
I
e

S
a

b

c

a

A
R
A

K
D
F
I
V

1

d
i
t
t
a
R
c
p
t
fl
t

o
f
d
c
n
t
e
q

p

0
d

Optik 124 (2013) 631– 634

Contents lists available at SciVerse ScienceDirect

Optik

jou rna l homepage: www.elsev ier .de / i j leo

ntermodulation  distortion  analysis  of  feedforward  linearised  laser  transmitter
mploying  volterra  series  approach

uryani  Alifaha,b,  Sevia  M.  Idrusa,∗,  Norazan  M.  Kassima, Neo  Yun  Shenga, Mohd  F.  Rahmata,  R.J.  Greenc

Photonics Technology Laboratory, Faculty of Electrical Engineering, Universiti Teknologi Malaysia, 81310 Johor, Malaysia
Faculty of Industrial Technology, Universitas Islam Sultan Agung, 50112 Semarang, Indonesia
School of Engineering, University of Warwick, Coventry, United Kingdom

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 18 August 2011
ccepted 24 December 2011

a  b  s  t  r  a  c  t

This  paper  demonstrates  intermodulation  distortion  (IMD)  analysis  of  a feedforward  linearisation  tech-
nique  in  directly  modulated  semiconductor  laser  employing  a  Volterra  series  approach.  Variations  of  IMD
suppression  with  RF  modulation  frequency  as  well  as  modulation  index  are  shown.  The  results  show  that
eywords:
irectly modulated semiconductor laser
eedforward linearisation
ntermodulation distortion

the  proposed  system  can  reduce  the  third  intermodulation  distortion  (IMD3)  by  more  than  45  dB  for  the
wide frequency  range  from  500  MHz  to  10 GHz,  30 mA  bias  current  and  0.1  modulation  index.  It is also
shown that  the  IMD3  reductions  remain  constantly  for variation  of  the  index  modulation  from  0.1  to 0.9.
Therefore  the  proposed  system  can  reduce  significantly  IMD  without  influence  of  input  power  level.

© 2012 Elsevier GmbH. All rights reserved.
olterra series

. Introduction

The drastic demands of subscribers for voice, data, and multime-
ia services give pressure on wireless communication systems to

ncrease both their transmission capacity and coverage. However
here is a trade off between coverage and capacity. The integra-
ion of optical networks and radio networks become the most
ttractive solutions to overcome that trade off and is known as
adio-over-Fibre (RoF) technology. With the high transmission
apacity, comparatively low cost and low attenuation, optical fibre
rovides an ideal solution for accomplishing these interconnec-
ions. In addition, a radio system enables the significant mobility,
exibility and easy access. Therefore, RoF technology is suitable for
he future high-speed broadband wireless communication [1,2].

An intensity modulation scheme employing direct modulation
f a semiconductor laser is the most commonly used technique
or the optical generation and distribution of the RF signal method
ue to simplicity, compactness, less expensive cost and efficient
oupling of optical laser output to the fibre [2,3]. However, the
onlinearity of a laser diode is a significant cause of limitation on
he performance of a multi-channel RoF system [2].  Therefore lin-
arisation of the devices is very important to improve the system

uality.

Many linearisation techniques have been proposed to sup-
ress that nonlinearity [4–9], however each technique has some

∗ Corresponding author. Tel.: +60 75535302; fax: +60 75566272.
E-mail address: sevia@fke.utm.my (S.M. Idrus).

030-4026/$ – see front matter ©  2012 Elsevier GmbH. All rights reserved.
oi:10.1016/j.ijleo.2011.12.041
limitations. Predistortion technique might be a simpler approach
but it has some restrictions since it exhibits device dependency and
difficulty to suppress all order distortions simultaneously [4,5]. To
overcome device dependency, feedback technique was proposed
by some researchers. Besides being a promising approach due to
its cost effectiveness and its simplicity, this technique is device-
independent and it can operate smoothly regardless of various
device parameters. However, the feedback linearisation technique
exhibits limited operating bandwidth due to potential instability of
the feedback loop at high frequency [6].  Likewise, the dual paral-
lel modulation technique also suffers from narrow bandwidth [7].
Feed-forward linearisation technique offers a number of advan-
tages compared to other techniques such as broadband distortion
reduction at high frequency and reduction in all orders of distortion
simultaneously [8,9].

The accurate model of optical feedforward transmitter is
required for evaluation and optimisation of the system perfor-
mance. Previously, a semiconductor laser nonlinearity has been
modelled using Volterra series analysis [9–12]. In this paper, the
Volterra series approach is used to provide a complete and accurate
model for evaluation and optimisation of the proposed laser trans-
mitter employing feedforward technique since we are dealing with
a nonlinear system with memory. Variations of intermodulation
distortion (IMD) suppression with RF modulation frequency as well
as modulation index are shown. The analytical works show that the

proposed system can reduce significantly IMD  without influence of
input power level. From the equation, it is also shown that distor-
tion suppression is mainly influenced by the amplitude and phase
imbalance in the second interference loop.

dx.doi.org/10.1016/j.ijleo.2011.12.041
http://www.sciencedirect.com/science/journal/00304026
http://www.elsevier.de/ijleo
mailto:sevia@fke.utm.my
dx.doi.org/10.1016/j.ijleo.2011.12.041
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second loops, respectively.
From Eq. (10), the Volterra transfer functions of the overall sys-

tems F1(ω) and F3(ω1,ω2,ω3) are unknown and will be solved by
replacing the first-degree and third-degree terms successively. By
32 S. Alifah et al. / Op

. Volterra transfer function of the semiconductor laser

Volterra series approach is suitable to represent nonlinear sys-
ems with memory and is very useful to calculate small distortions
hen the number of terms required in the Volterra series expan-

ion is small. Semiconductor lasers have been modelled previously
sing Volterra series representation [9–12] and will be reviewed in
his section.

