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Equivalent Circuit Models for Optical Amplifiers

Jau-Ji Jou! and Cheng-Kuang Liu?

INational Kaohsiung University of Applied Sciences
2National Taiwan University of Science and Technology
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1. Introduction

Electrical equivalent circuit models for optical components are useful as they allow existing,
well-developed circuit simulators to be used in design and analysis of optoelectronic
devices. A circuit simulator also allows integration with electrical components (package
parasitic, laser driver circuit, etc.)). Equivalent circuit models were developed and
investigated for some optoelectronic circuit elements, including p-i-n diodes, laser diodes,
and waveguide modulators (Bononi et al., 1997; Chen et al., 2000; Desai et al., 1993; Jou et al.,
2002; Mortazy & Moravvej-Farshi, 2005; Tsou & Pulfrey, 1997).

The features of erbium-doped fiber amplifiers (EDFAs) are continuously investigated
because of their great importance in optical communication systems. In order to design and
analyze the characteristics of EDFAs, it is essential to have an accurate model. A dynamic
model of EDFAs is helpful to understand the transient behavior in networks. The EDFA
dynamics can also be used to monitor information in optical networks (Murakami et al.,
1996; Shimizu et al., 1993). In this chapter, using a new circuit model for EDFAs, the static
and dynamic characteristics of EDFAs can be analyzed conveniently through the aid of a
SPICE simulator. The dc gain, amplified spontaneous emission (ASE) spectrum, frequency
response and transient analysis of EDFAs can be simulated.

Semiconductor optical amplifiers (SOAs) are also important components for optical
networks. They are very attractive for their wide gain spectrum, and capability of
integration with other devices. In the linear regime, they can be used for both booster and
in-line amplifiers (O’'Mahony, 1988; Settembre et al., 1997; Simon, 1987). Also, much research
activities have been done on all-optical signal processing with SOAs (Danielsen et al., 1998;
Durhuus et al., 1996). Laser diodes (LDs) are similar devices to SOAs, and they are also the
key components for various applications ranging from high-end and high-speed (i.e. fiber
communications, and compact-disc players) to low-end and low-speed (i.e. laser pointers,
and laser displays) systems. In this chapter, a new unified equivalent circuit model for SOAs
and LDs is also presented.

2. Equivalent circuit model for erbium-doped fiber amplifiers

Sun et al. (Sun et al., 1996) derived a nonlinear ordinary differential equation to describe
EDFA dynamics. Then, Bononi, Rusch, and Tancevski (Bononi et al., 1997) developed an
equivalent circuit model to study EDFA dynamics. Based on this equation, Novak and
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328 Advances in Optical Amplifiers

Gieske (Novak & Gieske, 2002) also presented a MATLAB Simulink model of EDFA.
However, most EDFA models (Barnard et al., 1994; Freeman & Conradi, 1993; Giles et al.,
1989; Novak & Gieske, 2002; Novak & Moesle, 2002) didn’t take the ASE into account. Some
models or methods of EDFA analysis had been presented with ASE (Araci & Kahraman,
2003; Burgmeier et al., 1998; Ko et al., 1994; Wu & Lowery, 1998), but a complex numerical
computation was involved in a model or the ASE was simply taken as an independent light
source.

Thus, in this section, the Bononi-Rusch-Tancevski model is extended to develop a new
equivalent circuit model of EDFAs including ASE. Through the aid of a SPICE simulator, it
is convenient to implement the circuit model and to analyze accurately the static and
dynamic features of EDFAs.

