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In this paper, we propose a modulation technique for passive optical networks that harnesses two-dimensional 
prime hop system optical code division multiplexing access (OCDMA) and optical orthogonal frequency-division 
multiplexing (OFDM) for intensity modulation with direct-detection (IMDD) to enhance users’ signal capacity in a 
cost-effective manner. The theoretical analysis is built from an analytical formula that takes into account both 
multiple-access interference and photodetector noise. Results show that OFDM-OCDMA with multiple users has 
similar performance to single-user conventional OOFDM for low transmitted powers. 
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1. Introduction 
 

In order to achieve high data rates with effective cost in passive 
optical networks (PONs), researchers have employed many 
techniques, such as widespread innovation in network 
technologies, that serve to drive the growth of IPTV, HDTV, 
3DTV, mobile media, and streaming video. On the other hand, to 
meet the corresponding explosion in bandwidth demand, 40G, 
100G optical systems have been commercially deployed at the 
backbone layer and 400 G/1T systems have been investigated. 
The access layer must handle increased traffic and support 
more services [1, 2].  
     A long-term PON solution is next-generation (NG)-PON2 that 
has been discussed by the International Telecommunication 
Union—Telecommunications section (ITU-T) and the Full 
Service Access Network. Most operators expect this term to 
provide a higher bandwidth, increased split ratio, longer 
transmission distance, and greater access capacity, while 
making full use of existing optical distribution networks. 
Currently, access networks are PONs with a tree structure, in 
particular, time division multiplexing (TDM)-PON, which is 
widely applied, while Ethernet (E) PON and Giga (G) PON are 
suitable for fiber-to-the-x (FTTx) networks [3-5]. The 10G 
xPON standard and industry chain will be matured, and 10G 
xPON will become a mainstream technology for FTTx networks 
in the coming five years. Technology options for NG-PON2 [6] 
include wavelength-division multiplexing (WDM)-PON [7, 8], 
optical orthogonal frequency-division multiplexing (OFDM)-
PON [9], time and wavelength division multiplexing (TWDM)-

PON [10], and high-speed time division multiplexing access-
passive optical network (TDMA-PON).  
     Indeed, optical orthogonal frequency-division multiplexing 
(OOFDM) is an attractive solution used in optical 
communication to achieve a highly spectral-efficient 
multicarrier transmission. Moreover, OOFDM subcarriers can 
be used to enable OFDM for access (OFDMA) and to allow 
flexible bandwidth allocation for multiple subscribers and 
services. The different subcarriers can be allocated to 
subscribers or services in the form of TDM, fiber-to-the-home 
(FTTH), fiber-to-the-building (FTTB), mobile station [1], 
Worldwide Interoperability for Microwave Access (WIMAX) 
repeater, and Wi-Fi hot spots.  
     This dynamic allocation of subcarriers depends on channel 
environments and application scenarios. While in OFDM PON, 
allocation of each subcarrier occurs in real time according to 
access distance, subscriber type, and access service within 
uncomplicated protocols that help optimize the access network. 
OFDM in PON makes effective use of spectral resources. This, in 
fact, lays a solid foundation for WDM-PON to be upgraded to 
dense (DWDM-PON) and ultra-dense (UDWDM-PON).  
     On the other hand, the OCDMA multiplexing technique is a 
very promising technique used to share all-fiber bandwidth and 
to reduce the effective cost and system complexity. In addition, 
with the help of OCDMA codes signature, network security 
becomes more effective and confident. Recently multiple-access 
systems based on OCDMA have been used and implemented in 
many optical networks [11–13], in which the proposed 
technique can offer higher data rates, better bandwidth 
efficiency, and a large number of simultaneous users.  
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     In order to achieve privacy and security in transmission, we 
use optical code-division multiple-access (OCDMA), which 
provides several attractive features like asynchronous access, 
ability to support variable bit rates, bursty traffic, and 
scalability of the network [14]. Since CDMA systems can 
support asynchronous bursty traffic, transparency to overlaid 
protocols and decentralized operations are becoming suitable 
for local area networks (LANs).  
     Due to the all-optical processing-based optical code 
generation and recognition, the OCDMA exhibits unique 
features of allowing fully asynchronous transmission, low-
latency access desirable for burst traffic environment, protocol 
transparency, high network flexibility, simplified network 
management, and so on [15]. Among all the other potential 
advantages, providing the information security is generally 
considered as an inherent benefit of OCDMA [16, 17].  
     In this work, we will combine CDMA and OFDM into one 
system called the OFDM-CDMA hybrid system, very appropriate 
for PON context. The primary benefit of this combination is to 
reduce chromatic and polarization-mode dispersion (PMD) 
effects in optical links, to get a free dispersion and PMD optical 
signal. Therefore, involving OFDM techniques in the hybrid 
system in PON can be used to smoothly evolve optical access 
networks to ultra-long-haul access networks. Due to the OFDM 
high-order modulation technique, the hybrid system also 
leverages the integration and low-cost advantages of high-
speed digital signal processors and high-frequency microwave 
devices to develop access networks and make them more 
useful. Furthermore, the hybrid system can take advantage of 
eliminating inter-symbol interference caused by multipath and 
chromatic dispersion effects in transmission links. Moreover, 
by including OFDM high-order modulation, symbol length is 
increased using cyclic prefixes.  
     In this paper, we propose an analytical formula to carry out 
performance comparison between high-order modulation in 
PON systems based on hybrid OOFDM and OCDMA systems.  

