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Effect of Four-Wave Mixing on Multichannel
Amplification in Semiconductor
Laser Amplifiers

GOVIND P. AGRAWAL, SENIOR MEMBER, IEEE, AND ISAM M. I. HABBAB, MEMBER, IEEE

Abstract—A general theory is developed to describe multichannel
amplification in semiconductor laser amplifiers. It includes the effects
of both gain saturation and carrier-density modulation. The carrier-
density modulation, occurring as a result of beating among the neigh-
boring channels, is responsible for deg ate four-wave mixing.
This nonlinear phenomenon not only unequalizes the channel gains but
also generates new sidebands on both sides of the boundary channels.
We illustrate the effects of four-wave mixing on multichannel amplifi-
cation by considering the 30 channel case in detail. The theory is useful
for quantifying the amplifier-induced crosstalk and identifying the op-
erating conditions for reducing such crosstalk in multichannel coher-
ent communication systems.

[. INTRODUCTION

EMICONDUCTOR laser amplifiers have attracted

considerable attention recently because of their poten-
tial application in fiber-optic communication systems [1].
A major motivation behind their development is the pos-
sibility of simultaneous amplification of a large number
of closely spaced optical channels. This can be realized
only if the interchannel crosstalk is not a limiting factor.
Two physical mechanisms responsible for such a cross-
talk are gain saturation [2]-[5] and carrier-density mod-
ulation [6]-[15]. Gain saturation does not depend on
channel spacing and can be avoided by operating the am-
plifier below the saturation level. By contrast, carrier-
density modulation is expected to set a fundamental limit
on channel spacing even in the below-saturation mode of
operation [7].

The nonlinear phenomenon limiting the amplifier per-
formance is four-wave mixing (FWM) occurring as a re-
sult of carrier-density modulation that creates the dynamic
gain and index gratings [6], [12]. Although FWM in
semiconductor laser amplifiers has been studied [6]-[15],
most of the theoretical models use various approximations
that limit their range of validity. In this paper we develop
a general theory of FWM to describe multichannel am-
plification by including the effects of both gain saturation
and carrier-density modulation. FWM not only affects the
channel gains but also generates new sidebands beyond

Manuscript received February 21, 1989; revised June 23, 1989.

G. P. Agrawal is with the Institute of Optics, University of Rochester,
Rochester, NY 14627.

I. M. I. Habbab is with AT&T Bell Laboratories, Crawford Hill Lab-
oratory, Holmdel, NJ 07733.

IEEE Log Number 8933362.

the boundary channels. We illustrate these effects by con-
sidering the two-channel case. The theory is then applied
to study interchannel crosstalk and intermodulation dis-
tortion occurring when 30 channels are amplified simul-
taneously. The theoretical model used here is valid in the
large-signal regime and is solved exactly except for the
approximations inherent in the rate-equation approach.

II. THEORY

We consider a traveling-wave amplifier which is used
to amplify M equispaced channels at the frequencies w,,
(m = 1to M). All waves are assumed to be monochro-
matic and linearly polarized along the same axis. The to-
tal electric field is then of the form

E(xy,2,1) = Ulx, y) 2 E(2) exp (~iwyr) (1)

where U(x, y) is the transverse distribution of the single
mode supported by the amplifier waveguide. The evolu-
tion of E(x, y, z, t) along the amplifier is governed by
the wave equation
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where n is the refractive index, c is the vacuum velocity
of light, and ¢, is the vacuum permittivity. The induced
polarization is calculated by using [6]

P = on(N)E

where the susceptibility

(3)

x(N) = —Zf(s +i)g(N). (4)

The gain g(N ) depends on the carrier density N inside
the amplifier’s active region which in turn depends on the
pumping current. To a good approximation, g (N ) varies
linearly with N, i.e., g(N) = a(N — N,), where a is the
gain coefficient and N, is the carrier density required for
transparency [16]. The carrier density N at a pumping cur-
rent / is obtained by solving the rate equation
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where g is the electronic charge, V is the active volume,
and 7, is the spontaneous carrier lifetime. The angle
brackets denote averaging over the waveguide cross sec-
tion. The axial variation of N along the propagation di-
rection z is retained in view of the growth of the channel
intensities. The parameter 3 in (4) accounts for the car-
rier-induced index change that accompanies the gain in
semiconductor lasers and amplifiers. It is often referred
to as the linewidth enhancement factor and has typical
values in the range 3-6 depending on the operating wave-
length [16].

