal noise 
and inter-modulation distortion of subcarrier 
channels in both photodetectors are being 
considered. PIN photodetectors are used and the 
dark current is assumed negligible. The spacing of 
optical carriers is assumed to be sufficiently wide so 
that the effect of crosstalk from adjacent optical 
channels is negligible [8]. The subcarrier channels 
are equally spaced. In the analysis, the following 
assumptions are made [9, 10]: 
i. The light source spectra is ideally unpolarized 

and its spectrum is flat over the bandwidth [vo-
∆v/2, vo+∆v/2], where vo is the optical center 
frequency and ∆v 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. 

The above assumptions are important so that the 
system performance can be easily analyzed using 
Gaussian approximation. Gaussian approximation is 
used for the calculation of bit error rate (BER) 
because it models quite accurately the noises and 
disturbances that always present in communication 
systems [11, 12]. Many researchers have used 
similar assumptions in their analysis [9, 13]. The 
noise variance of the photocurrent due to the 
detection can be denoted as: 

2
IMD

2
thermal

2
PIIN

2
shot

2 IIII +++=i  (1) 

where Ishot denotes the shot noise, IPIIN is the phase-
induced intensity noise (PIIN), Ithermal is the thermal 
noise and IIMD is the inter-modulation distortion 
noise of subcarrier channels. 

3.1 Hybrid System Based AND Subtraction 
Technique  

When incoherent light fields are mixed and incident 
upon a photodetector, the phase noise of the fields 
causes an intensity noise term in the photodetector 
output. 
The source coherence time cτ  is expressed as [10, 
12]:  
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where G(ν) is the power spectral density (PSD) of 
the thermal source. 
 
If )(C ik  denotes the ith element of the kth KS code 
sequence, the code properties for AND subtraction 
technique can be written as: 
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The condition of k and l in the same sector meaning 
that both code sequences are in C(1), C(2) or C(M)  
as shown in Fig. 4. And for the condition of k and l 
not in the same sector meaning that one of the code 
sequence might be in C(1) and the other code 
sequence is in C(2) or C(M).   
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Fig. 4 Mapping Technique of the KS Code 
 
The matrix size of each 0 and C(m), 1< m < M is 
the same as C(1) matrix size. For a fixed value of 
weight, when the number of mapping is increased, 
the code size is extended by (m x KB) and the basic 
code is extended diagonally as shown in Fig. 4. BK  
is the basic code’s row size which is also known as 
the basic number of codes, given by: 

1
2
W

+=BK  (5) 

The AND operation of [Cl(i)•Ck(i)] is valid for k ≠ l 
only. However the cross correlation of 
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Ck(i)[Cl(i)•Ck(i)] is valid for k = l and k ≠ l. From 
Equation (3), the cross correlation of )()C(C ii lk is 
W when k = l. The MAI can be eliminated as the 

cross correlation ( )∑ •
=

N

i
klk ii(i

1
)(C)C)(C  can be 

subtracted from )()(C iCi lk when k ≠ l. The 
subtraction can be derived as: 
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Hence, the weight is zero when k ≠ l, meaning 
MAI can be fully removed by using AND 
subtraction detection technique. 
 
The PSD of the received optical signals can be 
written as [14]: 
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where srP  is the effective power of a broad-band 
source at the receiver, Nw is the number KS optical 
code sequences, each carrying their corresponding 
subcarrier. N is the KS code length. dk(t) represents 
the modulated data of nth subcarrier channel on the 
kth optical code expressed as  

 dk(t) = ∑
=

cN

n 1
 un,k,(t)mn,k  cos(ωnt)      (8) 

un,k(t) is the normalized digital signal at the nth 
subcarrier channel of the kth code, where 0 and 1 
are  represented as digital signal “0” and “1”, 
respectively. ωn is the angular subcarrier frequency, 
mn,k is the modulation index of the nth subcarrier of 
the kth code and Nc is the number of subcarrier 
channels on each code. Assuming an identical 
modulation index for all subcarrier channels, it is 

necessary that 0 < mn,k < 
cN

1
 [15]. 