Semiconductor lasers exhibit nonlinear behaviours that can be
xpressed by the laser rate equations. From the equations, it can be
een that the output photon density is related to the input injection
urrent in term of the laser parameter. The output photon density
an simply be omitted due to the spontaneous products being very
mall compared to the stimulated products in lasing condition. Fur-
hermore, the two rate equations are combined to form the output
o input equation [9,10]

a − Ith = eV

[
1
�

· dQ

dt
+ 1

��p
· Q − 1

�g

]
· d

dt

[
(dQ/dt)  + (Q/�p)

(1 − εQ )Q

]
(1)

Semiconductor lasers need to be modelled in order to analyse
he distortion products. From Eq. (1),  one can see that the laser
onlinearity has a memory; hence the used of Volterra series rep-
esentation to model the lasers. While the injection current is well
bove threshold, the lasers exhibit a weak non-linearity. Therefore
he use of third order Volterra transfer function modelling is ade-
uate. The first three Volterra transfer function of the laser system
re denoted as H1, H2 and H3 is given [9]

1(ω1) = 1
G1(ω1)

(2)

2(ω1, ω2) = 1
2

· G2(ω1, ω2)
G1(ω1) · G1(ω2) · G1(ω1 + ω2)

(3)

H3(ω1, ω2, ω3)

= 1
6

· G3(ω1, ω2, ω3)H1(ω1)H1(ω2)H1(ω3) − G2(ω1 + ω2, ω3)Z
G1(ω1 + ω2 + ω3)

(4)

 = H1(ω1)H2(ω2, ω3) + H1(ω2)H2(ω1, ω3) + H1(ω3)H2(ω1, ω2)

(5)

Based on the Volterra transfer functions of semiconductor laser,
he ratio of the third inter-modulation product with respect to the
arrier is given in dB by [9]

IMD32ω1−ω2

C

= 20 log10

{
3
4

·  m2 · (Idc − Ith)2 · |H3(ω1, ω1, −ω2)| · |H1(0)|2
|H1(ω1)|3

}
(6)

. Distortion analysis of the optical feedforward
ransmitter
In this section, the proposed feedforward laser transmitter will
e modelled based on the semiconductor model from the previ-
us section. The system is represented in Fig. 1, while its Volterra
odel counterpart is depicted in Fig. 2. Since it is assumed that the
Fig. 1. System representation.

system requires less than octave bandwidth to operate, the distor-
tion associated with second-degree terms will fall outside this band
and will be neglected, thus only in-band distortion components
produced by the third degree terms will be considered. In Fig. 1,
the main semiconductor laser is represented by the first order and
third order Volterra transfer functions H1(ω) and H3(ω1, ω2, ω3),
respectively, as defined in [9].  The second laser is assumed to be
linear since it is modulated in a linear region and is represented by
the first order Volterra transfer function H′

1(ω). The coupling coef-
ficient of the first and second optical coupler is depicted by C1 and
C2, respectively, and the complimentary coupling coefficients are

C ′
1 = 1 − C1 (7)

and

C ′
2 = 1 − C2 (8)

�t1 is taken to be the total delay introduced in the reference path
of the signal cancellation loop and �t2 is the total delay introduced
in the main path of the error cancellation loop.

Furthermore we  assume to use a lossless 3 dB power splitter.
Therefore the modulated current Im(t) is split into two  identical
signals by the electrical power splitter,

Im(t) = I(t)√
2

(9)

The Volterra transfer functions of the proposed feedforward
system are shown in Fig. 2. It is represented by F1(ω) and
F3(ω1,ω2,ω3) and will be derived in terms of system parameters.
The input–output relation of the system is expressed by the equa-
tion

Pout = F(I) = C ′
2T2

(
C ′

1H
(

I√
2

))
+ C2ϕ

(
ˇ

[
H′

1

(
T1

(
�

(
˛I√

2

)))
− C1H

(
I√
2

)])
(10)

where H, H′, and F are the operators corresponding to the main
laser, the second laser and the overall system respectively. T1 and
T2 are the operators corresponding to the time delay in the first and
Fig. 2. Volterra transfer function of overall system.



S. Alifah et al. / Optik 124 (2013) 631– 634 633

Table 1
Laser parameter.