2.1 Circuit model of EDFA including ASE

Considering a co-pumped two-level EDFA system, it is assumed that the excited-state
absorption and the wavelength dependence of group velocity (vg) can be ignored. Let the
optical beams propagate in z-direction through an EDF of length L. The rate equation and
the propagating equations of photon fluxes in time frame can be simplified by transforming
to a retarded-time frame moving with v, . These equations are shown as

(%+§sz(2,1')12 [N ~Ny(z o PR (=) 1)
% ~[6tN,(z,t) — 6iN, ][ P, (z, ) )

2T \cjAv

t
£ Tl [N 0, - ofN, TR 20+ 25N ®
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where P, =P,'/(hv,A), P, is the power of the kth optical beam, v is the optical frequency,

h is Planck's constant; N is the erbium density in the fiber core of effective area A; I'k is the
overlap factor of the kth beam; t is the fluorescence lifetime of the metastable level;

oy =0, +0,, o, and cj are respectively the absorption and emission cross sections at the

wavelength A; k = p, s, A represent the pump beam (p), signal beam (s), and ASE (A);

P,(z,t) =P (z,t)+ P, ( [P+ (z,t)+P, )] , m is the number of frequency slots used

in the ASE subdivision, P; and P, represent the forward and backward ASE fluxes within

a frequency slot of width Av,, centered at optical frequency v,; (wavelength A,;). It is noted
that s may be replaced by multichannel signals s(1), s(2), ..., and s(M).
By Egs. (1)-(3), the equations can be obtained

[}%}N 0= 3 [B0-R"®)] @
P, (z=L,t)=P, (z=0,0G, (t) (5)
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G, (t)= exp{l“k [GfNZ(t) = ciNtL]} . For simplicity, let an approximation make in this model:

P’/(z,t) = constant in Eq. (6) and write

F 2I'GiAV, | —
Pi(z="5m 0 {P;l (=2 e =2 N2<t>}cl(t> )

In general, the forward ASE remains constant at moderate pump power if the high-gain EDF
length is not too long (around 4m in the case of (Pederson et al., 1990)). The forward ASE
grows with pump power if the EDF fiber is long. Moreover, for a long EDF fiber (>10m in this
case), the growth (or attenuation) of forward ASE along fiber length can not be ignored if the
pump power is large (or small). A subdivision of EDF into small segments is necessary in case
of long fiber. A similar conclusion holds for the backward ASE. The validity of the
approximation of constant ASE power along the EDF will be shown in next subsection.

Subdividing the EDF into n segments with lengths L;, i =1, 2, ..., n, an equivalent circuit
model of EDFA including ASE contributions is developed for Egs. (4), (5), and (7), as shown

in Fig. 1, where V,, =N, (t); the subscript i in the P, PR, Py or pgne

represents the number of EDF segments; I1(% =Z(PS‘?I\(4°)“1*) + ey +P§f?("“t)); M is the
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Fig. 1. Equivalent circuit model of EDFA including ASE

www.intechopen.com



330 Advances in Optical Amplifiers
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2.2 Static gain of EDFA

A forward 980nm-pump EDFA with 12m EDF length and 50uW input signal power at
1558nm are considered. Other parameters used in these simulations are: Nt = 7.7x1024m?3,
= 10ms, A = 2.5x10"'m?, of = 24x10-®m?, o= 3.8x10-®m? o] = 2.0x10%m?, and NA =
0.18. These parameters are obtained from manufacturing data or the fitting of experimental
gain (Jou et al., 2000; Lai et al., 1999). The dc gain is shown in Fig. 2, as a function of pump
power. The square keys represent experimental data (Lai et al., 1999). As a comparison, the
numerical calculation is from Eqgs. (1)-(3). The numerical results calculated with ASE are
shown as the filled circle keys. The EDF length is subdivided into 1200 segments in this
numerical computation. The dash curves represent the circuit-model simulation without
ASE (Bononi et al., 1997). The solid curve represents the simulation result using this
equivalent circuit model. In the circuit models, the parameters used are: the EDF segment
number n = 5, the centered wavelength of ASE light A, = 1540nm, the bandwidth Av, = 5.06
THz (from 1520nm to 1560nm), and the average cross-section of= 5.6x10m? and ¢ =
4.8x10-55m2.