     An OOFDM-OCDMA PON architecture is considered by 
employing 2D-OCDMA codes for the first time. Analytical 
calculations are performed using different modulation formats 
to evaluate the behavior of the proposed PON extension from 
2D-OCDMA-WDM architecture [15]. Finally, transmission of 
100 Gb/s OFDM-OCDMA PON over 80 km optical link is 
investigated as a function of the bit error rate (BER). Results 
show that five users can be covered with a 100 Gb/s peak data 
rate. 

2. System model 
In this section, the Optical OFDM-OCDMA system is presented 
with the encoder, the channel and the decoder model, as 
depicted in Fig. 1. 

 

Fig. 1 Proposed architecture of hybrid OFDM-CDMA system for 
PON configuration. 

     Fig. 1 shows the proposed Optical OFDM-OCDMA PON 
architecture. We study the downlink direction which is 
comprised by the Optical Line Terminal (OLT) which generates 
unique encoded OFDM data streams with orthogonal codes for 
different users and these are simultaneously transmitted to the 
Optical Network Unit (ONUs). Each user has a corresponding 
unique CDMA receiver which decodes its own data, while the 
interference between multiple users can be eliminated through 
a code auto- and cross-correlation process in decoding. The 
decoded data is then demodulated using an OFDM 
demodulator. 
     The proposed architecture provides many benefits, including 
simple implementation, improved spectral efficiency, and 
security. In particular, it is possible to use a single standard 
source and detector at the central office to support all users as 
they share a single wavelength which allows optimization of 
existing infrastructure and simplifies network management. 
The correlation properties of the decoding process in a CDMA 
system also have the potential to improve receiver sensitivity 
and increase power budgets due to coding gain. This may allow 
the CDMA signal to be transmitted over longer distances than 
required in access networks without amplification, thus making 
possible the integration of access systems with Metropolitan 
Area Networks (MANs). 

3. System architecture  

The output of the OFDM modem block is mathematically 
described with: 
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where N is the size of IFFT and kX is the input symbol. 

At the end of the kth user encoder, the signal can be described 
mathematically by the following expression: 







1

0

)()()(
F

l

ckmTk lTtctSPts
  

 (2)

      
     



Where TP   and kC  are the transmitted optical power and the 

kth signature code, respectively. In addition, F is the number of 
chips in each code signature. In this work, two-dimensional 
Prime Hop System (2D-PHS) codes are used as OCDMA 
signature code. An optical code is characterised by the 
following parameters (F, W, λa, λc), where F is the length of the 
code (number of total chip), W is the weight of the code (chips 
that have value 1), and (λa, λc) are the auto and cross 
correlation constraint, respectively. 
     In the OCDMA encoder, the optical code of the kth user is 
known as a code signature ck (t) which can be expressed as 
[18]:  
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Where )iTt(P c is a unit rectangular pulse of duration Tc (chip 

duration) and dk,i Є {0, 1} is the ith value of the kth user 

signature.  

     The 2D-PHS sequences are generated with P equal to 5 and 
(P-1) wavelength hopping, where we obtain P (P-1) sequences 
of the length P2 [18].  
 

