
  

 

Abstract—This paper discusses a compensation system for 

nonlinear distortion of laser transmitter in Radio over Fiber 

application at frequency 5.2GHz, where feed-forward 

linearization technique is the applied technique in the 

compensation system. The paper focuses on the mathematical 

model of the laser nonlinear distortion which is an important 

tool in developing the feed-forward laser transmitter system 

model. The nonlinearity of the laser diode is modeled using 

Volterra series analysis, and the magnitudes of the laser 3rd 

order intermodulation distortion products (IMD3) are 

computed in MATLAB. The analysis result from the 

mathematical model has shown considerably good agreement 

with the results from some of the previous works. Hence, the 

mathematical model is deemed as useful in the modeling of 

feed-forward transmitter system. 

 
Index Terms—Radio over fiber, laser transmitter, 

feed-forward linearization, nonlinear distortion. 

 

I. INTRODUCTION 

Wireless communication is entering a new phase where 

multimedia services are getting increasing demand and 

wireless user is signing up at increasing rate. Hence, higher 

bandwidth is needed for higher data transmission capacity. 

The wideband demands can be met with micro/pico cellular 

architecture. Radio over Fiber technology (RoF) provides a 

promising solution for this new cellular architecture by 

simplifying the structure of the base station (BS). All the 

processing functions such as modulation and routing are 

centralized at the central station (CS). The simplification of 

BSs can be translated into major system installation and 

operational savings, especially in wide-coverage broadband 

wireless communication, where a high density of BSs is 

necessary. However, the RoF links encounter performance 

degradation due to the laser transmitter nonlinearity which 

generates harmonic and intermodulation distortions in the 

modulating RF signal. The distortion and noise generated by 

the laser limit the achievable dynamic range and performance 

in a system [1]. Several compensation techniques such as 

feed-forward, quasi-feedforward, feedback, and 

predistortion have been considered. Feed-forward 

linearization is seen as the most effective technique, because 

it can achieve reduction in all orders of distortion for large 
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bandwidth and high frequency without knowing the 

nonlinear characteristics of the laser [2]. Even though 

feed-forward linearization is a relatively complicated and 

sensitive scheme, it is a promising linearization solution in 

view of the demand for high channel capacity lightwave 

systems [3].  

This paper will continue as follows, Section II introduces 

the architecture of the designed system. Section III 

introduces the mathematical model of the laser nonlinear 

distortion, while section IV discusses the simulation result.  

Finally, section V is the conclusion. 

 

II. ARCHITECTURE OF THE DESIGNED SYSTEM 

The system architecture of the designed system is shown in 

Fig. 1. The system consists of two loops, the first loop is 

signal-cancellation loop and the second loop is 

error-injection loop. Firstly, at system input, the two tone (or 

more) RF input signal is split into two paths, where one 

modulates the primary Laser Diode Circuit LD1, whereas the 

other is a reference signal. The optical output of LD 1 

contains the data signal and the distortion products due to 

nonlinearity of the laser. After that, the optical output of 

Laser 1 is further split into two paths, and the other one is 

transmitted through optical fiber while the other one is 

detected by Photo Diode Circuit PD1 to convert back to RF 

signal containing distortion from LD 1. In the first loop, the 

RF signal with distortion is subtracted with the reference 

signal to yield only the error RF signal. The variable 

amplifier in the first loop functions as amplitude matching 

between the two paths to obtain the optimum signal 

cancellation. 

Whereas in the second loop, the error RF signal with the 

opposite phase modulates the second Laser Diode Circuit 

LD2. The optical output of LD 2 is combined to the optical 

signal from the first path (output of LD 1) to cancel the error 

signal. The variable amplifier in the second loop functions as 

amplitude matching between two paths to obtain the 

optimum error cancellation. Therefore, output of the 

transmitter contains the data signal and optimum error 

reduction. After this, the signal is transmitted through the 

transmission line (fiber line) and is detected by Photo Diode 

Circuit PD2.  

 

Fig. 1. Feed-forward linearization system architecture. 
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III. MATHEMATICAL MODELLING 

A. Volterra Series Model  

The Volterra Series is a power series which expresses the 

output of a nonlinear system with memory in ‗powers‘ of 

input. Volterra series have found a great deal of use in 

calculating small but troublesome distortion terms in 

transistor amplifiers and other systems [4]. Volterra series 

relates the input and output of a nonlinear system as follow: 

 

 

 

(1) 

 

 

 

where y(t) is the output, x(t) the input, and the gn(u1,…,un) are 

called the Volterra kernels or impulse responses of the 

system. 

The Volterra Series is chosen for laser modeling because 

laser transmitters have both system nonlinearity and memory 

properties. The laser transmitters have only weak 

nonlinearity, hence only a few Volterra kernels need to be 

considered. 