25 ——==
EDF length = 12m ————T
input signal power = 50uW -
-
20
o
s 15
£
©
8’ 10 F experimental
a] ® numerical (with ASE)
circuit model (with ASE)
5ry/ = —e———- circuit model (without ASE)
/
I
0 IL 1 1 1 1 1
15 20 25 30 35 40

pump power (mW)

Fig. 2. Measured and simulated dc gain versus pump power for EDFA

Because of the ASE influences on EDFA, the dc gain without ASE is higher than the
numerical and circuit-model simulations with ASE. Similar result was also reported by
(Novak & Moesle, 2002). In Fig. 2, it is observed that the simulation without ASE results in a
dc gain of 2dB lager than the experimental data when the pump power is around 25mW. A
good agreement between the measured data and the simulation using this circuit model is
obtained. The result of this circuit-model simulation is also in very good agreement with the
numerical computation.
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Generally, if the EDF is subdivided into more segments, the numerical computation results
would be more accurate (Yu & Fan, 1999). However, the circuit model of EDFA without ASE
should not be subdivided (Bononi et al., 1997), but the EDF should be subdivided for
including ASE in this model. The simulated dc gains of the EDFA are shown in Fig. 3(a),
using different number of EDF segments. The dc gain deviation is about 0.2dB between the
numerical result using 1200 EDF segments and the circuit-model simulation using 3 EDF
segments. Using 5 EDF segments, this simulation can be very close to the numerical result.
In Fig. 3(b), the total forward and backward ASE power versus pump power can be shown.
It is observed that the forward ASE power is lower than the backward one, since a forward
pump EDFA is considered here.

A o —
numerical circuit model
(AL = 1cm) (EDF : 3 segments)
20 -......o.t....odool
circuit mode
(EDF : 5 segments . . EDF length = 12m
—_ input signal power = 50 yW
a1] 20.5
T @ |
=
© o
o z
8 10 £ 200}
(=]
3]
a
5
19.5
0 . , Pump power (mW) .
10 15 20 25 30 35 40 45
pump power (mW)
o} (b) _ _“._._"j
f“.‘f‘o-rfbf“r'-‘.w"..
=20
£
] forward
S -40 EDF length = 12m
= input signal power = 50 yW
3
o -60
L J’ numerical (AL = 1cm)
2 R A
-80 . / circuit model (EDF : 3 segments AL=4m)
’. / 0000000000000 OCKOCOCS
-100 7/ circuit model (EDF : 5 segments AL=2.4m)
1 1 1 1 1 1 1 1 1

5 10 15 20 25 30 35 40 45 50
pump power (mW)

Fig. 3. Static characteristics of EDFA for the different number of subdivided EDF segments
(a) DC gain versus pump power (b) ASE power versus pump power
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The ASE power of circuit-model simulation is slightly higher than the numerical
computation. This makes the dc gain of this circuit-model simulation slightly lower, as
expected. When the pump power is around 13mW, the dc gain is around 0dB and the ASE
power of circuit-model simulation is in excellent agreement with the numerical
computation. The forward ASE power from this circuit model is overestimated when the
pump power is above 13mW. This overestimation is believed to be due to this
approximation of constant P (z,t) in Eq. (6) and the fact that the forward ASE grows with
EDF fiber length in a longer fiber under some given pump power. It is noted that
P =2F1cszva,1N2(t)/A appears in Eq. (7). The use of larger P, in this circuit-model
simulation can lead to the overestimation of forward ASE, especially in the first and last
EDF segments. An improvement in the overestimation is observed using 5-segment EDF
instead of 3-segment one, but the model with 5-segment EDF would be more complex.
Therefore, the tradeoff between the calculation accuracy and the circuit model complexity
should be cautiously considered. Below 13 mW pump power, an underestimation of
forward ASE can be found in Fig. 3(b). It is also believed to come from this approximation of
constant P;,(z,t) in Eq. (6) and the attenuation of ASE along EDF fiber. It is noted that the
smaller P, appears in Eq. (7). A similar conclusion can be reached for the backward ASE.

However, the agreement between the backward ASE of this circuit model and the numerical
computation is better owing to considering a forward pumped EDFA.

