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SUMMARY

The task of reducing the noise and distortion generated by a laser transmitter has always been a challenge to improve
the performance of radio over fiber systems. This paper presents a compensation system for nonlinear distortion of
a laser transmitter supporting 5.2GHz radio transmission over fiber employing a feed-forward linearization
technique. The nonlinearity of the laser diode is modeled using Volterra series analysis. The proposed linearization
system is also simulated using commercial optical system software. The novel design has achieved 30dB nonlinearity
reduction considering 800MHz modulation bandwidth. As an addition, this work also analyzes the effect of
transmission length towards distortion reduction of the proposed system. Copyright © 2011 JohnWiley & Sons, Ltd.

Received 27 September 2010; Revised 11 May 2011; Accepted 16 June 2011

KEY WORDS: radio over fiber; laser transmitter; feed-forward linearization; nonlinear distortion
1. INTRODUCTION

The tremendous growth in wireless communication systems for multimedia information has brought
about the need for higher rates in data transmission. Hence, a transmissionmediumwith higher bandwidth
is needed. Because of their inherent speed, semiconductor lasers are of great interest as optical devices for
fast data regeneration (reamplification, retiming, reshaping) in future photonic networks. Typically, these
devices have a nonstationary working regime [1]. The prediction of semiconductor laser dynamics and
operation under both periodic and nonperiodic conditions require often the use of a numerical model. The
numerical models can be classified into two groups, namely time domain and frequency domain models
[2] [3]. A common approach is to solve a set of rate equations for photon and carrier densities, using one
related equation of the numerical solution [4]. The semiconductor lasers can also be modeled by
transmission-line modeling methods, which use the sampled optical field as a variable [5]. In this paper,
the former method is used and the laser rate equation is solved using Volterra series analysis [6].

This paper will continue as follows. Section 2 introduces the architecture of the proposed feed-
forward system. Section 3 introduces the theoretical model of the laser nonlinear distortion, whereas
Section 3.4 discusses the simulation result. Finally, Section 4 is the conclusion.
2. ARCHITECTURE OF THE PROPOSED FEED-FORWARD SYSTEM

Radio over fiber technology provides a promising solution to the new network architecture by simplifying
the structure of the base station and centralizing the processing functions such as modulation,
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demodulation, and coding at the central station. Simplification of base stationswill bringmassive reduction
in installation and maintenance costs and also save processing power. However, the nonlinearities in the
laser transmitter have caused serious performance degradation in the radio over fiber link. The laser
nonlinearities introduce harmonic and intermodulation distortion (IMD) in themodulating radio frequency
(RF) signal. These distortions are of concern because they can cause interference between channels.

The cancellation of third-order IMD is often a problem. This is because the frequency spacing
between transmission channels is usually tight and the third-order intermodulation products will
become too close to the carrier signals to be filtered out. Therefore, several compensation techniques
such as feed-forward, quasi feed-forward, feedback, and predistortion have been considered. The feed-
forward linearization system is seen as the most effective technique because it can achieve reduction in
all orders of distortion for large bandwidth and high frequency without knowing the nonlinear
characteristics of the laser [7]. However, feed-forward is a relatively complicated and sensitive
scheme, as it requires accurate path matching to obtain good distortion cancellation. Hence, an
automatic control system is needed to monitor the operation of the feed-forward linearization system.

Figure 1 shows the block diagram of the proposed feed-forward system. Feed-forward linearization
consists of the cancellation of the distortion products at the output of a nonlinear system. To achieve
this, a small portion of the input signal to the system is subtracted from a sample of the output of the
system, obtaining in this way a third signal that only contains the distortion products of the nonlinear
system. Then, the distortion signal is amplified by a low distortion auxiliary amplifier and subtracted
from the output of the system, canceling out the distortion.

It is seen that the input to the linear amplifier is intended to represent the additive distortion
products present at the output of the nonlinear system. These products, after being scaled back up to
their original magnitudes, are then subtracted from the nonlinear system output to obtain the input
signal without distortion. The gains of both of the variable amplifiers must be very well matched to the
nonlinear system. The scaling adjustments (gains) are bound to be disrupted by any sort of drift or
process variations, unless they can be made to track each other.

To achieve accurate scaling adjustments, the output of the inner loop and the outer loop are
feedback to an automatic gain controller. The automatic gain controller will perform some algorithm to
tune the gain values of the variable amplifiers towards complete input signal and distortion products
cancellation in the inner loop and outer loop, respectively. In an ideal situation, if the path matching in
both loops is perfect, the output signal should contain only the desired input signal.
3. THEORETICAL MODEL

3.1. Mathematical model

There is a hierarchy of models describing the behavior of semiconductor lasers ranging from the
Maxwell–Bloch equations to systems of delay-differential equations and simple rate equations [1]. A
simple and powerful approach for understanding the basic dynamical behavior of a laser is based on a
Figure 1. Block diagram of proposed system.
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rate equation model in which simple balance equations for the total number of atoms undergoing a
transition and the total number of photons created or annihilated are proposed [8].

