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Equivalent Circuit Model for Multi-Electrode
Semiconductor Optical Amplifiers and Analysis of

Inline Photodetection in Bidirectional Transmissions
A. Sharaiha and M. Guegan

Abstract—A rate equation model for static and dynamic be-
havior for bidirectional transmission in a multisection semicon-
ductor optical amplifier (SOA) is presented. The rate equations
for each section have been implemented on an electrical simulator.
Here, we have used the model to study the inline photodetection in
presence of bidirectional transmission. Small signal photodetection
response in presence of co- and contrapropagating signals is given.
The photodetection crosstalk expression in bidirectional transmis-
sion has also been reported. Simultaneous bidirectional photode-
tection experiments using a three-electrode SOA show good agree-
ment between measured crosstalk and simulated results obtained
by harmonic balance method. A photodetection response nearly
free of crosstalk has been obtained for certain operating conditions
due to the cross gain modulation between contrapropagating sig-
nals.

Index Terms—Bidirectional detection, equivalent circuit, optical
duplex transmission, photodetectors, semiconductor optical ampli-
fier (SOA), SOA device modeling.

I. INTRODUCTION

SEMICONDUCTOR optical amplifiers (SOA’s) are likely
to play an important role in future optical communication

links. They have demonstrated their multifunctional capability
by combining optical amplification with either modulation, pho-
todetection, gating, and wavelength conversion [1]–[9]. Using
multi-electrode SOA permit to optimize and to increase SOA
applications [10]–[14]. In optical duplex transmission, a simul-
taneous inline photodetection has been reported [14] by using a
two-electrode SOA. The signal detection can be performed over
all the SOA spectral dB bandwidth, which can be interesting
in WDM applications.

In this paper, we present a model for multi-electrode SOA’s in
presence of co- and contrapropagating signals. This numerical
model for a multi-electrode SOA is based on that used previ-
ously [15]–[20]. In our work, the SOA is divided into sec-
tions and we consider that all fields may be approximated by the
propagation of plane waves and the carrier density is regarded as
a constant in each SOA section. A rate equation model is used to
describe the dynamics of the carrier concentrations in each sec-
tion. In each one, analytical expressions of the average photon
densities for amplified spontaneous emission, and for co– and
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contradirectional optical input signals are given. The rate equa-
tions of the SOA model are then transformed under the form of
an equivalent circuit [21]–[23], which allows the use of a com-
mercial electrical simulator.

Here we have applied the model to study the inline pho-
todetection in presence of bidirectional transmission but it can
also be used to simulate other SOA functions as modulation,
switching and wavelength conversion. Small signal photodetec-
tion response in presence of co and contrapropagating signals
is given. The photodetection crosstalk expression in bidirec-
tional transmission has also been reported. Experimental mea-
surements of photodetection crosstalk are obtained by using a
three-electrode SOA and are compared with simulation.

II. EQUIVALENT CIRCUIT MODEL FOR A MULTI-ELECTRODE

SOA

A. Cavity Model

A multi-electrode SOA with contacts can be divided into
sections excluding the two amplifier facets (Fig. 1). The input

facet, of field reflectance , and transmittance is situated at
. It receives at an input field at the wavelength

. The corresponding reflected field is noted . The output
facet, of field reflectance , and transmittance is situated at

and emits a field . The fields amplitude of the
amplified signal due to the optical gain in the active region of the

th section and the intensity of the amplified spontaneous
emission (ASE) coupled to theth optical mode can
be given in the -direction by [15], [17], [20]

(1)

(2)

where
superscript + or corresponding to whether they are

moving in the positive or negative-di-
rections;
spontaneous emission coupling factor;
spontaneous emission rate;
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photon energy;
wavenumber;
net power gain given by

where is the confine-
ment factor for the intensity of the
fundamental wave guide mode;
internal loss;
material gain.

The material gain is assumed to shift linearly with the carrier
density.

The state of the field at any given abscissais related to the
state of the field at any other abscissa by transfer matrix
[19], [24]

(3)

where is the simple pass SOA gain at
in the th section for a length.
The above relationship can be written in a more compact form

as

(4)

where represents the column matrix and is the
transfer matrix.

The relationship between and can be found through
the iterative use of the transfer matrix relation in (4) and the
transfer matrix of the SOA input and output facets [19]

(5)
From (5) the gain of the amplifier can be calculated as

(6)

where is the total simple pass SOA gain;
and is the single-pass phase change

in the th section. In the limit of a single-section SOA, this re-
sult reduces to the well known expression for transmission of a
Fabry–Perot cavity with gain [15], [17].

The average photon density for the signal at wavelengthin
the th section can be given by

(7)

Fig. 1. Cavity model of a multi-electrode SOA divided intoM sections. The
signal field is denoted byF , the spontaneous intensity is given byI , and the
carrier density byN .

where
is the photon energy at ;
is the group velocity;
is the length of th section.