2.3 ASE spectrum of EDFA

An ASE spectrum can also be simulated through this circuit model. It is considered that
there are not any input signal beams, the pump power is 55mW, the span of ASE spectrum
is from 1520nm to 1560nm, and the cross sections in Fig. 2 of (Desurvire & Simpson, 1989)
are used in this simulation. In Figs. 4(a) and 4(b), the numerical results of forward and
backward ASE spectra with 40 ASE slots (Inm wavelength spacing) are shown as the filled
circle keys. Using this circuit model with 1, 3, and 5 ASE slots, the simulation results are
shown as the dotted, dash, and solid curves respectively. The stepped ASE spectrum with 5
ASE slots is coarsely similar to the numerical calculation. Although the stepped ASE spectra
using 1 and 3 ASE slots are unlike with the numerical calculation, each total ASE power of
those spectra is very similar. If the ASE is subdivided into more slots in this circuit-model
simulation, the ASE spectrum would be more accurate, but the model would also become
more complex. However, the rough spectra of circuit-model simulations are still worthwhile
in the estimation of EDFA’s characteristics. In Fig. 4(a), it can also be obtained that the
forward ASE power of this circuit model simulation is slightly higher than that of the
numerical computation, as the result in Fig. 3(b).

2.4 Frequency response of EDFA

Using this circuit model with ASE, the frequency response of EDFA is also analyzed. The
10% signal power modulation index is used in these ac analyses. When the input pump
power is 40mW, the ac gain and phase responses are shown in Figs. 5(a) and 5(b), as a
function of frequency. The numerical computation is in a good agreement with this circuit-
model simulation and the ac gain response shows a high-pass characteristic (Freeman &
Conradi, 1993; Liu et al., 1995; Novak & Gieske, 2002; Novak & Moesle, 2002). When the
modulation frequency is below 100Hz, the maximum ac gain deviation can be near 10dB
between the simulation results with and without ASE. The peak phase of simulation
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forward ASE power (uW)

backward ASE power (uW)

Fig. 4. ASE spectra of EDFA (a) Forward ASE spectrum (b) Backward ASE spectrum
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without ASE is about 70 degree at 100Hz. With ASE it is about 30 degree at 230Hz. The
deviation of peak phase between the results with and without ASE is quite large. The peak
phase position shifts to higher frequency when the simulation includes ASE. The influence
of ASE on frequency response of EDFA is significant in low modulation frequency region
(below 100Hz). The dc gain of the numerical computation is slightly higher than that of the
circuit-model simulation in Fig. 3(a), so the ac gain of the numerical computation is also

slightly higher than that of this simulation in low modulation frequency region.

After the numerical computation of transient analysis from Egs. (1)-(3), the ac gain and phase
can be estimated or calculated as functions of frequency. This computing process is more
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complex. However, using the circuit model, the frequency response of EDFA can be obtained
easily and rapidly by the frequency-sweep analysis command in a SPICE simulator.

/-
”
7
(a)
EDF length = 12m
20 |- input signal power = 50uW -
. o000 O f modulation index = 10%
(s / input pump power = 40mW
Z /
/
= 15} / : -
o / @ numerical
3 / (with ASE)
< e _—
_- circuit model
10F~~" (with ASE) -
----- circuit model
(without ASE)
5 1 1 1 1 1
100 101 102 103 104 10° 106
frequency (Hz)
80
EDF length = 12m
(b) - input signal power = 50uW
// \ modulation index = 10%
_ \ input pump power = 40mW
60 Il \ put pump p
o / \
\
o /
b} / \‘
Z 40 ! \ @ numerical
pd Il \ (with ASE)
© \
_g_ / \ circuit model
/ \ (with ASE)
20 = / \
/ == == circuit model
(without ASE)
0

10° 101 102 103 104 10° 108
frequency (Hz)
Fig. 5. Frequency responses of EDFA (a) AC gain response (b) Phase response

2.5 Transient analysis of EDFA

Using this circuit model with ASE, the transient response of EDFA dynamics can also be
obtained readily through the aid of a SPICE simulator. An eight-channel EDFA system with
35mW pump power at 980nm is considered and seven out of eight channels are added and
dropped. These seven channels are represented by a 1558nm signal, while the surviving
channel by a 1530nm signal, as shown in Fig. 6(a). (This system can also be regarded as a
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two-channel system.) o!= 8.5x10%m? and o= 8.1x10-m2 at 1530nm are used in this

simulation. Each channel has 10uW power input to the EDFA. In Fig. 6(b), it is shown that
the 1558nm output signal has a large power excursion (Giles et al., 1989; Ko et al., 1994; Wu
& Lowery, 1998), when the input signals of seven channels are added simultaneously.
According to the above-mentioned results, the dc gain is lower and the ac gain deviation
between high and low frequency is smaller, because of the ASE influence on EDFA.
Therefore, the power excursion of the transient response is lower in this simulation with
ASE, as shown by the features in Fig. 6(b). A good agreement between the numerical
computation and this circuit-model simulation is obtained.

