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Numerical and Theoretical Study of the Crosstalk In
Gain Clamped Semiconductor Optical Amplifiers

Jinying Sun, Geert MorthietMember, IEEE and Roel BaetsMember, IEEE

Abstract—A rate equation model of a gain clamped semicon-
ductor optical amplifier (GCSOA) is presented. Both a time-
domain and a small-signal analysis of those rate equations are
used to investigate the crosstalk between different signal channels.
It is shown that the crosstalk of GCSOA's strongly depends on
the bit rate of the amplified signals and is lower at both very high
bit rates and low bit rates. This crosstalk is proportional with the
input power and, approximately, with the amplification.

Index Terms— Crosstalk, semiconductor optical amplifiers,
small-signal analysis, time-domain analysis.

I. INTRODUCTION

SEMICONDUCTOR optical amplifier (SOA) that is lin- _ ) o
. . .Fig. 1. Schematic structure of a GCSOA amplifier.
ear over a large input power range is a most attractivé’
component for providing cost effective upgrades that will
increase considerably the transmission capacity of a lorg-separate photon density or power is used for each wave-
distance telecommunications network. This is particularly trdength channel and as result four-wave mixing (FWM) is not
for switching applications in WDM based optical networks [1]included. We have used this model to investigate the AM-
[2], where SOA’s could provide very high on—off switchingcrosstalk (which is a result of the carrier depletion caused
ratios as well as loss compensation. Recent progress in S®Athe input signals) when different channels from a WDM
technology has solved many of the problems (e.qg., polarizatisystem are injected into the amplifier. The channel spacing in
sensitivity [3], [4] and low saturation output power [5])a WDM system is typically 200 or 400 GHz and FWM can
which have prevented their widespread deployment in optids# neglected in this case.
networks. However, a severe limitation for the use of SOA’s In Section Il, the details of our time-domain GCSOA model,
in WDM applications is still the large crosstalk [6] betweenvhich is derived from the longitudinal equations and which
channels caused by gain saturation. A solution to this crosstaikludes spatial hole burning effects, and the numerical results
problem is the gain clamped SOA (GCSOA), which has @btained with this model will be given. In Section Ill, some
fairly power independent gain as long as the amplified signahalytical results obtained from a small-signal analysis will be
power is not much higher than the lasing power and thgsovided. We show that by increasing the bit rate up to a cer-
results in a smaller crosstalk. tain level, one can decrease the crosstalk. In Section IV, some
The efficiency of the gain clamping concept has alreadiiscussions of the influence of bias and device parameters on
been demonstrated. Suppression of signal induced gain flugdhe performance of GCSOA’s are made.
ations using gain clamping by laser oscillation at a wavelength
sufficiently different from the signal band has already been Il. TIME DOMAIN MODEL OF GCSOA
demonstrated in the case of a semiconductor amplifier with
an external wavelength sele(_:tive reflector [7_] and also_wim The Rate Equation Model
integrated reflectors [8]. An in-depth theoretical analysis of ] ) o
the component has however not yet been reported. The axgl structure (_)f a GCSOA is shown in Flg._l. In
To study the behavior of a GCSOA, we have developé}r analysis, we substitute the Brag_g reflet_:tors by d|sc_re_zte,
a computer model based on rate equations. In this mod@_pvelength dependent facgt reflections with a reflectivity
different from zero at the lasing wavelength,s (with A\, =
_ _ , 1520 nm) and zero reflectivity at the signal wavelengths
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large facet reflection and small gain coefficient) and the signahere we have assumed, <« Ny and we have defined(z)
fields. We assume signal fields in four different channels thas
are all at wavelengths close to but a little larger than the laser’s

gain peak A.x = 1550 nm) and with almost the same gain f(z) = exp[( — QintVg i}
coefficient. Yg
To simplify the analysis, we assume that only the dominant eXP[(GO - Oémtvg)f
lasing mode is present in the GCSOA under investigation. We N (Go amwg)% ©)

used the following rate equation model for the GCSOA. With
S; andS,; the photon densities of the laser field and the signaiith
fields respectively and/ the carrier density in the active layer,