We note in (7), that the interference terms between forward and
backward traveling waves, , have been neglected [15]–[17].

can then be expressed as a function of through the
iterative use of transfer matrix relation in (4)

(8)

By using (7) and (8), can be calculated and be written as

(9)

where for . and are, respectively,
the width and thickness of the active region. The input power

is obtained from . Equation (9)
reduces to the corresponding result for single-section and two-
section SOA [15]–[17].

In the case where an input field arrives at , the
reflected field is and emits a field at . The
transfer matrix of the SOA becomes

(10)
By similar development as in (7) and (8), we can obtain the
average photon density in theth section by

(11)

where for .
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In the case of multichannel amplification using SOA and
in presence of co- and contrapropagating signals, the average
photon density in the th section can be given by

(12)

In this model, we assume that the minimum spacing between
channels can be considered as sufficient to neglect the effect of
the beat frequency between channels [20]. In fact, ITU standard
fiber optic telecommunication for 16, 32, or 48 channels is typ-
ically 100 and 50 GHz. This approximation leads to

(13)

The average ASE photon density in theth section
is calculated [15]–[17], [20] as

(14)

The integration constants can be calculated by using the
boundary conditions

(15)

Equation (15) can be written under a matrix form, as
shown in (16) at the bottom of the page where

The determinant of matrix

(17)

where

is the laser gain threshold condition which is different from zero
for a low facets reflectivities SOA. The analytical expression of

can then be obtained by the inversion of matrix.

B. Electron Rate Equations and Equivalent Circuit

A rate equation model is used to describe the dynamics of the
carrier concentrations in each section

modes
(18)

where is the current into the active region of the section.is
the electron charge. is the total spontaneous recombina-

(16)



SHARAIHA AND GUEGAN: EQUIVALENT CIRCUIT MODEL FOR MULTI-ELECTRODE SOA’S AND INLINE PHOTODETECTION 703

tion rate of the electrons given by
where , and are spontaneous electron re-

combination coefficients. In (18) the analytical expressions of
, and are established. In that way, for a

set of injection currents and input signals propagating along the
-axis, respectively in the positive and the negative direction,

the performances of the amplifier are completely determined by
carrier densities, obtained by solving togetherequations.

This approach permits to use electrical circuit simulator for
the calculation of . This leads to the transformation of the

rate equations under the form of an equivalent circuit model.
The carrier density is related to the voltage of the SOA
through Boltzmann’s statistics

(19)

where
equilibrium electron density;

where is Boltzmann’s constant;

absolute temperature;

factor of ideality.

The equivalent circuit in theth section is then obtained from
(18) and (19) and can be described by

modes

(20)

where

and

The simulation is achieved on a microwave simulator (MDS
of Hewlett-Packard) where dc, ac, time domains, and nonlinear
(harmonic balance method) simulations can be performed
[21]–[23].

III. A NALYSIS OF INLINE PHOTODETECTION INPRESENCE OF

BIDIRECTIONAL TRANSMISSION

A. Principle of Simultaneous Photodetection

For a multi-electrode SOA, using the first sections beside an
incident optical signal as a preamplifier and the last section as
a detector–amplifier can perform the detection operation. In the
presence of contrapropagating incident signals of same level, we
will detect both signals at the contact of the last section, but the
signal which benefits more from the preamplifier cavity sections
gain, will have a higher photodetection level [12] (Fig. 2). The
signal detection can be performed over all the SOA spectral3
dB bandwidth, which is interesting in WDM applications. The
experimental verification of this application is obtained by using
a three-electrode SOA.

Fig. 2. Diagram showing change in photon density along length and
photodetection response at contactL andL in a two-section SOA.

B. Photodetection Responses

The analytical expression of the photodetected response at the
th-section can be obtained by using small-signal analysis

of the rate (18) [22], [23], [25]

(21)

where is the small signal SOA optical input power

where

where

and quantities with a zero subscript indicate steady state values.
The first term of the photodetected response in

(21), , is related to the
variation of the input optical signals. The last term

takes into account the
cross gain modulation in the other sections between signals on
the one hand and between ESA and signals, on the other hand.
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For an electrode constituted ofsections of equal length, the
photodetected voltage at this electrode is given by

(22)

C. Definition of the Crosstalk

By using a multi-electrode SOA, the photodetected voltage
in presence of two simultaneous contrapropagating input op-
tical signals where (coming in the positive -direc-
tion) and (coming in negative -direction) is the sum
of and . We consider that the frequency of the
two bidirectional optical input signals is lower than SOA pho-
todetection bandwidth ( ). By assuming that is
the interfering signal, we defined the crosstalk by the ratio of

. By taking and
, the crosstalk expression can be written from (9), (11),

(21), and (22) as

(23)

By detecting at the extremity electrode and by assuming for sim-
plicity that the electrode is modeled by one section ( ), in
this case, (23) leads to

(24)

where

For lower optical power, the cross gain modulation term be-
comes negligible and in this case, (24) tends to

which is the amplitude ratio of the bidirectional optical incident
signals at the considered electrode.