When the 1558nm signal is added or dropped, the output power of 1530nm surviving
channel can decrease or increase due to the effect of cross talk, as shown in Fig. 6(c). Because
of the ASE influence on EDFA, the 1530nm output power of the simulation without ASE is
higher, and that of the numerical computation is also slightly higher than that of the circuit-
model simulation with ASE. A larger difference between the result of the numerical
computation and this circuit-model simulation can be observed when the 1558nm signal is

80
(a) input signal
§‘ 60 |- 1558nm
3
5 40 -
3
e 20 1530nm
0 (] [ [ [
0 1 2 3 4 5
25
A output signal EDF length =12m
20 F (b) @ 1558nm pump power = 35mW
E ® numerical
€ 15k (with ASE)
g circuit model
g ok (with ASE)
8_ ----- circuit model
5 (without ASE)
0
0 1 2 3 4 5
10 -
______ \ EDF length =12m output signal _
_8f (C) “ pump power = :?SmW @ 1530nm //’
S \ ® numerical /
E cheeeeee (with ASE) / e |
- circuit model /
o sk (with ASE)
3 - /
g 1]  ®-—-- circuit model /
2k (without ASE)
0 (] (]
0 1 2 3 4 5
time (ms)

Fig. 6. Transient responses of a two-channel EDFA system (a) Input signals (b) Output signal
at 1558nm (c) Output signal at 1530nm
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dropped. However, the agreement between this circuit model and the numerical
computation is better when the 1558nm signal is added.

To include the forward and backward ASE in a transient analysis, the iteration process in
the two-point boundary-value problem gets complex. The numerical simulation requires a
large amount of computation time and dynamic data storage, and the convergence problem
is not easy to deal with. However, using the circuit model, the transient response of EDFA
can be obtained conveniently through the aid of a SPICE simulator. Setting a given tolerance
criteria and the number of iterations in a SPICE simulator, the convergence problem can be
solved easily and the computer time can also be reduced (Avant!, 2001).

3. Unified circuit model for semiconductor optical amplifiers and laser diodes

There are two primary types of SOAs: traveling wave (TW) SOAs and Fabry-Perot (FP)
SOAs. The principle of TW-SOA and FP-SOA is identical, i.e. intrinsic stimulated light
amplification. The difference between TW-SOA and FP-SOA is reflectivity of cavity facets.
The internal reflectivity of FP-SOA is higher than TW-SOA. Actually, an FP-SOA can be
regarded as a FP-LD that is biased below the threshold current. The active layer of an SOA
has a positive medium gain but not large enough for laser emission.

Equivalent circuit models have been separately reported for LDs (Lu et al., 1995; Rossi et al.,
1998; Tsou & Pulfrey, 1997) and SOAs (Chen et al., 2000; Chu & Ghafouri-Shiraz, 1994;
Sharaiha & Guegan, 2000). However, the principles of SOAs and LDs are extremely similar.
In this section, a unified equivalent circuit model is presented for SOAs and LDs.

3.1 Circuit model of SOA and LD

Schematic diagrams of a TW-SOA and an FP-SOA are shown in Fig.7 (a) and (b),
respectively. TW-SOAs are of a very low internal reflectivity and the incident light is
amplified in single pass. FP-SOAs are of a higher reflectivity and incident light can be
bounced back and forth within the cavity, resulting in resonance amplification. A basic LD
structure is similar to an FP-SOA, but it doesn’t need any incident light.