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 [6]:

Ia � Ith ¼ V ′

Γ
� dQ
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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
tp photon lifetime
g optical gain factor
e gain compression parameter

The numerical parameters of the laser in Equation (1) are shown in Table I. The term V′, which
combines the active region volume and the electron charge, does not have any physical significance, but it
is used to calculate the rate of change of carrier density in the active region caused by the injected current.

Because Equation (1) relates the input modulating current to the photon density, it is regarded as an
output-to-input connection [9]. By using the harmonic input method to analyze the time-varying part
of Equation (1), the first three Volterra kernels of an inverse laser system, G1, G2, and G3 can be
obtained in the frequency domain [10]. Then, the first three input-to-output transfer functions, Hn

(o1,o2,. . .on) can be calculated from Gn using the nth-order inverse method [11].
By using the forward transfer functions H1, H2, and H3, any selected distortion term of second and

third orders 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 2o1�o2 with respect to the carrier is given by

IMD1
C

¼ 1
8
m2� I0 � Ithð Þ2� jH3 o1;o1;�o2ð Þj�jH1 0ð Þj2

jH1 o1ð Þj3 (2)

where I0 is the laser’s biasing current and m is the optical modulation index per tone.
In a similar way, the ratio of a third-order intermodulation product of the type 2o2�o1 with respect

to the carrier is given by

IMD2
C

¼ 1
8
m2� I0 � Ithð Þ2� jH3 o2;o2;�o1ð Þj�jH1 0ð Þj2

jH1 o1ð Þj3 (3)
Table I. Numerical parameters in Equation (1).

Parameters Description Values

Ith Laser threshold current 21mA
V′ Volume of the active region times the electron charge 1.44�10�35m3.coulomb
Γ Optical confinement factor 0.646
tp Photon lifetime 2ps
g Optical gain factor 1�10�12m3s�1

e Gain compression parameter 3.8�10�23m3
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Because of the nonlinear properties of the laser transmitter, the output of the laser will be the sum of
the carrier signal and the distortion signals. For a two-tone modulating signal

i tð Þ ¼ I coso1t þ I coso2t (4)

The output photon density of the laser transmitter will be

q tð Þ ¼ C coso1t þ C coso2t þ IMD1 cos 2o1 � o2ð Þt þ IMD2 cos 2o2 � o1ð Þt
2HD cos 2o1t þ 3HD cos 3o1t þ 2IMD cos o1 � o2ð Þt
þother distortion terms

(5)

where C, IMD1 and IMD2, 2HD, 3HD, and 2IMD are the magnitudes of the carrier signal, third-order
intermodulation products, second-order harmonics, third-order harmonics, and second-order inter-
modulation products, respectively.

Because the elimination of third-order intermodulation signals is the subject of interest in this
paper, the mathematical model will only focus on the third-order IMD terms, whereas the other
distortion terms are ignored. Hence, the output signal becomes

q tð Þ ¼ C coso1t þ C coso2t þ IMD1 cos 2o1 � o2ð Þt þ IMD2 cos 2o2 � o1ð Þt (6)

3.2. System model

The mathematical model of the laser distortion derived in Section 3.1 is computed in MATLAB (The
MathWorks Inc., Natick,MA, USA). The laser transmitter systemmodels with andwithout feed-forward
linearization system are shown in Figures 2 and 3, respectively. The laser transmitter output in the system
is evaluated as the sum of carrier signal and the third-order IMD products. The input signal to the system
model is a two-tone input at frequency 5.2GHz with 10MHz separation. The laser diodes are at bias
current of 36.75mAwith an electrical modulation depth of 0.5. The shape of the input modulating signal
is shown in Figure 4, whereas the third-order IMD products (IMD1 and IMD2) are shown in Figure 5.

The output of the laser transmitter system models is sampled, and Fast Fourier Transform is used to
obtain the output signal spectrum. The output signal spectra of the laser transmitter system without and
with the proposed feed-forward linearization system are shown in Figures 6 and 7, respectively. In the
laser transmitter system without the feed-forward linearization system, the difference between the
carrier signal and IMD3 product is 48.78dB. On the other hand, in the laser transmitter system with
feed-forward linearization system, the difference between the carrier signal and IMD3 product is
129.18dB. This has shown reduction of 80.4dB in IMD3 product.

However, several limitations for the feed-forward linearization system, such as the nonlinearities of
the second laser diode, phase mismatch, and path delay mismatch have not been considered in the
simulation. Hence, in practice, the reduction of the IMD3 product might be much lower.