L
the rate equations are as follows [9]: / f(z)dz=0 (10)
0
dN I N -
— == == — G5 -Gy Y Sulzt 1) and
it v m, Tt 2(7) @ B
= 1 N
) gt |t Go =+ / Ga(2) dz. (11)
@: _/ Gl(z)dz_’ylas Sl+_/ ﬁBNQdZ L 0
dt L 0 L 0

2 By this definition, Ny(¢) and Gy have the meaning of the
average carrier density and signal gain alangespectively,

where “m” indicates the total number of channels,is the While the termiVy(#) /(z) denotes the spatial deviations from
bias current,r,, represents the nonlinear carrier lifetime anf® averageNo(t). Ni(#) will usually be negative, giving a

N/, is the spontaneous recombination rate, expressed asdecrease ofV(z,t) with »
Hence, taking into account nonlinear gain suppressian,

N — AN 4 BN2 + ON? 3) should be

Tn
, , o Gy =[GY(No + N1f = Ny
and g is the fraction of the spontaneous emission that couples {

into the mode and is the bimolecular recombination coeffi- 1 — €051 — €15w(0,1)

cient. S; and S,; are effective photon densities, defined as the

photon numbers per unit length divided by the cross section X exp {(G;(No - N;) - aimvg)i}
area of the active layer. Furthermore, we exprgssas 3 Yg

1 X {1 +P%N1/ fdz” (12)

Seilz,t) = 854:(0,t) exp{— / [Ga — Gintvg) dz’}. 4 dN

v

g0 and the signal amplification is
The gain including nonlinear gain saturation is expressed as Sui(L.t)

Asi — at )
Gra(z,t) = G1o(2 DN (2,1) — V] £ 84i(0,¢)

X [1 —e0.151(%,t) — €1.05mu(7,t 5 L
PrrEnTRREtl O el [ - - e
Ug 0

with
L
m = expy (G, [No(t) — Ny] — cqtingv )—} (13)
Sw=3" Sui (6) { ™
dzé d We have to substitute faV in the carrier rate equations, with
il (L vl Il.a (7)  Sino = Sin(0,1):

be =™ "gN dN

Sin is the total input photon density; is the confinement M

factor andeg ande; are the coefficients for self- and cross- d; No+ N, f

nonlinear gain suppression, respectively. We have assumed= — — 2" -'1/ _ [G)(No + Nif — Ny)]

thatey > e; and also that the differential gain coefficient q Tn

dgi o . o 5

jj\i_, is larger at the signal wavelengtl;\gZ than it is at the X {1 =205 — 180 €Xp {(G;[No - N - aimvg)i}
lasing wavelength\,,s, which meansagﬁ > 24 dN. In (2), Vas Ug

is a constant which expresses the total loss in the laser cavity Aga / - ey _
and through the mirrors. The unexplained symbols have their % [1 + 1ﬂdN M fdz| pSi=[GalNo+ Nuf = Vo)l

usual meaning. , P
We expand the carrier density(z,¢) along the cavity X Sino expy [Go(No — Ni) _Oéintvg]v_
direction z as follows: !

N(z,t) = No(t) + Ni(t) f(2) (8)