B. Volterra Series Analysis 

The laser diode modeling begins from the simplified laser 

rate equation, where the injected current Ia can be expressed as 

a function of the photon density Q in a semiconductor laser 

[5]: 

 
 
 

(2) 
 
 
 
 
 
where, 

Ia  = applied modulation current, 

Ith  = laser threshold current, 

V‘ = volume of the active region 

         times the electron charge, 

Г  = optical confinement factor, 

Q   = photon density in the active region, 

τp  = photon life time, 

g   = optical gain factor, 

ε   = gain compression parameter 

Both the applied current and photon density can be divided 

into ac and dc parts, where the time varying part (ac part) is of 

interest in the laser diode modeling. Considering 

 

                    (3) 

      

 (4)   

 

where I0 is the laser‘s biasing current, i(t) is the modulating 

current, and Q0 and q(t) are steady state and time varying 

parts of the photon density respectively.  

By using Taylor expansion on the denominator of the last 

term in Equation (2), and substituting Equation (3) and (4) 

into Equation (2), a time varying equation between 

modulating current and photon density is obtained [6]: 

 

 

 

 

(5) 

 

 

 

 

where D, E, F, M, N, S, and G are constants express by the 

laser parameters Г, τp, g, ε, V‘, and Q0. 

By using the harmonic input method, the first three 

Volterra kernels of an inverse laser system, G1, G2, G3 can be 

obtained in frequency domain [7]. G1, G2, and G3 are also 

known as the output-to-input transfer functions. The transfer 

functions are determined as follow: 

 

(6) 

 

(7) 

 

 

(8) 

 

 

In real laser system model, the input current has to be used 

to find the photon density of the laser. Hence, the 

input-to-output transfer functions, Hn are needed. 

Hn(ω1,ω2,…ωn) can be calculated from Gn using the nth order 

inverse method [8]. H1, H2, and H3 are calculated as follow: 

 

 

(9) 

 

 

 

(10) 
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where, 

 

 

(12) 

 

 

By using the forward transfer functions H1, H2, and H3, any 

selected distortion term can be produced by Volterra series 

analysis. For example, for a two-tone input signal, the ratio of 

a third order intermodulation product of the type 2ω1-ω2 with 

respect to the carrier is given by  
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(13) 

 

 

 

where i0 is the laser‘s biasing current, m is the optical 

modulation index per tone. 

In a similar way the ratio of a third order intermodulation 

product of the type 2ω2-ω1 with respect to the carrier is given 

by  

 

 

 

(14) 

 

 

 

IV. SIMULATION RESULT 

When the signal input to a laser is a two-tone input 

 

(15) 

 

Because of the nonlinear property of the laser, the output 

signal will be 

 

(16) 

 

The results of this project will be focused on the third order 

intermodulation distortions (IMD3), hence the output signal 

will only include the IMD3 products  

 

 

(17) 

 

 

where C is the magnitude of carrier signal, IMD1 and IMD2 

are the magnitudes of the intermodulation products. 

The laser transfer functions H1, H2, H3 are computed with 

the aid of MATLAB and the laser transmitter output is 

evaluated as the sum of the carrier signal and the 3rd order 

intermodulation products. The input carrier signal is a 

two-tone input at frequency 5.20 GHz with 10 MHz 

frequency spacing. Let the laser diode bias current be 36.75 

mA and the optical modulation index be 0.28. By setting 

ω1=5.20 GHz and ω2=5.21 GHZ, the magnitude of C, IMD1, 

and IMD2 are calculated. The frequency spectrum of the 

output signal in Equation (17) is obtained by using Fast 

Fourier Transform (FFT) function in MATLAB. The output 

spectrum is shown in Fig. 2. 

It can be seen from the spectrum that the IMD3 products 

are 48.7dB lower than the carrier signals. This result is 

similar to the experimental result in [2], [9], where the IMD3 

product is 45dB and 51dB lower than the carrier signal 

respectively.  

V. CONCLUSION 

As a conclusion, the mathematical model developed from 

the laser rate equation using Volterra Series analysis has 

shown that the 3rd order intermodulation distortion product is 

48.7dB lower than the carrier signal. The result has shown 

good agreement with some of the previous works. Therefore, 

the mathematical model can provide a considerably accurate 

prediction for the laser distortion product. This mathematical 

model can become a useful tool in the modeling for the laser 

transmitter feed-forward linearization system design shown 

in Section II.  

 

ACKNOWLEDGMENT 

The authors acknowledge the Ministry of Higher 

Education Malaysia for the financial support through 

institutional grant funding. The gratitude also goes to the 

administration of Universiti Teknologi Malaysia (UTM) 

especially for Research Management Centre (RMC) for the 

financial support through Vot 77249.  

5 5.05 5.1 5.15 5.2 5.25 5.3 5.35 5.4 5.45

x 10
9

150

200

250

300

350

400

X: 5.2e+009

Y: 405.9

X: 5.21e+009

Y: 405.9

X: 5.22e+009

Y: 357.2

Frequency(Hz)

P
h
o
to

n
 D

e
n
s
it
y
 A

m
p
lit

u
d
e
(d

B
)

X: 5.19e+009

Y: 357.2

48.7dB Carrier Signal

IMD3 product

 

Fig. 2. Output spectrum for the laser transmitter model. 

REFERENCES 

[1] H. Sasai and S. Morikura, ―Demonstration of radio on fibre 

transmission using wide dynamic range scheme for IMT-2000 cellular 

systems,‖ IEICE Trans. Electron., vol. E86-C, no. 7, pp. 1153–1158, 

2003. 

