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Abstract: We describe the implementation of RoF (radio-over-fiber) techniques combined with SAC (spectral-amplitude-coding) 
OCDMA (optical code-division multiple-access). A new code family called RMSSP (residue modified stuffed shift prime) code 
generated from residue method is carried out in optical CDMA scheme in optical domain. The architecture of double spreading 
fiber-radio network is presented in details where the direct-sequence CDMA (DS-CDMA) modulation signals in RF (radio frequency) 
domain are cascaded to the spectrum-coded optical carriers. Cumulative effects of MAI (multiple access interference), thermal and 
PIIN (phase-induced intensity noise) are taking into account in our analysis. Numerical evaluations show RMSSP code enhances the 
system BER (bit-error-rate) in PIIN-dominated environment when the number of simultaneous users is large, as compared to that of 
the former system where Hadamard code is used. This property leads us to conclude that the proposed system is an attractive 
candidate for radio network configured on an optical multiple-access system. 
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1. Introduction 

Increasing bandwidth requirements have driven 

research on broad-band communication and 

high-speed multi-media transmission. ROF (radio 

over fiber) has been one of attractive candidates for 

the applicable combination of optical and wireless 

access. It provides low transmission loss and wide 

bandwidth, while retains the mobility and flexibility 

of the wireless network [1-3]. In ROF system, the RF 

(radio frequency) signals are up-converted to the 

optical fiber to deliver the personal wireless 

applications to hotpots, metropolis or suburban areas 

among RBSs (remote base stations) and COs (central 

offices). 

For the radio-fiber networks, several 

multiple-access schemes are proposed, including 

TDMA (time-division multiple-access) and WDMA 

(wavelength-division multiple access). Compared to 
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the conventional multiple access techniques, CDMA 

(code-division multiple-access) allows multiple users 

to simultaneously share the same bandwidth by 

spreading the signal spectrum, hence it offers an 

alternative option of simplified and low-cost network 

in high bandwidth efficiency. 

As CDMA has developed vigorously and achieved 

successful applications in wireless communication, 

OCDMA (optical CDMA) draws much attention due 

to its ability to support asynchronous transmission in 

burst traffic. Despite the advantages of moderate 

system security enhancement and all-optical 

processing in other OCDMA schemes, SAC 

(spectral-amplitude-coding) can eliminate the 

influence of MAI (multiple access interference) under 

the use of balanced detection and proper signature 

code assignment [4-6]. A typical SAC-OCDMA 

receiver can delete the average power of the 

interferers and recover the signal of the matched 

encoder. 

However, as the number of active users becomes 
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large, the performances of these systems are greatly 

limited by PIIN (phase-induced intensity noise), 

which results from the incoherent property of 

board-band light source from different users and    

its influence cannot be removed by increasing the 

signal power. The technique by modifying the 

signature code in optical domain has been proposed to 

reduce the PIIN effect and enlarge the system 

capability [7, 8]. 

In this paper, we propose RMSSP (residue modified 

stuffed shift prime) code generated from residue 

method for double spread CDMA network to suppress 

the noise effect. The architecture of double-spreading 

fiber-radio network is presented in details where the 

DS-CDMA (direct-sequence CDMA) signals in RF 

domain are modulated on the spectrum-sliced optical 

carriers. The average received SNR (signal-to-noise 

ratio) of the proposed ROF systems is analyzed. Some 

key factors such as PIIN and thermal noise are 

included in the simulation. System evaluations are 

performed by exactly deriving the BER (bit-error-rate) 

expressions. Performance of RMSSP code and 

Hadamard code are also compared. 

2. Construction of RMMSP Code 

To achieve double spread CDMA network, the 

modified SSP (stuffed shift prime) code in Ref. [9] is 

applied to demonstrate the proposed two-code keying 

scheme. The modified SSP code family has the 

property of code length N = p2 + p + 1, code weight w 

= p + 1, and in-phase cross correlation  = 1, where 

p is a prime number. Table 1 shows the derivation 

process of RMSSP code with p = 3. The code-word of 

the first row (row#1) in the MSSP code table, 

[1001001001000], is selected as a main code-word. 