dga

14T
[erN

1 ) f dz} : (14)
0
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From (14), one can derive the following equations fgy and TABLE |
Ny PARAMETERS USED IN THE SIMULATIONS
dNy I Ny , Parameter Symbol  Value
v T Gi(No — Ny) Length of GCSOA L 400 um
q Tn p Stripe width w 1.5 um
Ga Active layer thickness d 0.1 pm
{1 — €051 — €150 <F o0 +I—= AN N F 11)} Sy Effective group index of refraction in cavity  n, 32
Lasing wavelength Mas 1.52 m
Ik
, dga Center signal wavelength A 1.558 um
+ GlNl £1 SinO FlO 4+ WNI F21 Sl Transparency carrier density N, 1.510° pm>
Differential gain coefficient of laser dg, 2510%  um?
dge, N
— Gl (No — Nt)Sino <Foo +I'— N N1 F1 Differential gain coefficient of signal dg,  9510° pm’
dN
, d Power confinement factor r 02
-G Nl SmO FlO + r—=— AN N1F21 (15) Internal waveguide Josses Olint 20103 um’l
Linear recombination coefficicnt A 5107 st
dNy N Ny FlO dg F21 Bimolecular recombination coefficient B 100 pm/s
d— = + @G (NO - Nt)f':l Sino +I d]G Nl Si Auger recombination coefficient C 75107 um%s
t Tn Spontaneous emission factor 8 210°
F20 dg F31 Nonlinear self gain suppression coefficient € 310 pm3
- G?Nl |:1 — £05; — €150 < + Fd—]\(;N = |5 Nonlinear cross gain suppression coefficient g, 210 pum’
—G;(No—Nt)Sino<F1° +r§§’§N1F21) g
Fyo d F 31
- G;lein0< e 2B (16) @ 12
dN T | —=—100Mbits
For the laser's photon density equatlon. < [ —o—2 Gbit's
G 8+ —o—10 Gbit/
ds; , : oy
e Gi(No — Ny) |1 — 051 — €15m0 E —»—20 Gbit/s
dga 41
x | Foo + FdN N Fiq S -30 -20 -10 0 10
dga Input signal's power (dBm)
{GINIEISIHO {Flo +1I—= AN NlF?l} + ’Vlas} Fig. 2. Gain versus signal’s input power with the bias current equals 40 mA.

x S1+ BB(NG + FoNT) (17)

optical amplifiers in WDM systems, because an acceptably
where Fy, I, are the coefficients defined as

low crosstalk can only be obtained below this power level.
) Normally the saturation of the GCSOA starts at relatively
/ fdz (18) ' nigher power levels but occurs within a smaller power interval
than in normal SOA’s [10]. In our time-domain model, the
Fio=— / eXp{(Gfl [No(t) — N¢) — alntvg) }fZ dz saturation power is derived from the amplification versus input
L Jo power. Fig. 2, showing the output power versus the input
3 i=0,1,2,3; (19) power for different bit rates and for a bias current of 40 mA,
1 , z illustrates that the saturation power is also depending on the
Fi = f/o eXp{(Ga[NO(t) - N - aimvg)—g} bit rate. At very low bit rates, the saturation power is 3 dB
lower than at high bit rates and even smaller saturation powers
x [ 1/ f(z')d dz i=0,1,2,3. (20)  are found at certain intermediate bit rates (e.g., for 2 Gb/s in

Equations (15)—(17) are our time-domain rate equations, Wh|cf? 2.)' The reason for the.h|gh?saturat|on power at high k.)lt
ates is that at these very high bit rates, almost no modulation
form the basis of our numerical model. In this model, the ra{

i h b I ved b fitth- the power in the lasing mode is obtained even if the signal
equations have been numerically solved by using a fi Ord%&wer is modulated. The electron density can no longer follow
Runge—Kuttamethod.

the signal power variations. As a consequence, saturation at
B. Numerical Results high bit rates is determined by the static average of the signal
power, while at low bit rates it is determined by the peak value
The parameters we used in our simulation are shown @ the signal power that is twice the static average.
Table 1. 2) The Crosstalk:Because SOA's have the ability to am-
For the input signals, we have chosen regular rectanguiiify different signal channels simultaneously, the crosstalk
pulses and we define the signal gain as the output powgftween every channel in GCSOA's is the other property
divided by the input power, both taken in the middle of thef concern. This crosstalk is mainly due to gain suppression
bit period. and carrier density variations caused by the gain suppression.
1) The Saturation PowerThe saturation power is proba-For simplicity, we took only two WDM channels to analyze
bly the most important parameter describing the behavior thfe crosstalk and obtained from our time-domain model the
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5T rate equations as follows:
= 10% Se = Sao + Re[Sq1 exp(jQt)] (24)
S ;f) ] P =-10dBm Sy = Sio + Re[Si1 exp(jQ)] (25)
g8 o5 ) N = Ny + Re[N7 exp(5Qt)]. (26)
g 30 + P in=-20dBm The expansion forS, of course implies tha,; = S40. In
a5 £ the static regime, we have
-40 ' ' = = 1810+ GaSao (27)
0.1 1 10 100 qV
Signal bitrate (Gbit/s) which implies
i i i i 1 [AI 1[G AL
Fig. 3. Crosstalk versus signal bit rate for input powers-df0 dBm and _ |2 _ |2
—20 dBm at a bias currert = 40 mA (thin line), 60 mA (thick line). o= G, {qV GaSaO} - G? {Gl qV GGSGO} - (28)