Table 1. 20 prime hop system sequence with 
P=5.

 
 
     The number of active users in OCDMA depends on the code 
parameters (i.e., the prime number P). At a given prime number 
P, the OCDMA system can support, P(P-1) users for the 2D-PHS. 
As shown in Table 1, the selected prime number is equal to 5, so 
the maximum theoretical number of users considering only 
Multiple Access Interference (MAI) is equal to 5×4 2D-PHS 
codes. As a result, the number of active users corresponding to 
the theoretical study is equal to 20 users for 2D-PHS when P is 
selected to be 5. 
 
Table 2. Number of users for 1D-PC and 2-PHS with P=31. 

Code 
Technique 

Theoretical 
number of 

users 

Number of 
users with 

CCR receiver 

Number of 
users with 

SIC receiver 
1D-PC  31 25 30 
2D-PHS  930 200 500 

 
     Table 2 provides the theoretical number of users, number of 
users with Conventional Correlation Receiver (CCR) receiver 
and the number of users with Serial Interference Cancellation 
(SIC) receiver at 10-9 BER for one-dimensional Prime Code (1D-
PC) and 2-PHS with P equal to 31, respectively. To reach 200 
users’ sequences when a CCR is used in the OCDMA receiver, we 
should select the prime number P to equal to 15, which can 
generate 1514=210 users’ sequences [18]. Finally, to reach 

210 users, it is a good practice to select P equal to 15 for the 2D-
PHS construction sequences when a CCR is used at the receiver. 
     The electrical signal will be modulated by intensity 
modulation via a VCSEL, where the signal output of the laser 
can be described by the following expression: 
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where K is the number of network subscribers (i.e., users). In 

addition of is the optical carrier of the VCSEL transmitter and 

exp(.)  is the exponential function. 

     At the photo-detector output, the decision variable can be 
described mathematically by the following expression [19]: 
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Where R , RP , bT  and   are the receiver responsivity, the 

optical received power, the bit period and the noise caused by 
the photo-detector, respectively.  

4. System performance 

The Signal-to-Noise Ratio (SNR) expression as function of 
simultaneous PON users is given by: 
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where S  is the received signal corresponding to the 

transmitted symbol and 2  is variance of the noise (including 

MAI and subcarriers overlap). In this study, the noise variance 
is limited to MAI and photo-detector noise (N0).These results 
help to estimate the average optical power that is required to 
achieve a specific BER. Then, we draw the BER versus the 
effective SNR at various QAM constellation size by using the 
well-known expression for BER given by: 
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where M is defined as the high order OFDM modulation 
parameter. 

5. Simulation results and discussions 

Recently, many researchers have focused on 100 Gb/s optical 
OFDM: In [20] authors propose a single sideband discrete 

multitone (SSB-DMT) with RF-up conversion (I & Q) and direct-
detection for a signal capacity greater than 100 Gb/s that was 
successfully transmitted over 80 km SMF without chromatic 



dispersion compensation. In [20] transmission performance 
was enhanced using a combination of bit-and-power loading 
(with different QAM levels), DSP-based Trellis coder 
modulation (TCM), and nonlinearity equalization (NLE) 
algorithms. 
     Also, in [22] authors propose an approach to reach 80 km 
optical transmission using IMDD OFDM with the maximum 
achievable bit rate to be equal to 122 Gb/s for up to 20 km. 
Moreover, 117 Gb/s is achieved at 40 km without optical 
amplifier and 101 Gb/s is transmitted over 80 km with single 
SOA. The capacity was maximized by the measured SNR by 
means of adaptive bit-and-power loading on each subcarrier 
[21].   
     To achieve a high bit rate, we employ a 20/40/80/100-Gb/s 
transmitter [20] using higher-order modulation formats, such 
as M-QAM (M>=4), which provide a higher spectral efficiency. 
Table 3 presents the simulation parameters deployed for the 
numerical results, where in particular the adopted VCSEL 
transmitter does not include laser nonlinearities or frequency 
roll-off, and therefore the inter-modulation nonlinear products 
upon direct-detection at the receiver are considered. It should 
be noted that since we use an APD instead of a PIN detector at 
the receiver, the nonlinear terms are removed and the receiver 
sensitivity is largely improved. This is why our proposed 
system can reach up to 80 km without an optical amplifier [23]. 
Finally, a standard SMF (SSMF) G.652 was adopted for fiber 
transmission in our simulated model. 
 