Chips with value of “1” are in #1, #4, #7 and #10 

element in the main code-word. The new code set is 

generated by deleting column #1, #4, #7 and #10, and 

row #1 of the original one. Furthermore, we can 

assign these code-words into different groups 

depending on the location where the collision between 

chips “1” happens. For example, code-word in the 

second row (row#2) is assigned to group #4 because 

its chip “1” hits the forth “1” of the basis code, while 

code-word in the fourth row (row#4) is in group #1 

because its “1” overlaps on the first “1” of the main 

code-word. To simplify the evaluation of system 

performance, the k-th user is assumed to take the 

signature code ( )d
kX  from each group successively, 

where k = (p +1) (h+1) + g. After carrying out the 

above procedures, the new code-words is named 

RMSSP (residue modified SSP) code, with length N = 

p2, weight w = p, and in-phase cross correlation  = 0 

or 1. 

In the following, the correlation properties of 

RMSSP code are described. First, due to the fixed 

code weight p, the auto-correlation value of RMSSP 

code is obtained from Eq. (1). 
 

Table 1  RMSSP code derived from MSSP code. (p = 3).  
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( ) ( ) ,  if  and d e
k l p d e k l  X X    (1) 

where is the dot-product operator of two vectors. 

Secondly, for the code-words in the same group, the 

chip “1” in common position is deleted in the 

code-constructed process. Therefore, the 

cross-correlation value of RMSSP code in the same 

group is 

( ) ( ) 0,  if  and d e
k l d e k l  X X    (2) 

Finally, since the eliminated chips of RMSSP 

code-words in different groups are distinct, the 

cross-correlation property of these code-words is the 

same as original MSSP code, as shown in Eq. (6). 

( ) ( ) 1,  if d e
k l k l X X        (3) 

Therefore, to eliminate MAI from different users, 

two distinct RMSSP code-words in the same group 

can be assigned to one user. Suppose that a user takes 

two-code keying modulation, MAI can be canceled by 

the following balanced detection scheme: 

( ) (1) ( ) (0)d d
k l k l  X X X X  

,   if 1 and 

, if 0 and 

0,                otherwise

p d k l

p d k l

 
  



        (4) 

3. Hardware Implementation of the 
Proposed Two-Code Keying Modulation 

Fig. 1 shows the FBG (fiber Bragg grating)-based 

optical encoder of the k-th RBS. The time-varying 

currents [1+rk(t)]/2 and [1-rk(t)]/2 are used to 

modulate the optical source by the upper and lower 

IMs (intensity modulators). The output of a light 

source is proportional to the electrical message signal. 

Then the modulated optical signal generated by a 

broadband SLD (super-luminescent light diode) is 

passively spectral-sliced into multiple 

spectral-amplitude portions. The wide spectrum is 

sampled according to a code-word (1)
kX  or 

(0)
kX assigned to the k-th RBS. A chip value of “1” or 

“0” corresponds to an occupied or blank wave-length 

component in the optical spectrum. The OCDMA 

encoder is composed by a group of FBGs (fiber Bragg 

gratings) to realize spectral codes according to (1)
kX  

or (0)
kX . For instance, since (0)

1X = [001001100], 

three wavelength chips are reflected by the optical 

encoder #k. The spectrum at the output of the 

circulator at the left-upper corner of Fig. 1 has sliced 

wavelength chips 3 , 6 and 7. 

The RF format under consideration is DS-CDMA 

system. The transmitted symbols of the original data 

stream are spread by a given code in electrical time  
 

 
Fig. 1  Encoder architecture of RMSSP code at RBS #k.  
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domain and have duration Tb. The chip duration is  

Tc = Tb/G, where G is the processing gain. The code 

waveforms are assumed to be rectangular-shaped and 

periodic with unit amplitude. A DS-CDMA scheme 

modulates the baseband signal of data stream by 

amplitude modulation. A single carrier is used to 

transmit DS-CDMA signals. The electrical coded 

waveform using BPSK (binary phase shift keying) 

received by the k-th RBS (radio base station) is 

denoted by rk(t). 

0 , , , , ,
1

( ) ( ) ( ) cos(2 )
M

k k m k m b k m k m b c k m
n m

r t m d t nT c t nT f t   


 

                  (5) 

where dk,m(t) and ck,m(t) are the transmitted bit and the 

random binary sequence code of the m-th user in the 

k-th RBS, respectively. The terms dk,m(t){1, -1} is 

modeled as independent and uniformly distributed 

(i.i.d) binary sequence with equal probability P(dk,m(t) 

= 0) = P(dk,m(t) = 1) = 1/2. The terms of k,m[0, Tb) 

and ,k m [0, 2 ) represent the bit delay and the 

phase offset of user #(k, m) relative to user #(1, 1), 

respectively. The term of M is the number of active 

users in the k-th group, m0 is the normalized index, for 

0<m0 1/M, and fc is the RF carrier frequency. 

