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Abstract—This paper examines the avalanche photodiode 
(APD) gain impact on spectral-amplitude coding optical code-
division multiple-access (SAC-OCDMA) systems based single 
photodiode detection (SPD) technique. Numerical results are 
used for inspecting the APD gain influence upon the probability 
density function (PDF) and signal-to-noise ratio (SNR) 
performance. The usage of APD over positive-intrinsic-negative 
(PIN) photodiode accommodates more users with improved PDF 
and higher SNR. 

Keywords—SAC-OCDMA; SPD technique; MAI; PIIN; APD; 
PIN photodiode. 

 

I.  INTRODUCTION 
For quite some time now, OCDMA has garnered 

remarkable research interests for its numerous benefits, such as 
asynchronism, simplified network topology, robust signal 
security, and flexibility in information rates [1, 2]. 
Nevertheless, multiple-access interference (MAI) is the main 
constraint of performance and capacity in conventional 
OCDMA systems [3]. One of the coding approaches developed 
for OCDMA systems is spectral-amplitude coding (SAC) 
which gains substantial attention because it tackles MAI 
problem through employing an appropriate detection 
technique. The majority of published work on SAC-OCDMA 
considers light-emitting diodes (LEDs). The key advantage of 
these sources is their broadband nature, which is very suitable 
for SAC-OCDMA operation [4]. However, they are thermal in 
nature and thus suffer from phase-induced intensity noise 
(PIIN) [5]. PIIN caused by the incoherency of broadband 
optical sources, limits the throughput of SAC-OCDMA 
systems to below 1 Gbps [6]. This noise can be modeled by a 
negative exponential distribution, and the PDF of the integrated 
intensity of an unpolarized thermal source can be approximated 
by a gamma density function [7, 8]. PIIN increased with a rise 
in the number of active users. Thus, the scalability of SAC-
OCDMA systems is somewhat limited due to this noise. Of 
late, the SPD technique is proposed to eliminate the effects of 
PIIN and MAI in SAC-OCDMA systems through cancelling 
the interfering signals in the optical domain [9 – 11]. 

APDs have a high optoelectronic gain and are capable of 
increasing the SNR performance of OCDMA systems by 
amplifying the received signal photocurrent [12]. The gains 

that are available in the APD makes it extremely sensitive in 
comparison to PIN photodiode [13]. Accordingly, investigating 
the effect of APD gain in SAC-OCDMA system using SPD 
technique is important.  

In this study, modified double-weight (MDW) codes are 
utilized as the signature sequences for SAC-OCDMA systems. 
MDW codes are characterized by unity cross-correlation (λ 
=1), which is the ideal cross-correlation value. For a weight of 
four (w = 4), the code length is [14]: 
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where L is the code length, and K is the number of users. 

Following the Introduction, the work is structured as 
follows. Section II presents the operating principles of the SPD 
technique. Section III provides analyses that necessary to the 
calculation of SNR which is used to compute the PDF at 
photodiode, followed by the discussion of results. In the end, 
the findings are concluded in Section IV. 

 

II. SPD  TECHNIQUE 
The diagram of SAC-OCDMA receiver based on SPD 

technique is illustrated in Fig. 1. The incoming optical signal 
is decoded using the same spectral response as that which is 
intended for the encoder. The detected output from the 
decoder is either w power units (P.U.) for an active user or λ 
P.U. for interferers. The remainder of the signal from the 
decoder is then transmitted to the AND decoder. The AND 
decoder has the overlapped spectral bins from different 
interferers. The output of the AND decoder is either zero P.U. 
for an active user or λ P.U. for interferers. This technique can 
be realized by utilizing low-priced fiber Bragg-gratings 
(FBGs) to decode the incoming signal given their low 
insertion losses, high long-term stability, small size, and light 
weight. After optical subtraction, the output is either w P.U. 
for an active user or zero P.U. for interferers. This shows that 
the interfering signals are eradicated in the optical domain 
before their conversion to the electrical domain. As a 
consequence, the SPD technique mitigates both PIIN and MAI 
in the optical domain. Eliminating interfering signals in the 
optical domain enables a single photodiode to be utilized 
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rather than two as in other detection techniques. After the 
desired signal is detected by a photodiode (PD) and low-pass 
filtered to reduce out-of-band high-frequency noise, the 
transmitted data are restored. 