[2] D. Hassin and R. Vahldieck, ―Improved feed-forward linearisation of 

laser diodes—simulation and experimental results,‖ in Proc. IEEE 

MTT-S IMS, 1990, pp. 727–730. 

[3] L. S. Fock and R. S. Tucker, ―Reduction of distortion in analogue 

modulated semiconductor lasers by feed-forward compensation,‖ 

Electron. Lett., vol. 27, no. 8, pp. 669–671, Apr. 1991. 

[4] S. Narayanan, ―Application of Volterra Series to Intermodulation 

Distortion Analysis of Transistor Feedback Amplifier,‖ IEEE Trans. 

Circuit Theory, vol. 17, Nov. 1970, pp. 518–527. 

[5] D. Hassin and R. Vahldieck, ―Feed-forward linearisation of analogue 

modulated laser diodes—theoretical analysis and experimental 

verification,‖ IEEE Trans. Microw. Theory Tech., vol. 41, no. 12, pp. 

2376–2382, Dec. 1993. 

[6] T. Biswas and W. McGee, ―Volterra series analysis of semiconductor 

laser diode,‖ IEEE Photon. Tech. Lett., vol. 3, no. 8, Aug. 1991, pp. 

706-708. 

[7] E. Bedrosian and S. O. Rice, ―The Output Properties of Volterra 

Systems (Nonlinear Systems with Memory) Driven by Harmonic and 

Gaussian Inputs,‖ Proc. IEEE, vol. 59, Dec. 1971, pp. 1688–1707.  

[8] M. Schetzen, ―Theory of pth-order inverses of nonlinear systems,‖ 

IEEE Transactions on Circuits and Systems, vol. cas-23, no. 5, May. 

1976, pp. 285-291. 

[9] Y. S. Neo, S. M. Idrus, S. Alifah, and E. F. M. Aon, ―Laser Nonlinearity 

Compensation for IEEE 802.11a Standard Radio Over Fiber System,‖ 

Proceedings of 2009 IEEE International Conference on Antennas, 

Propagation and Systems, INAS 2009, 2009. 

0

3 1 1 2 1

1 1

2 2

2

3

1 1
.( )

8

| ( , , ) | . | (0) |

| ( ) |

th

IMD
m i i

C

H H

H

  



 




0

3 2 2 1 1

1 1

2 2

2

3

2 1
.( )

8

| ( , , ) | . | (0) |

| ( ) |

th

IMD
m i i

C

H H

H

  



 




tItIti 21 coscos)(  

 
nm

mn tntmBtq
,

21 )cos()( 

tIMD

tIMD

tCtCtq

)2cos(2

)2cos(1

coscos)(

12

21

21













733

International Journal of Computer Theory and Engineering, Vol. 4, No. 5, October 2012



  

Neo Yun Sheng was born in Johor, Malaysia in 1985. 

He received the degree of engineering in electrical and 

electronics engineering in 2009 from the Universiti 

Teknologi Malaysia. He is currently pursuing his 

master degree in electrical engineering in Universiti 

Teknologi Malaysia. His current research interests 

include radio over fiber communication system, 

numerical mathematics, and optimization. 

 

Ismawati A. Ghani is a member of Faculty Of 

Electrical Engineering, Universiti Teknologi 

Malaysia. She received her Bachelor in Electrical 

Engineering (1982) from the University of Sheffield , 

United Kingdom, and Master in Electrical 

Engineering from Universiti Teknologi Malaysia. She 

served Universiti Teknologi Malaysia since 1982 

both as an academic and administrative staff. She is a 

member of the Bio-Medical and Instrumentation Electronic Research Group. 

She is also interested in optical communication system and network. 

 

 

 

Sevia M. Idrus is a member of Faculty Of Electrical 

Engineering, Universiti Teknologi Malaysia. She 

received Bachelor in Electrical Engineering (1998) 

and Master in Engineering Management (1999) both 

from the Universiti Teknologi Malaysia. She obtained 

her PhD in 2004, in the area of optical communication 

system engineering from the University Of Warwick, 

United Kingdom. She served Universiti Teknologi 

Malaysia since 1998 both as the academic and 

administrative staff. Her main research areas are optical communication 

system and network, optoelectronic design, radio over fiber system, optical 

wireless communication and engineering management. 

 

Mohd F. Rahmat was born in Johor Bahru, 

Malaysia in 1966.  He received the degree in 

electrical engineering from UniversitiTeknologi 

Malaysia, and the degree of Master of Science in 

Control System Engineering from The Unversity of 

Sheffield UK, and the degree of doctor philosophy in 

Electronic Instrumentation Engineering from 

Sheffield Hallam University UK, in 1989, 1993 and 

1996, respectively. Currently he is a Professor at the Department of Control 

and Instrumentation Engineering, Faculty of Electrical Engineering, UTM 

Johor Bahru Malaysia. His main research interests are on system 

identification, estimation, process tomography, and sensor actuator design 

application in control system. 

 

734

International Journal of Computer Theory and Engineering, Vol. 4, No. 5, October 2012