results shown in Fig. 3. The crosstalk here has been defingef [ast expression in (28) is obtained under the approximation
as the change in average power during one bit period cauééd G1 = Ga/G; (which is equivalent to neglecting the gain
by the presence of another channel. The cross saturatifPPression). Putting (24)—(26) and (28) into (21) and (22),
characteristics between the two signal channels reveal th& oPtain

the degree of the gain saturation is uniquely determined by g, =~ St

7[G?N1 - ElGlsao] (29)
the total output power from both channels. There is also a I8+ e0GiSio

resonance in the crosstalk, which obviously corresponds with 0+ 1 1 ﬂﬂ N
the relaxation oscillation of the laser field. T  GiqV !
. SMALL -SIGNAL ANALYSIS = —GiSu = GaSao + (201510 + &1Gaon) St
+ (e1G1S10 + €0GaSa0)Sa0 (30)

A. Approximations with 7, the differential carrier lifetime. From (29) and (30),

To derive analytical small-signal solutions, we first simplifyve can derive the expression 6y, /S;0, which is
the rate equations by neglecting the spatial variations. We ar, . 1 ' '

L ) ! § 1G4+ =) + GG+ (61 — €0)GoGSa0| Sa
mainly interested in the crosstalk for input power levels that’t =~ [ ! I(J ”) L+ (51 — <o) ! 0] 0_

are significantly below the saturation power. The lasing modg 7Q2(e0GiSw0 + = + %j N+ (GiGSi0 — 22)

is sufficiently above threshold in this case and therefore the (31)
spontaneous emission coupling into this mode can also be
ignored. With S; and S, now the average photon densities
of the laser field and the amplifier field, respectively, aWd B. The Crosstalk
the average carrier density in the active layer, the equations are _ ) ] )
AN Al Using the small signal analysis, we can also derive simple
v GiS; — GoS, (21) expressions for the crosstalk at both high and low bit rates. The
4 amplification A, of a signal in a WDM channel is given by
a5t _ Gi— Mas]S (22) L
&~ G sl Aq = exp|Ga(IV, 51, Sai) = — it L |- (32)
with Ug

, This amplification can vary because of the fluctuation of the
Gra = Gro(N = N[l — €015 = €1,09] (23) average carrier density, of the power in the laser field and of

and withA[ the difference between bias and threshold currerifie signal power. The crosstalk in the output signal is therefore

It can be noticed that the spatial carrier density variatioggven by

(which we assume to be mainly due to the spatial variation in AFy  AA, L

the power of the amplified signal) could be included in the rate P - A, - AG“@' (33)

equations by modifying the stimulated emission t&fS, in  From (29) and (30), one finds

(21) to a termG, S, (1 — esparSa), With e4,5; being time or o

frequency dependent and zero for high frequencies. One can AGq =GNt = e0GaSa0 — £1GaSu

easily proof this by substituting an approximate soluti¥n ~ G_f; (J2 + £0510G1)S1 + €1510G15a0
of (16) into the (15), a technique which has been used before e Sto
in laser modeling [11]. We will discuss the effect of this extra — £0GaSq0 — 1G5
gain suppression on our results later on. o .nGa S0
As input signal, we use pulses of the folSp(t) = S,o[1+ = JQEI — (1 = €0)GaSi0 Sio
cos(Q2t)], with 2/ being the bit rate. We have assumed only + (€1 — €0)GaSao- (34)
one signal channel, hence the crosstalk is calculated as the | . .
influence of the signal on its own amplification. According to (31), at high bit rates (e.g2 > 10 GHz):
We can derive small-sighal AM responses using the usual Su ~ Je1G Sao (35)

harmonic formulation and approximating the variables in the So @
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16 T 25 T
% -20 % -30 -:
> P i =-10 dBm = s
4 F <
% 24 g 35:
%] r 8 [
o 2] I
G 28T Pn=-20dBm S 40 T
Attt -45 F————————
0 0.1 0.2 0.3 0.4 05 0.05 0.25 0.45 0.65 0.85
. 2.
Signal bitrate (Gbit/s) Active layer (um")

Fig. 4. Crosstalk versus signal bit rate at low bit rates for input powers &9 5 The‘cr_osstalk versus SOA active layer's area at input pewei20
—10 dBm and—20 dBm at a bias current = 40 mA (thin line), 60 mAa dBm and gain= 15.4 dB.

