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Abstract— This paper presents an optical feedforward 
linearization system to suppress the 3rd order intermodulation 
distortion (IMD3) products of a directly modulated laser for 
radio over fiber applications, with a detailed discussion on the 
technique used in adjusting the magnitude and phase shift 
parameters, and matching the path delay of the feedforward 
system. A reduction of 14dB in IMD3 product over a bandwidth 
of 40 MHz has been achieved at the end of the paper. 
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I.  INTRODUCTION  
The insatiable demand for high capacity data rate on mobile 

has caused the wireless communication system to evolve to the 
stage where the current technologies such as Long Term 
Evolution (LTE) and WiMAX IEEE802.16 standards have 
fallen short of the 4G data rate defined by the International 
Telecommunication Union (ITU). A cost effective solution to 
upgrade the current technology is to replace the conventional 
base stations with numerous simple remote antenna units 
(RAU) which are connected to a central station (CS) through 
radio over fiber (RoF) links. While the increase in number of 
RAUs can upgrade the system capacity to cater the demand of 
wireless service, the consolidation of signal processing 
functions in the CS can bring about major cost saving in capital 
and operational expenditure when including new RAUs. [1],[2]  

However, the main limitation of an RoF link is the 
intermodulation distortions from the laser transmitter which 
limit the achievable spurious free dynamic range (SFDR) of the 
analog RF wave transmissions. As a result, the modulation 
scheme, modulation depth and channel spacing have to be 
compromised, which lead to degradation in bandwidth 
efficiency.    

In order to meet the stringent requirement for various 
services of interests, linearization techniques have to be applied 
to improve the laser transmitter nonlinearity. Among the 
linearization schemes that have been carried out include 
electro-optical feedback, dual-parallel, optical injection, 
predistortion [3-6], and feedforward [7-9]. Reported works 

have shown that each technique have their advantages and 
disadvantages, while it is a rule of thumb that every techniques 
have to tradeoff between correcting capability and operating 
bandwidth with system cost and complexity. Feedforward 
system is a scheme capable of performing linearization over a 
large bandwidth at high frequencies, albeit with a relatively 
complicated and costly setup. The tradeoff is worthwhile in 
view of the demand for high channel capacity lightwave 
system.  

II. FEEDFORWARD SYSTEM ARCHITECTURE AND ANALYSIS 
The system architecture of the laser transmitter optical 

feedforward linearization system has been illustrated in Fig. 1. 
The system can be distinguished into 2 parts, namely the signal 
cancellation loop (SCL) and the error cancellation loop (ECL). 
The signal cancellation loop obtains a sample of the distortion 
products generated by the primary laser diode LD1, and this is 
achieved by detecting the distorted signal from LD1 through 
photodiode 1 (PD1) then cancel it with an error-free reference 
signal from a delayed path. The resultant signal will be an error 
signal which consists of only the distortion products of LD1. 
Given an arbitrary input signal tA ωcos , as the result of 
cancellation between the main path and the reference path, the 
signal observed at the output of the SCL, S1 is given as   
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where qe1 is the quantum efficiency of LD1, C1 is the coupling 
factor of optical coupler 1, R1 is the responsivity of PD1, RL is 
the output resistance of PD1, G1 is the gain of amplifier 1, 1 
and 1 are the delay and phase shift introduced along the main 
path respectively,  and 1 are the attenuation and phase shift 
given by the vector modulator 1 (VM1) respectively, and t1 is 
the delay given by the electrical delay. d is the distortion term 
generated by LD1, where it is constituted by the sum of 
spurious sinusoidal tones in any frequencies other than the 
main tone, as shown in (2). Equation (1) shows that in order to 
cancel the main tone, the attenuation and phase shift of VM1 
must be set as follows:    
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Fig. 1. Block diagram of optical feedforward linearization system 
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( ) πθτωφ ++−Δ= 1111 t             (4) 
Next, in the error cancellation circuit, the error signal will 