Table 3. Simulation parameters 
Parameter Value 
Operating wavelength 1550nm 
Modulation format 4/16/32-QAM 
Number of subcarriers 32 
VCSEL spectral width(  ) 0.5nm 

SSMF length (L) [20-80]km 

Attenuation coefficient () 0.2dB/Km 

Responsivity (R) 0.9A/W 
Temperature (T) 300K 
Load charge resistance (Rl) 10kΩ 
Multiplication factor (M) 200 
APD Gain (G) 15 
APD Optical amplifier noise 
figure (Fn) 

3 

APD Electrical photo-detector 
bandwidth ( F ) 

40GHz 

Bit-rate [10-100] Gbit/s 
PRBS Length  5x231-1 bits 
Prime number (P) 5 
 
     In Fig. 2, the BER against the LOP is depicted for 16/32-QAM 
OOFDM-OCDMA at different fiber length. It should be noted that 
the Back-to-Back (B2B) architecture has the best performance 
in both 16 and 32 QAM as mentioned in Fig. 2. Also, at the same 
modulation order, for example M=16, if there is increase in the 
fiber length from 20 km to 40 km, we observe a deterioration in 
the BER performance in the linear regime for LOP < 0 dBm. In 
the nonlinear regime we have a fixed BER because we consider 
only on this study the linear effects of the SMF and neglecting 
the nonlinearity since the distance is small. It is shown in Fig. 2 
that the measured BERs can reach the Forward Error 
Correction (FEC)-limit. 

 
Fig.2 Comparison of high order modulation optical OFDM 

OCDMA, 10 Gb/s, at different fiber length B2B, 20, 40, 60 and 
100 km. 

 
     In Fig. 3, the BER against the LOP is plotted for the 10/ 40/80 
and 100 Gb/s OOFDM-OCDMA system at 80 km of transmission 
separating the OLT and the ONU. It is found that the BERs 
measured can reach the FEC-limit. There are increasing 
penalties of 2 dB, at a BER of 1 × 10−3. 

 
Fig. 3 Comparison of high order modulation optical OFDM 

OCDMA at different data rates: 10/40/80/100 Gb/s at 80 km. 
 

     In Fig. 4, the BER against the LOP is plotted for the 40 Gb/s 
OOFDM-OCDMA system at 80 km of transmission between the 
OLT and the ONU without using DCF, since chromatic 
dispersion is compensated with the cyclic prefix insertion. It is 
shown that the BERs measurements can reach the FEC-limit. 



 
Fig. 4 Comparison of high order modulation optical pure OFDM 

and OFDM-OCDMA at 40 Gb/s, 80 km. 
 

     It is also shown from Fig. 4 while comparing pure OFDM-
PON architecture and OFDM-CDMA, that there are increasing 
penalties of 2 dB, at a BER value of 1 × 10−5. In addition, the 
hybrid system outperforms the pure OFDM system for high 
order modulation of 128 and 256 levels by achieving a BER 
value less than 10-5 at a LOP greater than 6 dBm. This 
degradation of high order modulation is due to the fact that the 
BER is inversely proportional to M. Hence, when M is increased 
the BER is decreased for high LOP and so the hybrid system 
maintains the same SNR value. 

 

 
 

Fig. 5 BER versus LOP at 40 Gb/s for 80 km and 4 QAM OOFDM-
OCDMA. 

 
     In Fig. 5, we plot the  BER versus LOP of a 40-Gb/s 4QAM 
OOFDM-OCDMA system for 80 km. It is demonstrated that for 
2D-PHS signatures the BER is equal to 10-5 for LOP equal to 4 
dBm. Fig. 5 also shows that an increase in number of users will 
influent the system with a power penalty of 1.5 dB (i.e., for K=2 
and K=3). This is due to fact that MAI is the most significant 
effect degrading the hybrid system performance. 

6. Conclusion 

A novel reformulation of hybrid OFDM-OCDMA was 
numerically demonstrated harnessing 2D-PHS codes in PON 
architecture for up to 100 Gb/s 16-QAM IMDD-OFDM and over 
80 km of SMF transmission. Results indicated that OFDM-

OCDMA with multiple users has similar performance to single-
user conventional OOFDM for low transmitted powers.  
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