3.3. The optical system design

OPTISYSTEM (Optiwave, Ottawa, ON, Canada) is a system level simulator based on the realistic
modeling of fiber-optic communication systems. It possesses a powerful simulation environment. It
reflects the truly hierarchical definition of components and systems. To predict the system performance,
Figure 2. System model of laser transmitter without feed-forward linearization.
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Figure 3. System model of laser transmitter with feed-forward linearization.

Figure 4. Input modulating signal.
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various types of numerical analysis or semianalytical techniques are used to calculate all the parameters
in the system [12].

The proposed feed-forward linearization system is modeled with the aid of OPTISYSTEM 8.0 to
obtain a more realistic analysis. The modulation dynamics of the laser in the system are modeled by
laser rate equation, and the differential equations are solved by the Runge–Kutta algorithm. Figure 8
shows the proposed laser transmitter system modeled in OPTISYSTEM 8.0.

The system consists of two loops, where the inner loop is the signal cancellation loop and the outer
loop is the distortion cancellation loop. In the signal cancellation loop, the RF input is split into two
paths employing the electrical splitter, where one modulates the primary laser diode circuit LD1,
whereas the other is an error-free reference path. Further on, the optical output of LD1 is split into two
paths, where one is transmitted through an optical fiber, whereas the other one is detected by the first
photodetector, PD1, to convert back to the RF signal containing distortion from LD1. The RF signal
with distortion is subtracted from the reference signal from the error-free reference path. The resulting
output signal should consist of the error signal only. The attenuator and variable amplifier A1 in the
first loop function as amplitude matching between the two paths to obtain the optimum signal
cancellation. The error signal is then injected into the error cancellation loop.
Copyright © 2011 John Wiley & Sons, Ltd. Int. J. Numer. Model. (2011)
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Figure 5. Third-order intermodulation distortion products.

Figure 6. Output signal spectrum for laser transmitter system without feed-forward linearization.
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On the other hand, in the error cancellation loop, the error RF signal with the opposite phase modulates
the second laser diode circuit LD2. Because laser LD2 is directly modulated with the low-level distortion
products, it can be assumed to operate linearly and not generate significant distortion of its own. The optical
output of LD2 is combined to the optical signal from the first path (output of L1) employing an optical
coupler for cancelling the error signal. The variable amplifier in the second loop functions as amplitude
matching between two paths to obtain the optimum error cancellation. Therefore, the output of the
transmitter contains the data signal and the optimum error reduction. After this, the signal is transmitted
through the transmission line (fiber line) and is detected by the second photodetector, PD2.

3.4. System simulation results

In this simulation, the results are only focused on customized third-order IMDs. The gains of the
amplifiers, which are parameters in the feed-forward linearization system, are optimized to reduce the
distortions introduced by the laser diode.
Copyright © 2011 John Wiley & Sons, Ltd. Int. J. Numer. Model. (2011)
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Figure 7. Output signal spectrum for laser transmitter system with feed-forward linearization.

Figure 8. Laser transmitter feed-forward linearization system in OPTISYSTEM 8.0.

Figure 9. IMD3 with and without feed-forward linearization system at 5.2GHz operating frequency.
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Figure 10. IMD3 product with and without feed-forward linearization for radio over fiber link up to 120km.

Y. S. NEO ET AL.
The simulations predicted the detected RF spectrum and relative intensity noise using the proposed
feed-forward linearization scheme compared with a system without linearization. Figure 9 shows the
detected electrical spectrum of the optical output with and without the proposed feed-forward
linearization system at 5.2GHz operating frequency.

It can be seen that a significant reduction of third and higher order IMD products up to 30dB can be
achieved using the proposed feed-forward linearization system. This is much lower than the result
shown in Section 3.3. This is because the model shown in this section, which is developed using
OPTISYSTEM 8.0, has considered several limitations such as the nonlinearities of the second laser diode,
phase difference, and path delay, which are not considered in the theoretical model in Section 3.3.

The reduction of the distortions for systems with and without feed-forward linearization system was
also investigated for varied step index single mode fiber (SMF/SI) fiber length. Figure 10 shows the
IMD3 product with and without feed-forward linearization system for distances from 0 to 120km. It is
observed that the IMD3 reduction is minimum at 20km (23dB) and maximum at 50km (43dB).
Overall, the IMD3 reduction has reached 30dB and above on average.
4. CONCLUSION

Modeling and simulation of our proposed feed-forward linearization system considering a
mathematical laser model in Section 3 shows a reduction in third-order IMD products up to 80.4dB.
However, later simulation using commercial optical system software has shown a reduction in third and
higher order IMD products up to 30dB. This simulation has shown a much lower result because the
nonlinearities of the second laser diode, phase difference, and path delay have been considered in the
system model. In addition, the simulator can predict the reductions of distortions for different optical
fiber transmission length. On the other hand, the simulator also shows that in practice, accurate path
matching is more difficult to achieve than in theoretical model.
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