Fig. 3. Experimental setup of photodetection in presence of bidirectional
transmission. (I: total SOA bias current.)

IV. BIDIRECTIONAL PHOTODETECTIONEXPERIMENTAL SETUP

The used SOA is a three-electrode with 100-200-100m
electrodes length. It is a ridge waveguide structure, AR-coated
with 7 angled facet. For a bias current of 150 mA, the fiber to
fiber gain for the TE mode is typically 12 dB. The peak gain
wavelength is 1520 nm with an optical bandwidth of 70 nm and
the 3 dB saturation output power is about 7 dBm. A schematic
of the setup is shown in Fig. 3. The contrapropagating signals
are obtained by directly modulating two DFB lasers, DFBat

nm and DFB at nm, by a wave gener-
ator. The modulation index of both input optical signals is typ-
ically . The two signals are directed to the SOA via
a polarization controller and a fiber coupler. The photodetected
signals are obtained at the extremity 100m electrode length
and sent to an electrical spectrum analyzer after an electrical
amplification of about 28 dB gain.

V. RESULTS

The parameters for the amplifier used in the numerical simu-
lation are given in Table I. For crosstalk measurements, DFBis
modulated at MHz and DFB at MHz to sep-
arate the contribution of the two contrapropagating input signal
responses at the spectrum analysis. Harmonic balance method
is used for the computational results, which permits to obtain
the photodetected response atand . The experimental and
the simulations results are performed by taking identical optical
input powers ( , and . The three
SOA contacts are biased by the same current density. Figs. 4 and
5 show the crosstalk level as a function of SOA bias current.
For input optical signals at 5 and 10 dBm, measurements
and simulation present a dip in crosstalk. In fact, the numerator
term ( ) in (24) can be equal to zero ( ). Ac-
tually, we can see in (24) that the numerator term cancel earlier
than the denominator term becauseis divided by

instead of . In fact, the crosstalk dip level is due to the cross
gain modulation in the other section between the contrapropa-
gating signals. This cross gain modulation can cancel the pho-
todetected response of the contradirectional signal, which has
not benefited from of the preamplifier sections. In this case, a
free crosstalk response can be obtained for certain operating
conditions. By reducing the optical input powers, the crosstalk
at the dip level shifts to high bias current. After the dip level,
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TABLE I
LIST OF PARAMETER VALUES

the crosstalk increased in function of the bias current. For lower
optical power (Fig. 6), the cross gain modulation term becomes
negligible and (24) tends to

which indicates that the crosstalk in presence of simultaneous
bidirectional wavelength can be reduced by increasing the SOA
preamplifier sections.

VI. CONCLUSION

A rate equation model for static and dynamic behavior for
bidirectional transmission in a multisection SOA has been de-
veloped. The rate equations for each section have been imple-
mented on an electrical simulator, (MDS of Hewlett Packard).
Electrical simulators permit easy use of dc, ac, or time domains
simulations and they grant easy handling of parasitic contribu-
tions and integration with electrical circuit components. This ap-
proach of SOA modeling, differential equations for sec-

Fig. 4. Crosstalk versus SOA bias current for two optical contrapropagating
signals of average power of about�5 dBm. Crosstalk (dB)
= 20 log(v (� )=v (� )).

tions, permits also the use of behavioral modeling tools, like
VHDL-AMS, for simultaneous simulation of completely dif-
ferent devices [26]. The Small signal photodetection response
in presence of co and contrapropagating signals in a multisec-
tion SOA’s has been given. The photodetection crosstalk ex-
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Fig. 5. Crosstalk versus SOA bias current for two optical contra
propagating signals of average power of about�10 dBm. Crosstalk
(dB) = 20 log(v (� )=v (� )).

Fig. 6. Crosstalk versus SOA bias current for two optical contra
propagating signals of average power of about�20 dBm. Crosstalk
(dB) = 20 log(v (� )=v (� )).

pression in optical duplex transmission has also been reported.
Simultaneous bidirectional photodetection experiments using a
three-electrode SOA show good agreement between measured
crosstalk and simulated results obtained by harmonic balance
method. A photodetection response nearly free of crosstalk has
been obtained for certain operating conditions, due to the cross
gain modulation between contrapropagating signals. The influ-
ence of crosstalk on systems performances has been studied
[27], [28]. A crosstalk of 7 dB presents a penalty of about
1dB for a PIN receiver. This result can be used for an SOA by
assuming that the SOA noise is not dependent on incident light
power. The general case could be carried out in a future work to
evaluate the required crosstalk for simultaneous photodetection
by the use of a multi-electrode SOA in optical duplex transmis-
sion.
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