Assume that the nonradiative recombination and carrier leakage rate can be neglected; the
wavelength dependence of group velocity (vg) can be ignored; any transport time for
carriers to reach the active region is not considered. The rate equation for carrier density N,
and the continuity equations for signal photon N+, and ASE photon N%,, propagating in +z-
direction can be written as (Coldren & Corzine, 1995)

N nl A A
o= qy R0 BN+ Np + (g ) (N3, + N ) ®)
1 oN:  oN;
——LFt+—P-Tg N -oN; 9
1 oNZ,  ON: B
———F+ * T NI —(o )N +T—2R 10
Ug ot' oz’ <gm> Sp < 1> sp Ug SpP ( )

where n); is the internal quantum efficiency, I is the injected current, V is the volume of the
active region, I' is the confinement factor, R.p(N) is the spontaneous emission rate,
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(a) * Current
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(b) * Current

5" 7
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mirror * mirror

Fabry-Perot SOA

Fig. 7. Schematic diagrams of (a) TW-SOA and (b) FP-SOA

gm(=a(N—-Ny)) is the material gain, a is the differential gain, Ny is the transparency carrier
density, a; is the internal loss, and Bsp is the spontaneous emission factor. <gm> and <0Li> are
the spectral average material gain and internal loss over ASE spectrum, respectively. The
equations can be simplified by transforming to a retarded-time frame moving with velocity
Vg, t =t'—2z/vg, and z = Z". Egs. (9) and (10) can be written as

a X + +
+ azp =Tg, N —o,Ny (11)
ON:
t— P =T(g,,)N;, —(a; )N, +T Py R,, (12)
Z L

8

Egs. (11) and (12) are integrated over z from 0 to the length of active region L. The photon
N; and N, can be transformed into the signal power P; and the ASE average power P_,
respectively. Then, by Egs. (8), (11), and (12), these equations are shown as

N _nl o Tg, (0P 0P ) [(gn) [Py 0P, )
ot qv * hvAgloz oz ) hvA(g) oz oz
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LxL

Pi(z= )=Pi(z= )exp(J.OLgst) (14)

0 P

Sp

+ + L F L L L Rs
P (z= )=P.(z= ; )exp[f <gs>dz + BsphvspAsjo P dzJ (15)

where gs = (I'gm - i), h is the Plank’s constant, v is the signal frequency, vsp is the ASE
central frequency, A is the cross-section area of the active region in z-direction. Assume that
the distribution of carrier density N approximates a constant in z-direction and

. .. _LFL
Psp(Z) ~ Psp (Z = 2

)exp(<g5>z). Eq. (13) is integrated over z from 0 to L. These equations

are shown as

6N r m +ou —-ou +in —in
q athniI—qVRsp—&[(P L) - (PP ]

hvg, = 16)
qr<gm> +out —out +in —in
-—— (P P>*)—(P P
LR
Psiout ~ PsiinGS (17)
+ou +in Gs _1 +in
P tz(PSp +Bhv AR, ég%j(cs):(np +Psp0)<GS) (18)
. Lo . . Hin _ pt L¥L
where N is the total carriers in the active region, G, =exp(g.L), P o) =Piep (2= > ),
tou + LiL
and P o)) =P. (2= 5 ).

The principles of FP-SOA, TW-SOA, and LD are identical, but their boundary conditions are
different. The boundary conditions can be considered: 1) FP-SOA: at z = 0,

Ps+in :( \/(1_R)Psiir:gnal + \/RPS_Out )2, where PI

signal

,is the incident signal light power, and
Po"=RP™; at z = L, P,5, =RP;3}, and Pgy, =(1-R)P;*™, where P, is the amplified

signal output power. 2) TW-SOA: the reflectivity of facets R = 0, P,;"*¥ =0, P/ =P

signal /

and Pgy =P. 3) Laser: no incident signal, P =0, P."=RP*, and

signal
P = (1-R)P™™, where P> is laser output power in tz-direction. A unified equivalent

signal — signal

circuit model of SOA and LD is developed for the Egs. (16)-(18), as shown in Fig. 8, where
VNt — qVRsp/ ENt(VNt) = NT(RSp)/ Pin(out) =g, (Ps+in(out) + Ps—in(out)) ,

s, total

pirout) — <gk>(P““(°“t) +Ps;i“(°‘“)), and g, =qI'g,, /(hv,g,). Lossless transmission lines are

sp,total sp

employed with time delay A = L/v; from light beams propagating. Using this circuit model
and suitable boundary conditions, the performances of SOA and LD can be analyzed and
simulated.
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Fig. 8. A unified equivalent circuit model of SOA and LD