The k-th FBG-based decoder scheme in CO is 

shown in Fig. 2, which is similar to the conventional 

SAC scheme. The optical decoder receives the signals 

from the star coupler, and then two groups of FBGs 

are used for decoding. The main receiver scheme is 

based on balanced receiver. In the upper branch, a 

decoder spectrally identical to (1)
kX  extracts the 

encoded information while the lower branch contains 

a decoder corresponding to (0)
kX . If a signal with the 

spectral signature matches with the upper decoder, 

zero power is detected in the lower arm. For the signal 

matching with the low decoder, detected power in the 

upper branch remains zero. Thus the desired signal is 

recovered. If two codes are mismatched but they are in 

the same code group, power detected in the upper and 

the lower arm is both zero, and interference-free 

transmission is achieved. 

The subtraction process is used to mitigate 

mismatched codes from other interferes of different 

groups. According to Eqs. (1)-(4), the balanced detector 

in RBS #k generates electrical signal proportional to the 

value of the received RF. The DS-CEMA decoder firstly 

splits the received signal, then, multiplies it with the 

corresponding spreading code, and finally provides an 

estimate of the most likely transmitted data bit. 
 

 
Fig. 2  Decoder architecture of RMSSP code at CO.  
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4. System Performance Analysis 

In the following analysis, thermal noise and PIIN 

are taken into account [9]. Assume each un-polarized 

light has flat PSD (power spectrum density) over the 

optical source bandwidth v with magnitude of 

Psr/ v , where Psr is the effective power transmitted 

from the light source. The signal I(t) from the output 

of optical decoder #k is given by the difference of the 

current output from the PD (photo detector). 

0
, , , , ,

1

( ) ( ) ( ) cos(2 ) ( )   


      
M

sr
k m k m k m k m c k m

m

RP wm
I t d t c t f t n t

N
                (6) 

where N is the code length of RMSSP codes, w is the 

code weight of, R is the responsivity of PD, and n(t) is 

additive white Gaussian noise with a double-sided 

power spectral density of N0/2. N0 is expressed as 

 2 2
0 / th PIINN I I B         (7) 

The variance of thermal noise 2
thI  is denoted as 

2 4 /th b n LI K T B R            (8) 

where Kb is Boltzmann’s constant, Tn is the absolute 

receiver noise temperature, B is the noise-equivalent 

electrical bandwidth, and RL is the receiver load 

resistor. The variance of PIIN 
2
PIINI  is shown as 

 
2 2

2 2
0

2
2 2( 1) 4( 1) 3 ( 2)

4
sr

PIIN

BR P w
I w m M w K K K

N v N

              
              (9) 

Since code-words in the same code group have zero 

correlation value, they do not interfere with each other. 

Therefore, the effective number of active users A can 

be approximated by 

1

1

 
    

K
A K

p
           (10) 

It is assumed that the filter is perfectly matched to 

user # (k, 1) and the estimates of the phase and delay 

are noiseless. Without the loss of generality, k,1 and 

 k,1 can be set as zero. After demodulating by the 

CDMA demodulator of user #(k, 1), the expected 

value of the desired signal component 2E( )D  is 

2
,10

E( ) ( ) ( ) cos(2 )
T

k cD E D t c t f t dt      

2

0

2
srRP wm T

N
 
 
 

            (11) 

The variance of interference Var(Z) and noise Var 

(n) is respectively found based on the method in Ref. 

[10]. 

 

,10
Var( ) Var ( ) ( ) cos(2 )

T

k cZ Z t c t f t dt    
2

0 ( 1)

12
srRP wm T M

N L

 
 
 

      (12) 

0
,10

Var( ) ( ) ( ) cos(2 )
4

T

k c

N T
n n t c t f t dt  (13) 

By taking the PIIN, thermal noise, and interference 

from other user in the RBS #k into consideration, the 

CNR (carrier-to-noise ratio) of the user # (k, 1) is 

given as 

2E( )
CNR=

Var( ) Var( )

D

Z n
       (14) 

Assuming all the interference terms are Gaussian 

distributed, the BER (bit error rate) for BPSK (binary 

phase shift keying) modulation is written as 

1 CNR
BER=

2 2
erfc

 
  
         

 (15) 

The parameters used here are B = 10 MHz, v = 6.25 

THz, Tn = 300 K, Psr = -15 dBm, RL =1,030 ,    

m0 = 0.2, and R = 0.8A/W. Fig. 3 shows the relationship 
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Fig. 3  BER vs. number of active RBSs.  
 

between BER and the number of active user A by 

using the proposed RMSSP code (N = 121 and N = 

169, two-code keying), and Hadamard code (N = 128, 

complementary-code keying). For large A, the 

cross-talk between chips becomes significant, hence 

system performance suffers from PIIN limitation. 