 

 
Fig. 1. Schematic diagram of SPD technique. FBG: fiber Bragg-grating; PD: 
photo-diode; LPF: low-pass filter. 
 

III. PERFORMANCE ANALYSIS AND RESULTS 
In this section, we present analytical expressions for the 

mean optical power and major noises to compute the SNR and 
PDF performances of SAC-OCDMA system based SPD 
technique with APD. 

The mean optical power reaching PD when the desired user is 
active is given by: 
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where S is the received power spectral density level at PD. 

For APD, Eq. (2) can be rewritten as follows: 

,
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where G is the APD gain. 

The simplified expression of PIIN for the unpolarized 
thermal light source can be expressed as follows: 
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where Be is the bandpass resulting from the filtering and it is 
equal to 0.75 × RB, where RB is the data rate.                                                                                                                           

The variance of shot noise can be computed as:                                                                                                     
2 2
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where the parameter x equals to 0.7 for InGaAs APD [15].                                                                                                                                 

The variance of thermal noise is also given by: 

L
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and the SNR is thus 

( )2
,

2 2 2
, ,

User APD

PIIN APD sh APD th

P
SNR

σ σ σ
< >

=
+ +

                                        (7) 

The conditional PDF f (P) of the integrated optical power P for 
an incoherent light source obeys the Gamma probability 
function. For P ≥ 0, the PDF is mathematically expressed by 
[16]: 
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where Г is the Gamma function.                                                                  
In [16], P has units of (W/m2). In the current analysis, the 
surface area is assumed to be constant. Thus, P has units of 
(W). Parameters are provided in Table I. 
  

 

 

 

 

 

 

 

 

 

 

  

The SNR versus the number of active users is given in Fig. 2 
for SPD technique using APD (with G = 10, 50, and 100) and 
PIN photo-detectors at a transmission rate of 1.25 Gb/s. The 
SNR of the SAC-OCDMA system decreases when the number 
of active users increases, mainly due to PIIN. Remarkably, 
SPD technique using the APD is able to sustain better SNRs 
for larger number of active users compared to PIN photodiode. 
Moreover, Fig. 2 reveals that the SNR performance decays at 
high gain values (G = 50 and 100), since high APD gains 
induce increment in PIIN and shot noises as shown in Eq. (4) 
and (5). 

 

 

 

 

 

 

Table I. Typical Parameters. 
Optical bandwidth Bo = 3.75 THz 

Received optical power PUser = – 30 dBm 

Electron's charge e = 1.602 × 10−19 C 

APD Responsivity ℜAPD = 0.75 

Boltzmann's constant kB = 1.38066 × 10−23 JK−1 

Receiver noise 
temperature 

Tn = 300 K 

Receiver load resistor RL = 1030 Ω 

2013 IEEE Symposium on Industrial Electronics & Applications (ISIEA2013), September 22-25, 2013, Kuching, Malaysia

45



 
Fig. 2. SNR against number of active users using APD and PIN photodiode. 

 The PDF of SAC-OCDMA system based SPD technique is 
obtained as shown in Fig. 3 at a transmission rate of 2.5 Gb/s. 
Even with a high APD gain (G = 100), it can be seen from Fig. 
3 that APD can achieve better PDF (higher SNR) than when 
using PIN photodiode. The PIN photodiode spreads the PDF, 
which leads to a larger standard deviation (less SNR). Thus, 
degrading the system performance. 

 
Fig. 3. PDF for APD against PIN photodiode with K=35 and RB = 2.5 Gb/s. 
 
 

IV. CONCLUSIONS 
In SAC-OCDMA systems, alleviating the effects of MAI 

and PIIN is extremely desirable to boost the performance. The 
enhanced signal quality, design simplicity, and cost-
effectiveness have made the SPD technique attractive for 
further investigation. In this paper, the SNR and PDF 

performance of SAC-OCDMA systems using SPD technique 
has been evaluated and compared using APD and PIN 
photodiode. It is shown that using APDs with low gain (G = 
10) have enhaced the performance of SAC-OCDMA systems 
based SPD approach. This marks the viability of SAC-
OCDMA system based on SPD technique as a capable 
candidate for future optical access networks. 
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