Parameter Symbol Value

Volume of active region times electronic charge eV 1.28e−35 A m3 s
Photon lifetime �p 1 ps
Carrier lifetime �n 1.69 ns
Carrier density at transparency No 1.27 × 1024 m−3

Gain coefficient g 3.5 × 10−12 m3 s−1

Confinement factor � 0.37
Spontaneous-emission coefficient  ̌ 2 × 10−3

Gain compression parameter ε 3.1 × 10−23 m3

Threshold current Ith 16 mA
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ig. 3. Variation of IMD3/C with frequency f1 before and after linearisation at bias
urrent 30 mA,  index modulation 0.1 and �f  100 kHz.

eplacing the first-degree terms in Eq. (10), Eq. (11) the first-order
olterra transfer function is obtained.

t

0

f1(t − �)i(�)d� =

[
C ′

1C ′
2

∫ (t−�t2)
0

h1(t − �t2 − �)i(�)d� + ˛ˇC2ej(

q. (12) is the Fourier transform of Eq. (7).

1(ω) = [C ′
1C ′

2H1(ω) · e−jω�t2 + ˛ˇC2H′
1(ω) · e−j(ω�t1−�−ϕ) − C1C2ˇe√

2

imilar process is applied to the third order Volterra transfer func-
ion∫ ∫ t

0

∫
f3(t − �1, t − �2, t − �3) ·

3∏
n=1

i(�n)d�n

=

[
C ′

1C ′
2

∫  ∫ t−�t2
0

∫
h3(t − �t2 − �1, t − �t2 − �2, t − �t2 − �3)

3∏
n=
2

nd also the Fourier transform for the third order,

3(ω1, ω2, ω3) = H3(ω1, ω2, ω3)

2
√

2
[C ′

1C ′
2e−j(ω1+ω2+ω3)�t2 − C1C2ˇejϕ]

(14)

Finally, the third inter-modulation product of the system can be
alculated by replacing the values of F1 and F3 from Eqs. (12) and
14) respectively into Eq. (6),

IMD32ω1−ω2

C

= 20 log10

{
3
4

·  m2 · (Idc − Ith)2 · |F3(ω1, ω1, −ω2)|.|F1(0)|2
|F1(ω1)|3

}
(15)
t

0
h′

1(t − �)i(� − �t1)d� − C1C2ˇejϕ
∫ t

0
h1(t − �)i(�)d�

]
√

2
(11)

1(ω)]
(12)

)d�n − C1C2ˇejϕ
∫  ∫ t

0

∫
h3(t − �1, t − �2, t − �3)

3∏
n=1

i(�n)d�n

]
(13)

Fig. 4. Variation of IMD3 reduction with frequency f1 at bias current 30 mA,  index
modulation 0.3 and �f 100 kHz.

Eq. (15) gives the value of the third inter-modulation product of
the proposed system as shown in Fig. 1. The inter-modulation in this
feedforward system will be zero if the condition |F3(jω1, jω1, −jω2)|
equals zero. According to Eq. (14), this condition is met  when

ˇ = C ′
1C ′

2
C1C2

(16)

and

ϕ = −(2ω1 − ω2)�t2 (17)

4. Result and discussion

Analysis has been done on IMD3 products of the proposed sys-
tem before and after linearisation. The equations are simulated
using MATLAB and laser parameters are listed in Table 1. In this
section, corresponding results will be discussed.

Fig. 3 shows the variation of the IMD3/C products before and
after linearisation measured as a function f1 varying from 500 MHz
to 10 GHz with step size of 100 kHz. It can be seen that IMD3/C prod-

ucts increase by increasing the modulation frequency. The IMD3/C
vary between −96 dBc and −38 dBc before the linearisation took
place. After linearisation, lowered IMD3/C products are observed
ranging between −148 dBc and −84 dBc. In Fig. 4, one can see that
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[11] H.M. Salgado, J.J. O’Reilly, Volterra series analysis of distortion in semiconductor
ig. 5. Variation of IMD3/C with index modulation before and after linearisation at
ias current 30 mA,  frequency f1 5.8 GHz, �f  100 kHz.

he proposed system can reduce the IMD3 by more than 45 dB for
he wide frequency range from 500 MHz  to 10 GHz, 30 mA  bias
urrent and 0.1 modulation index.

Fig. 5 shows the effect of varying index modulation from 0.1 to
.9 on IMD3/C products at 5.8 GHz RF modulation frequency and
0 mA  bias current. For both before and after linearisation, the sys-
em exhibits an increment of IMD3 while the index modulation
ncrease. In the meantime, the IMD3 reduction remains constantly
round 50 dB.

. Conclusions

Feasibility of the proposed optical feedforward transmitter to
uppress the intermodulation distortion has been investigated at
ide frequency range from 500 MHz  to 10 GHz. The complete and

ccurate model of the overall system has been derived employ-
ng Volterra series approach for evaluation and optimisation the

ystem performance. The equations have shown that the distor-
ion reduction is mainly influence by the component parameter in
he second loop. Investigation on variations of the intermodula-
ion distortion suppression with RF modulation frequency as well

[

4 (2013) 631– 634

as modulation index have shown that IMD3/C products increase by
increasing the modulation frequency as well as modulation index.
In the meantime, the IMD3 products have been reduced signifi-
cantly without influence of the input power level.
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