(thick line).
and 28
AG, &2 —£0G 3 Sq0- (36) @\ 30 T
In (36), S,o represents the average of the photon density, i.e., \f(:? 32 +
Sa0 = %/OL Seilz)dz = m /OL P(z)dz § 34 1
Pini P [(Ga - O‘intvg)é] -1 -36 e

= 37
hwe: V (Ga — Cingvy) (37)

wherew,; is the angular frequency of channelHence, the
crosstalk at high bit rates is

1 2 3 4

Ratio of differential gain coefficient G,/G/'
9 Fig. 6. The crosstalk versus the ratio of the differential gain coefficient with
AP _ AA, ~ P As—1 <L ) (38) input power= 20 dBm at low bit-rate level.

Vg

Pout Aa — et ﬁwaiV hl(Aa)

From this expression, we can conclude that the crosstalk atrhe crosstalk at low bit rates obtained using the parameters

high bit rates will no longer depend on the bias current ang Taple | is given in Fig. 4 for input power levels ef10 and

the bit rate, and it will only depend on the input signal's 2o dBm. These analytical results again agree very well with

power and the gain suppression coefficient. Assun@igto  the results obtained using our time-domain model (Fig. 3). It

be considerably larger than,,;, we can approximaté, L /v,  can furthermore be noticed thatdf is considerably smaller

by In(A4,) and we then find thaneg, (as is often the case) andd, is considerably larger
APyt e Pin; (Ay— 1) (39) than Gy, the value given by (42) will be 3 dB or more higher
Pow Ohwaiwdvg “ ) than the value given by (39). Hence, a smaller crosstalk results

By using (39) and our numerical parameters (Table 1), we c&h high bit rates.

predict a crosstalk at high bit rates ef23 dB for an input It can be noticed that the result for high bit rates is

power of —10 dBm and of—33 dB for an input power of unaffected by the spatial carrier density variations singe:

—20 dBm. This is almost the same as we obtained from oigr Nearly zero in this case. The carrier density can't follow

time-domain model (Fig. 3). the fast power fluctuations at these bit rates. However, spatial
From (31), one can also derive the expression for tiy@riations also have little influence at low bit rates. In the ap-
crosstalk at lower bit rates: proximation forSy /S; given in (40), gain suppression can be
Sy [GaGl + (1 — €0)GaG)Sa0]Sa0 G.Suo neglectgd and this :_;llso holds fqr t.he g_ain suppression_ caused
S = — S = — G5 by spat_lal hole burning. The variations in photon der.13|t.|es are
0 1210 1210 determined by a balance in the total stimulated emission rate
(40) on which gain suppression has little effect. Spatial variations
AG, = (e, — 50)<1 + ﬁ)g Sao0 _jQ<ﬁG_@>@ therefore only have an influence on the crosstalk near the
¢ G) Gi G7 ) Siw” resonance frequency of the relaxation oscillations.
(41)
Hence, the crosstalk at low bit rates is IV. THE INFLUENCE OF DEVICE PARAMETERS
AP,y  AA, G, In this section, we will investigate the influence of some
Pt = A, = [(51 — o) <1 + E)GaSaO device parameters on the crosstalk in more detail.

G. G\ Su0]/ L The crosstalk is strongly dependent on the waveguide di-
- JQ(E“ E‘}) SL} < ) (42) mensionsw andd, as can be seen from (39). This dependence
L/ R0 is illustrated in Fig. 5 and implies that a low crosstalk requires

in which S;9 also depends 08, according to (28). large active layer dimensions.