The stimulated-recombination term in (5) is responsible
for carrier-density modulation at the beat frequencies 2,

2Q, - - -, (M — 1)Q, where Q is the channel spacing.
An approximate solution of (5) is of the form
M—1
N(z,t) = N(2) + 2—11 [AN,(z) exp (—imQ) + c.c.]
(6)
where @ = | — )],
- No(I/Iy — 1
N(z) = Ny + od/h ~ 1) (7)

1+ Z[ER)[/P.

with Iy = qVN, /7, and

C(N(Z) - Np) ; Ej(Z)E;im(1)

(z) = — . (8
AN, (z) |~ imQr. + Z 'Ej(Z)lz/Ps (8)

The saturation power
P, = hwywd /(Tar,) (9)

where w is the width and d is the thickness of the active
region. The confinement factor I' and the overlap factor
C result from the non-plane wave nature of the waveguide
mode [12]. Typically, I' = 0.3 — 04and C = 0.5 - 1
depending on the waveguide dimensions. The saturation
power P, is assumed to be the same for all channels by
using an average photon energy hwy. The modulation
component AN,, in (6) couples the three waves at the fre-
quencies w;, w;_,,, and w, ,,, through the FWM process.
The power dependence of the denominator in (7) and (8)
is responsible for gain saturation.

To solve the wave equation (2), we follow the standard
procedure [12]. The polarization P is expanded in a man-
ner similar to (1) by writing

M
P(x,y,z,t) = U(x, y) f;l p;i(2) exp (—iw;t). (10)

If we substitute (1) and (10) in (2), assume E; = A,-\/ITS
exp (ik;z), neglect dzAj/dzz, and integrate over x and y,
we obtain

— +

oA, = ——==p; X _lkz
dz 41 nCeox/-F;p} p (—ik;z)

(11)
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where k; = nwj/c. The frequency dependence of n has
been ignored by assuming that the channel separation is
much smaller than the optical frequencies. This is the case
in practice (2/w; < 107°). It amounts to assuming that
the FWM process is nearly phase matched over the am-
plifier length. The loss term has been added phenomeno-
logically to account for the waveguide losses. The polar-
ization component p; is obtained by using (6) in (3) and
expressing the result in the form of (10). The final result
is

Ajm (Z A;"_mAk>
k
1 + Pp — imQ7,
M—1 Aj+m <§ A:Ak—m>i|
-Cc X

m=1

(12)

1 +PT+ imQTs

where gy = T'aNy (I /I, — 1) is the small-signal gain and
Pr is the total power in all channels (normalized to the
saturation power):

M M ) 1 M )
Pr=2P=2l4 =2 X|E[ (13)
J J s/

Equation (12) is our main result. It describes how the
complex amplitude of each channel evolves along the am-
plifier by including the effects of both gain saturation and
carrier-density modulation. The latter contribution be-
comes negligible for @7, >> 1 since carriers cannot re-
spond fast enough to changes in the amplitudes if Q ex-
ceeds much more than 7 '. In general, the indexes j and
k in (12) take integer values which extend beyond the
number of channels M since FWM creates new frequency
components on both sides of the boundary channels. In
practice, it is often sufficient to consider only M — 1 ad-
ditional channels on each side. One then solves (12) with
j=—(M—2)to2M — 1by setting 4;(0) = 0 for values
of j outside the range 1, 2, - - -, M. Since 4; is complex,
one needs to solve numerically a set of 6M —4 first-order
nonlinear differential equations to solve the M-channel-
amplification problem.