The rect (i) function in Equation (7) is given by: 
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where  )(vu  is the unit step function expressed as: 
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The total power incident at the input of PIN 1 and 
PIN 2 of Fig. 2 is given by:  
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Consequently, the signal from the desired user is 
given by the difference of the photodiode current I, 
expressed as:   

I = I1 – I2   (13) 
where  

I1, I2 = current at PIN1 and PIN2, respectively. 
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where ℜ is the responsivity of the photodetectors 
given by :  

ℜ
chv

eη=   (15) 

Here, η  is the quantum efficiency, e is the 
electron’s charge, h is the Plank’s constant, and vc is 
the central frequency of the original broadband 
optical pulse. 
The useful photocurrent signal for the kth channel 
can be found as: 
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At the RF demodulator, the signal coherently mixes 
with a local oscillator 2 cos(ωnt).  
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Using the trigonometric identities, I  becomes  
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The frequency-doubled component is filtered out 
using LPF and therefore the output of the 
demodulator is  

I = 
( ) ( )tm
N k,nn, ku 1-WPsrℜ

 (19)
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The noise power of shot noise can be written as: 
2
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Hence, Equation (20) is the shot noise for the hybrid 
system using AND subtraction detection technique. 
It can be simplified by substituting Equation (5) in 
Equation (20). The simplified equation is given as: 
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By using the methodology similar to that in [13] and 
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Substitute Equation (5) in Equation (22), therefore 
the PIIN noise can be written as: 
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The thermal noise is given as [16]: 

L
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The inter-modulation distortion noise is given as 
[17, 18]: 
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where D111 is the three-tone third order inter-
modulation at fi + fk - fl, D21 is the two-tone 
third order inter-modulation at 2fi - fk . 

The SNR of the hybrid system can be written as: 
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Noting that the probability of sending bit ‘1’ at any 
time for each user is a 2

1  [13], 
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3.2 Hybrid System Based SDD Technique 
The setup of the hybrid system using SDD 
technique is depicted in Fig. 3. This technique is 
simple and the number of filters at the decoders is 
reduced. The code properties for the KS code using 
this technique is also different compared with the 
system using the subtraction detection techniques.  
If )(C ik  denotes the ith element of the kth KS code 
sequence, the code properties for SDD detection 
technique can be written as:  
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The condition of k and l is as mentioned earlier. 
 
In this technique the PSD at the input of PIN 1 as in 
Fig. 3 of the lth receiver during one data bit period 
can be written as Gdd(v). Using the same 
mathematical operation as in the previous section, 
Gdd(v) can be written as:   
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The total power incident at the input of 
photodetector is given as: 
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The signal from the desired user is given by the 
photodiode current I, which can be written as:  
  I = Idd  = dvvGdd∫
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0
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Substitute Equation (30) in Equation (31), 
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⎤

⎢⎣
⎡⋅⎥⎦

⎤
⎢⎣
⎡

lN
d

2
WP srℜ             (32) 

In SDD detection technique, only the non-
overlapping chips are filtered. This is because the 
overlapping chip of the two code sequences may 
cause interference at the receiver [7, 19]. Therefore 
the desired signal for this technique is:  

 I = ⎥⎦
⎤

⎢⎣
⎡⋅⎥⎦

⎤
⎢⎣
⎡ℜ lN

d
2
WPsr                 
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The useful photocurrent signal for the kth channel 
can be found as: 

I = ( ) ( )tωcosu 
2
WP

1

sr
n

N

n n,kk,n

c mt
N

∑
=

ℜ
 (34) 

At the RF demodulator, the signal coherently mixes 
with a local oscillator and is filtered by the LPF. 
Thus the output of the demodulator is 

I = ( )tm
N k,nn, k u 

2
WPsrℜ

 (35) 

Since only the non-overlapping chip is filtered for 
SDD technique, PIIN noise is not considered. PIIN 
noise occurs only when more than one optical signal 
is incident on the photodetector surface [20, 21]. 
The total noise here is considered to be only the sum 
of shot noise, thermal noise and inter-modulation 
distortion noise, which is expressed as:  

⎥⎦
⎤
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⎡ +++=〉〈

12832
P

R
BT4KB2 21111622

sr
2 DDm)I(eI k,n

L

nb
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Substituting Idd in Equation (36) gives, 
( ) ⎥
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 (37) 
 
Note that the probability of sending bit ‘1’ at any 
time for each user is ½, thus Equation (37) becomes 
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 (38) 
 
The SNR of the hybrid system using the SDD 
detection technique can be determined using the 
same mathematical operations as in previous section 
without the PIIN, where it can be expressed as: 

 SNR= 〉〈 2
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Hence, MAI and PIIN are eliminated due to the fact 
that only optical signals without interference are 
incident on the photodetector’s surface. 
 