From Fig. 3, it can be seen that RMMSP code 

(two-code keying) outperforms Hadamard code 

(complementary-code keying) as A increases. Also, 

we can find that the BER is higher under large 

RF-CDMA users M, which is a result of high 

interference noise power. As the matter of code length, 

due to the fixed bandwidth, the signal power is 

proportional to the ratio of code weight to length. The 

weight of Hadamard code is fixed to one half of the 

code length, so the code length variations do not 

influence the system performance effectively. On the 

other hand, as the length increases, RMSSP code has 

power degradation proportional to w/N = (p+1) / 

(p2+p+1). 

5. Conclusions 

In this paper, we propose a new code for double 

spread CDMA system on radio-over-fiber scheme. By 

using the residue method, the new code family 

enlarges the code space, and the decoder of this new 

code is cost-effective and suitable for realization. 

Analysis of system performance verifies the effects of 

PIIN and thermal noise. Numerical evaluations show 

RMMSP code lowers the system BER under the 

environment where the number of active users is large, 

compared with Hadamard code. This property leads us 

to conclude that the proposed system is an attractive 

candidate for radio network over optical 

multiple-access system. 

References 

[1] Lim, C., Nirmalathas, A., Bakaul, M., Gamage, P., Lee, 

K. L., Yang, Y., Novak, D., and Waterhouse, R. 2010. 

“Fiber-Wireless Networks and Subsystem Technologies.” 

J. Lightw Technol. 28 (4): 390-405. 

[2] Cao, Z., Yu, J., Zhou, H., Wang, W., Xia, M., Wang, J., 

Tang, Q., and Chen, L. 2010. “WDM-RoF-PON 

Architecture for Flexible Wireless and Wire-Line 

Layout.” J. Opt. Commun. Netw. 2 (2): 117-21. 

[3] Lee, C. H., Sorin, W. V., and Kim, B. Y. 2006. “Fiber to 

the Home Using a PON Infrastructure.” J. Lightw. 

Technol. 24 (12): 4568-83. 



A New Code Family for Double Spread Transmissions in Radio-over-Fiber over Optical CDMA Network 

 

372

[4] Shalaby, H. M. H. 2013. “Performance Analysis of 
SAC-OCDMA Systems Adopting Overlapping PPM 
Schemes.” J. Lightw. Technol. 31 (12): 1859-66. 

[5] El-Sahn, Z. A., Shastri, B. J., Zeng, M., Kheder, N., Plant, 
D. V., and Rusch, L. A. 2008. “Experimental 
Demonstration of a SAC-OCDMA PON with 
Burst-Mode Reception: Local versus Centralized 
Sources.” J. Lightw. Technol. 26 (10): 1192-203. 

[6] Kim, B. K., Park, S., Yeon, Y., and Kim, B. W. 2003. 
“Radio-over-Fiber System Using Fiber-Grating-Based 
Optical CDMA with Modified PN Codes.” IEEE Photon. 
Technol. Lett. 15 (10): 1485-87. 

[7] Yang, C. C. 2011. “Code Space Enlargement for Hybrid 

Fiber Radio and Baseband OCDMA PONs.” J. Lightw. 
Technol. 29 (9): 1394-400. 

[8] Tseng, S. P., and Wu, J. 2008. “Extended Perfect 
Difference Codes for SAC Optical CDMA PONs.” IEEE 
Commun. Lett. 12 (8): 587-89. 

[9] Yang, C. C., Huang, J. F., and Hsu, T. C. 2008. 
“Differentiated Service Provision in Optical CDMA 
Network Using Power Control.” IEEE Photon. Technol. 
Lett. 20 (20). 

[10] Kavehrad, M., and Zaccarin, D. 1995. “Optical 
Code-Division-Multiplexed Systems Based on Spectral 
Encoding of Noncoherent Sources.” J. Lightw. Technol. 
13 (3): 534-45. 

  
 