modulate the secondary laser diode (LD2) to generate a 
correcting signal in optical domain. LD2 is expected to be 
operating in the linear region as the correcting signal is small in 
magnitude. The correcting signal is then coupled together with 
the optical signal output from LD1 to be transmitted along the 
optical fiber link. At the receiver side of the optical fiber link, 
the optical signal is detected by another photodiode PD2 and 
converted back to RF signal. Cancellation of the error signal 
from the desired signal takes place in PD2, leaving only the 
desired signal at the output of PD2. Given the SCL output with 
the optimum cancellation S1=qe1C1R1RLG1Ad, as the result of 
cancellation between the main path and the correcting path, the 
optical signal at the ECL output, S2 is given as   
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where C2 is the coupling factor of optical coupler 2, t2 is the 
delay provided by the optical delay, G2 is the gain of amplifier 
2, qe2 is the quantum efficiency of LD2, 2 and 2 are the delay 
and phase shift introduced along the correcting path 
respectively, and  and 2 are the attenuation and phase shift 
provided by VM2. In order to eliminate the distortion terms, 
the attenuation and phase shift of VM2 must be set as follows:  
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The mathematical analysis above shows that optimum 
adjustment of the attenuations and phase shifts for the vector 
modulators in both SCL and ECL are essential for the 
feedforward system to achieve perfect distortion cancellation. 
Furthermore, Equation (4) and (7) have also shown that the 
optimum phase adjustment is varying for different frequencies, 
but the variation is less pronounced if the difference in the 
delay between the 2 cancelling path is smaller. This means that 

delay matching is essential for signal or distortion cancellations 
over a large bandwidth.  

III. SYSTEM SETUP 
In the measurement setup, commercial off-the-shelf 

components have been used. The primary and secondary laser 
diodes (LD1 and LD2) are electro-absorption (EA) modulator 
integrated distributed feedback laser diode (DFB-LD), with the 
wavelengths set at 1547nm and 1549nm respectively, and the 
operating current set at 61mA. The operating frequency of the 
system is set at 2.3 GHz, which is one of the operating 
frequencies for IEEE802.16e Standard WMAN communication 
systems. The input signal at LD1 is a 2-tone test signal at 2.3 
GHz with a frequency spacing of 10 MHz, where the RF power 
of the input signal is 10 dBm for each tone. Next, the 
optimization of the feedforward linearization system 
performance is carried out, whereby the magnitude and phase 
adjustment and path delay matching are performed in SCL 
first, and then followed by ECL.     

A. Magnitude and Phase Adjustment 
The output of SCL or ECL is visualized by connecting to 

an RF spectrum analyzer. In order to perform magnitude 
adjustment for the feedforward loops, the magnitude 
information of an individual path can be observed by 
disconnecting its cancelling counterpart from the input of the 
combiner or coupler. Then, the magnitude of the reference 
signal in SCL or correcting signal in ECL can be adjusted to 
approximate their corresponding counterparts by adjusting the 
gain of VM1 or VM2.  

Next, with both input ports of the combiner or coupler 
connected, the result of cancellation is observed while 
changing the phase of VM1 or VM2. The cancellation output is 
the lowest when both the input signals are in anti-phase, 
thereby achieving the optimum magnitude and phase 
adjustment. However, the non-ideality of the vector modulator 
due to the imbalance between the in-phase and quadrature path 
is causing the magnitude adjustment to become inconsistent 
over different phase adjustments. As a result, optimum 
magnitude and phase adjustment cannot be achieved 
simultaneously.  

To tackle this problem, the signal suppression resulted from 
the signal cancellation can be used to calculate the difference 
of the current vector modulator attenuation to the actual 
optimal vector modulator attenuation. Fig. 2 depicts the 
cancellation between 2 signals in anti-phase, the magnitude of 
the second signal is adjustable by controlling the vector 
modulator attenuation dB, and xdB is the resulted suppression 
in the first signal after the cancellation. Equation (8) shows 
how the actual optimal vector modulator attenuation is 
calculated.   