Vg
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The crosstalk at low bit rates strongly depends on the ratio g8] L. F. Tiemeijer, P. J. A. Thijs, T. v. Dongen, J. J. M. Binsma, E.
i ; i i 1 ' i ; J.J ,and H. R. J. R. Helleputte, “Reduced intermodulati
the differential gain coefficient&”, and Gj. This ratio can be ansen, an van heleputte, " reduced Intermodulation

. . PR . distortion in 1300 nm gain-clamped MQW laser amplifiers£EE
changed Wl_thout changlng the amplification by smul'ga_neous!y Photon. Technol. Letvol. 7, pp. 284-286, Mar. 1995.
also changing the internal loss and the facet reflectivity. Thif] J. Kinoshita, “Modeling of high-speed DFB lasers considering the
; ; ; spatial holeburning effect using three rate equatioH8EE J. Quantum
has been done to obtain the change of the crosstalk in Fig. 6 Electron. vol, 30, bp. 920938, Apr. 1094,

without change in amplification. [10] B. Bauer, F. Henry, and R. Schimpe, “Gain stabilization of a semicon-
For the best performance of GCSOA, one can use shallow ductor optical amplifier by distributed feedback?EE Photon. Technol.
gratings (such that botl®; and G, are large but@, /G, is Lett, vol. , pp. 182-185, Feb. 1994.

. ; [11] R. H. Wentworth, “Large-scale longitudinal spatial-hole-burning contri-
small) and keep the active layer’s area large so as to reduce the pution to laser gain compressionEEE J. Quantum Electronyvol. 29,

crosstalk. Meanwhile, one can raise the bias curfent I 12 pp- 321?)'5&2%153' J}{g 1993-d wor ootical amolifier n fut
.. . . J. anony, emiconauctor optical amplitier Tor use In future
for obtaining large saturation power. fiber systems,’d. Lightwave Technglvol. 6, pp. 531-544, Apr. 1988.

V. CONCLUSION
A rate equation model for a GCSOA has been presented.

This model has been used to investigate the crosstalk wt gg}ig‘j’ tﬁg”BWS‘:"CS z‘;rg"rgg fgagg;:i'c ;:?:221 tshgeurgi_-
several WDM channels are injected into the GCSOA. Usir versity of Suzhou, China, in 1983, and the M.Sc.
time-domain calculations as well as analytical small-sign " degree in solid state physics from the University of
solutions, we predicted theoretically that the crosstalk will £ - Innermongolia, China, in 1987, respectively. She is

. . L . . currently a Ph.D. candidate in applied physics in the

more than 3 dB lower at high bit rates than it is at low bit rate " University of Gent, Gent, Belgium.

In other words, by increasing the bit rate up to a certain leve Since 1987, she joined in the East-China Ship-

one can decrease the crosstalk. Our analysis and conclus‘\i . puriding Ifstiute and Jiangsu Synihesize Technical

are valid only for a regular variation between 0’s and 1’s. Th! L Ka she has been with the Department of the Information’

can of course always be achieved with appropriate coding.Technology (INTEC) of the University of Gent as a Research Assistant. She
We have also discussed the dependence of crosstalk][‘oﬁr ‘;‘é‘;{kg?r'gtéhggt'sgl %foﬁ‘;h’s;ia%g‘r’] i@iﬁiﬁe”zm'on of WDM-component

device and bias parameters. The crosstalk at high bit rates '

strongly depends on the signal amplification, the input power

and the waveguide dimensions. It is also proportional with the

gain suppression coefficient, but is only weakly dependent on Geert Morthier (M'93) was born in Gent, Belgium,

cavity length and is independent of the bias current. To obte on March 20, 1964. He received the degree in

a small crosstalk, one can use shallow gratings and a la electrical engineering and the Ph.D. dgree from the
. e . . University of Gent in 1987, 1991, resepectively.

active layer area. A small amplification thus seems desirat Since 1991, he is a member of the permanent staff

to obtain a small crosstalk. of IMEC. His main interests are in the modeling
GCSOA’s are attractive devices for amplifying a numbe and characterization of optoelectronic components.

. . .. . He has authored or coauthored over 50 papers in
of multiplexed channels simultaneously and it is feasible -
integrate them with other devices on the same substrate. ~ 4

; the field. He is also one of the two authors of the
. , . . . L )
analysis of GCSOA's given here is useful for its application

Handbook of Distributed Feedback Las@krtech
House, 1997).
Dr. Morthier is a member of the Optical Society of America and the Flemish

in the future optical WDM systems [12]. Engineers Association.
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