3.2 Model validation and analysis of SOA

To demonstrate the validity of this model, the gain against input signal power is simulated
for SOAs. First, it is considered the TW-SOA having Rsp = N/t = (N1/V)/Tsp, Tsp is the
spontaneous carrier lifetime. With 1, = 4ns, n; =1, R =0, I' = 0.5, a = 5x10-16cm2, Ny =
1018cm3, L = 200um, Ag = 0.3um?2, V = 60um?3, hv, = 0.8eV, vy = 0.75x108m/s, o = Ocm-!, and
Bsp = 0 (Adams et al., 1985), the results of the TW-SOA without ASE are shown in Fig. 9. It
can be shown as expected that the gain of TW-SOAs becomes higher when the higher
current injects or the lower signal light power inputs to the SOA. In Fig. 9, with the 3mA
injection current and the -60dBm to -20dBm input signal power, the gain of TW-SOAs is
fixed about 5.4dB. The influence of input signal power on gain becomes obvious when the
higher current injects. These simulations are shown as the solid curves. The results of Ref.
(Adams et al., 1985) are shown as the circle keys. A good agreement between this simulation
and Ref. (Adams et al., 1985) is observed.
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circuit model
(@) (Adams et al., 1985)

gain (dB)

input signal power (dBm)

Fig. 9. Gain against input signal power for TW-SOA
Next, it is considered the FP-SOA having R, =BN?=B(N; /V)2 , B is the bimolecular

recombination coefficient. The same parameters are used in the first example except R =
0.01, B = 10-00cm3/s, o; =25cm-?, Bsp = 104 (Adams et al., 1985), and the threshold current
Iin ®3.93mA can be obtained. FP-SOAs must be biased below the threshold current. In Fig. 4,
the 0.991g, 0.95ly and 0.9l injection currents are used, and the results of the FP-SOA
without and with ASE are shown in Fig. 10(a) and (b), respectively. Similar to the TW-SOA,
the gain of FP-SOAs becomes higher when the injection current more tends to the threshold
current or the lower signal light power inputs to the SOA. In Fig. 10(b), it can be observed
that the degeneration of the gain of FP>-SOAs is influenced by ASE, it becomes more obvious
when the injection current tends to the threshold current. These simulations (solid curves)
are in good agreement with Ref. (Adams et al., 1985) (circle keys). The agreement can
indicate the validity of this model for TW-SOA and FP-SOA.

In this simplified model shown above, the non-uniformity of carrier density is neglected. In
fact, the carrier density is non-uniform along the SOA active region. In this simplified SOA
model, the rate equation for spatially averaged values of carrier density is used, and the
simulation results of gain are slightly high in comparison with a real SOA (Giuliani &
D'Alessandro, 2000). However, the simplified model can be helpful for the coarse definition
of SOA’s parameters. More accurate results can be obtained by the method of cascading, i.e.,
by subdividing the SOA into many longitudinal sections and using a simplified model with
uniform carrier density for each section (Giuliani & D'Alessandro, 2000). In this simulation,
the SOA can be also divided into many sections, and the circuit model as Fig. 8 can be used
for each section, as done in the multi-section circuit model of fiber lasers (Liu et al., 2002).
However, the tradeoff between the result accuracy and the model complexity should be
considered.
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Fig. 10. Gain against input signal power for FP-SOA (a) without ASE and (b) with ASE
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3.3 Static and dynamic analysis of laser diode
Then, the characteristics of LD are also analyzed by this model. The parameters used are the
same as those of the above example for the FP-SOA. The light output power against
injection dc current is simulated for laser diodes having different reflectivity of facets and
the results are shown in Fig. 11(a). The higher reflectivity of facets is, and the lower

threshold current of the laser is. The threshold current can be expressed as (Liu, 1996),
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where N, =N, +0,,/(T'a) and a,, =o; —(InR)/L. The threshold current versus reflectivity

of facets is shown in Fig. 11(b). The circle keys and the solid curve represent, respectively,
these simulations and the results of Eq. (19), and the results of the both methods are
agreeable.