 

 

 

 
Fig. 2. Cancellation of 2 signals in anti-phase 
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B. Path Delay Matching 
As discussed in Section II, path delay matching is the 

determining factor for the cancellation bandwidth of the 
feedforward system. The delay difference between two paths 
can be determined by using the result of 2-tone signals 
cancelling. Fig. 3 illustrates the cancellation between two 2-
tone signals separated by a delay difference of t.  The two 
signals are matched in magnitude and phase at the frequency f1. 
As observed in the figure, the frequency f1 is almost totally 
suppressed while the frequency f1+ f is suppressed by xdB. The 
delay difference, t can be calculated as: 
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t
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By using the obtained delay difference, the path length 
difference, L can be calculated as: 

ctL ⋅Δ=Δ      (10) 

where c is the speed of light constant. 

IV. RESULT AND DISCUSSION 
Fig. 4 shows the RF spectrum of the uncompensated laser 

transmitter output. Third and higher order intermodulation 
distortion products have appeared on both sides of the 
fundamental signals, where the IMD3 level for the 
uncompensated system is about -21 dBc. On the other hand, 
Fig. 5 shows the RF spectrum of the laser transmitter output 
after feedforward linearization. At the compensated output, a 
reduction of 14 dB has been achieved for both of the IMD3 
products, equivalent to a bandwidth of 40 MHz.   

Next, the frequency spacing of the 2-tone signal is 
narrowed down to 1 MHz. Fig. 6 and Fig. 7 show the RF 
spectra of the uncompensated and compensated laser 
transmitter output respectively. The achievable reduction for 
both IMD3 products has increased to 20 dB.  This shows that a 
better reduction is achievable at a narrower bandwidth because 
the effect of path length difference is smaller. The matching of 
path delay needs to be improved to enhance the reduction 
margin at a larger bandwidth. 

 Fig. 8 shows how the output power of the fundamental 
signal and IMD3 product vary with the input power for a 
general optical link.  The fundamental signal power curve has a 
slope of 1, while the IMD3 power curve has a slope of 3. The 
spurious free dynamic range (SFDR) of the optical link can be 
defined as the difference between the minimum input power 
for the fundamental signal to be above the noise floor and the 
maximum input power where the IMD3 power starts exceeding 
the noise floor. As the slope of IMD3 power curve is 3 times of 
the slope of fundamental signal curve, 1 dB of IMD3 reduction 
will result in 1/3 dB of improvement in the SFDR. Hence, the 
IMD3 reduction of 14 dB and 20 dB from the above results can 

be translated into SFDR improvements of 4.7 dB and 6.7 dB 
respectively.        

 

 

 

 

 

Fig. 3. Cancellation of two 2-tone signals with a delay difference of t  

 

 

 

 

 

 

 

 

 

Fig. 4. Laser transmitter output before feedforward linearization (10 MHz 
freq spacing) 

 

 

 

 

 

 

 

 

Fig. 5. Laser transmitter output after feedforward linearization (10 MHz freq 
spacing) 

 

 

 

 

 

 

 

 

Fig. 6. Laser transmitter output before feedforward linearization (1 MHz freq 
spacing) 
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Fig. 7. Laser transmitter output after feedforward linearization (1 MHz freq 
spacing) 

Output noise 
power

Pout, dBm

Pin, dBm

Fundamental 
signal power

SFDR

Input noise 
power

Noise figure

IMD3 power 
(before 

linearization)

IMD3 power 
(after 

linearization)

IP3

SFDR

IMD3

 

Fig. 8. Output power vs input power of an optical link  

V. CONCLUSION 
As a conclusion, the optical feedforward linearization 

system has managed to achieve significant reduction in the 
IMD3 products over a wide bandwidth. The techniques used in 
the magnitude and phase adjustment, and path delay matching 
in this paper have successfully optimized the feedforward 
system performance.  
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