 
4 Results  
To ensure a fair comparison of the performances of 
the hybrid systems, this study uses the same 
parameters as those adopted in [22-24]. The typical 
parameters used in the analysis are listed in Table 2. 
The performances of the system are characterized 
by referring to BER and the effects of number of 
users.  
 

Table 2. Typical parameters used in the analysis  
Symbol Parameter Value 

η Photodetector  Quantum 
efficiency 

0.6 

∆v Line-width Broadband Source 3.75 THz 

λo Operating Wavelength 1550 nm 

B Electrical Bandwidth 311 MHz 

Rb Data Bit Rate 622 Mbps 

Tn Receiver Noise Temperature 300 K 

RL Receiver Load Resistor 1030 Ω 

e Electron Charge 1.6 x 10-19 C 

h Planck’s Constant 6.66 x 10-34 
Js 

Kb Bolzmann’s Constant 1.38 x 10-23 
J/K 

 
Fig. 5 shows the performance comparison between 
the hybrid system using SDD and AND subtraction 
detection techniques for various number of 
subcarriers when Psr = -10 dBm. The number of KS 
codes is purposely set at 2 in order to observe the 
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effect of the number of subcarriers on the hybrid 
system performance. 
 

 
Fig. 5 BER versus Number of Subcarriers for the 

Hybrid System at Psr = -10 dBm  
 
Observation on Fig. 5 reveals that with the weight of 
4 for KS code, there is a limitation on the number of 
subcarriers from the BER (maximum 10-9) point of 
view.  The number of subcarriers with an acceptable 
BER for the system using SDD and AND 
subtraction techniques are less than 17 and 4, 
respectively. The BER for the system using SDD 
technique is better compared to that using the AND 
subtraction technique. The BER degrades as the 
number of subcarriers increases. This is because the 
optical modulation index per subcarrier decreases 
linearly with the number of channels. Thus increases 
the BER of the system. 
 

The performance of the hybrid system using SDD 
technique with different weights is depicted in Fig. 
6 when Psr = -10 dBm. When Psr = -10 dBm or 
greater, the inter-modulation distortion noise is the 
main noise. By looking at Equation (40), the effect 
when Psr increases is not as great as when a bigger 
code weight is used. With a bigger code weight, not 
only the total number of users is significantly 
increased, but also a better performance of the 
hybrid system results. Fig. 6 shows that the total 
number of users to maintain an acceptable BER for 
the system with W = 4 and W = 6 are less than 52 
and 78, respectively.  Note that this condition is 
achieved when other parameters are not changed. 

 

 
Fig. 6 BER versus Total Number of Users for the 

Hybrid System at Psr = -10 dBm  
 

The system capacity versus total number of 
simultaneous users is depicted in Fig. 7. The 
network capacity is determined by the possible 
number of simultaneous users multiplied by the bit 
rate per user [10, 25, 26]. In this figure the system 
performance requirement is BER = 10-9. It is clear 
that as the number of simultaneous users increases, 
the hybrid system using the SDD technique is more 
bandwidth efficient than that using the AND 
subtraction technique. 

 

 
Fig. 7 System Capacity versus Total Number of 

Simultaneous Users When the Required BER is 10-9 
 
 

5 Conclusion 
In this paper, a new detection technique for the 
OSCDM of the hybrid system and the detailed 
system performance analysis has been presented. It 
has been proven that the performance of hybrid 
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system using the new detection technique is 
improved significantly as the PIIN and MAI are 
totally eliminated. Hence, it can accommodate more 
users to access the network simultaneously. The 
complexity of the overall system is also reduced 
with the reduced number of filters and 
photodetectors required for the SDD detection 
technique. 
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