N w LS
T T T

output laser power (mW)
T

0 1 2 3 4 5 6 7 8 9 10

current (mA)

4.5

O circuit model
40
formula

30

25

threshold current (mA)

15 |

1 -o 1 1 ] 1 1 1
0 10 20 30 40 50

R (%)

Fig. 11. (a) L-I curve of LDs and (b) the threshold current vs. reflectivity of facets

In Fig. 12 (a), the frequency responses of the laser diode are shown using this circuit model.
The 10% current modulation index is used in these ac analyses. The responses have different
peak values at different bias currents. When the bias current becomes higher, the peak
frequency becomes also higher. The peak frequency can be written as (Liu, 1996),
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f =—|v.a

05

1 Rsp(Nth) I/Ith - 1 :| (20)
tot

P 2n| B Na 1-Np/N,

The peak frequency as a function of bias current is shown in Fig. 12(b). The circle keys
exhibit these simulations and the results of Eq. (20) are represented by the solid curve. These
simulations are in good agreement with the results of this formula.

15

1= 7.5mA I =10.0mA
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_15 1 1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9 10
frequency (GHz)
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O circuit model
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w
i
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3 4 5 6 7 8 9 10 11

current (mA)

Fig. 12. (a) Frequency responses of LDs and (b) the peak frequency vs. bias current

The transient responses of laser diodes are analyzed during the switching of current. The
feature of relaxation oscillation and turn-on delay can be observed in this simulation, as
shown in Fig. 13(a). When the turn-on current is higher, the relaxation frequency becomes
higher and turn-on delay time is shorter. The turn-on delay time and the relaxation
frequency can be formularized as (Liu, 1996),
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1/(qV
¢, = Ny, nd/(qV) (21)
Rsp(Nth) nll/(qv) - Rsp(Nth)
1 2

frzz (2nf, ) - (22)

1dR, 1 2 ) . .
where a==—>% +—v,0, t(27tf ) . As shown in Fig. 13(b), the circle keys and the

2 dN 287 P
N=Ny,

square keys represent these simulations for the turn-on delay time and the relaxation
frequency, respectively. The solid curves are the results of Egs. (21) and (22). These
simulations are in agreement with the results of the formulas.
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Fig. 13. (a) Transient responses of LDs, and (b) the turn-on delay time and the relaxation
frequency vs. bias current
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4. Conclusions

An equivalent circuit model of EDFA including ASE is developed. A good agreement
between the measured data and this simulation is obtained in the static gain analysis of
EDFA. A rough ASE spectrum of EDFA can also be simulated. Furthermore, these
simulation results are also in agreement with the numerical computations in the dynamic
gain analysis of EDFA. The transient response analyses of a two-channel EDFA system
using this circuit model have been demonstrated. Moreover, this circuit model can also be
extended to simulate the multichannel, backward-pump, or bidirectional-pump EDFA
systems. Besides, this approach could also be applied to develop other numerical model or
Simulink model of EDFAs including ASE.

A unified equivalent circuit model of semiconductor optical amplifiers and laser diodes is
proposed. The model has been verified by analyzing 1) the gain against input signal power
in FP-SOAs and TW-SOAs and 2) the L-I curve, small signal response, and pulse response in
laser diodes. The simulation results of this model showed a good agreement with the
published results.

Through the aid of SPICE circuit simulator, it is convenient to implement these circuit
models. These equivalent circuit models of optical amplifiers can be also extended to
include other effects or devices such as modulators, fibers, multiplexers, and parasitic
components. The circuit models may be of great value for integrated circuit designers
requiring an equivalent circuit model for the amplifiers of the optical communication
systems in order to simulate accurately the mixed photonic/electronic modules.
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