III. FOuR-WAVE MIXING AND GAIN ASYMMETRY

Carrier-density modulation and the associated nonlin-
ear phenomenon of FWM affect the performance of am-
plifiers in two ways. First, the amplifier gain becomes dif-
ferent for different channels. As a result, the output
channel powers become unequal even if all channels have
the same power at the amplifier input. Second, some en-
ergy is transferred to new sidebands located on each side
of the boundary channels as a result of FWM, making the
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amplifier less efficient. We illustrate the two effects by
solving (12) for the specific case of two-channel amplifi-
cation. The amplifier is characterized by the unsaturated
single-channel gain defined as

Gy = exp (&lL). (14)

We choose G4 = 25 dB and 8 = 6 as typical values for
semiconductor laser amplifiers. The carrier lifetime 7, =
0.1-0.5 ns depending on the residual facet reflectivities
and the pumping conditions. However, it is not necessary
to specify 7, if we present our results for a normalized
channel spacing D, where D = Q /27, and normalize
channel powers to the saturation power P defined by (9);
P, = 1 mW under typical operating conditions. The
waveguide loss is neglected.
Fig. 1 shows the channel gains G, and G, defined as

lawf
|Aj(0)|2

for j = 1 and 2. For simplicity, we assume that the inci-
dent channel power P;, = |4;(0)|* is the same for both
channels. Two cases of P;, = —30 and —25 dB are shown
in Fig. 1. In the former case the gain-saturation effects
are much smaller compared with the latter case. Horizon-
tal dashed lines show the saturated channel gains expected
in the absence of FWM. The effect of FWM is to increase
the gain for the low-frequency channel and to decrease it
for the high-frequency channel [7], [15]. The gain differ-
ence between the two channels can be 3 dB or more for
D7, < 1. It can be reduced by operating the amplifier
well below the saturation level and by choosing the chan-
nel spacing in excess of 7; '. Since 7, is typically 0.2-0.3
ns, the channel spacing for P;;, = —30 dB must exceed
3-5 GHz to maintain the channel gains within 1 dB of
each other.

It is seen in Fig. 1 that both G, and G, decrease signif-
icantly for D7, << 1. This decrease is due to the transfer
of power from each channel to new frequency compo-
nents at v, — Q and w, + @ (w; < w, is assumed ). These
sidebands are generated as a result of FWM. More spe-
cifically, when the channel 1 acts as a pump, two photons
of the frequency w,; are annihilated to create two photons
at the frequency w, = w; + Q and wy = w; — Q. Simi-
larly, a part of the energy of channel 2 is transferred to
frequency components at w; = w, — @ and w3 = w, + Q.
The frequency components at wy and w; have no power
present initially at the ampilfier input. However, FWM
can generate a significant amount of power at these fre-
quencies. Fig. 2 shows the powers Py = | 4g(L)|* and P;
= | A;(L)|* (normalized to P;) at the two sidebands gen-
erated as a result of FWM. In general, the low-frequency
sideband at wy has more power than the high-frequency
sideband at w;, although the difference is within 1-2 dB.
Both P, and P; decrease rapidly with an increase in the
channel spacing. Note however that the sideband power
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Fig. 1. Variation of channel gains G, and G, with channel spacing D for
the case of a two-channel amplifier. In the absence of FWM, channel
gains are equal and independent of the channel spacing (dashed line).
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Fig. 2. Variation of the powers of the two sidebands generated by FWM
with the channel spacing D. P, and P; correspond to low-frequency and
high-frequency sidebands, respectively.

increases rapidly with an increase in the input power P;,.
For relatively large values of P;, and small values of D7,
the sideband can carry as much power as the channels
themselves. This is the regime of strong FWM interaction
that must be avoided if the objective is to reduce the in-
terchannel crosstalk during multichannel amplification.

IV. INTERCHANNEL CROSSTALK

The general result (12) can be used to consider simul-
taneous amplification of an arbitrary number of channels.
To demonstrate its usefulness, we consider the specific
case in which 30 channels are amplified simultaneously
by the semiconductor laser amplifier (M = 30). We as-
sume that the input power is the same for all channels.
The input phase is generally not fixed and can vary ran-
domly with time. For this reason we have averaged over
the input phases in obtaining the following results. To
quantify the effects of interchannel crosstalk, we consider
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Fig. 3. Variation of P;/P, with P, in the case of 30 channel amplification
for several values of the normalized channel spacing Q7,. P, is the chan-
nel output power in the absence of nonlinear effects and P; is the power
generated in the 15th channel as a result of amplification of all neigh-
boring channels.

a specific middle channel (channel 15) and obtain the in-
termodulation power P; generated in this channel as a re-
sult of FWM. More specifically, P; is obtained by solving
(12) with the input condition that P; = P, for all channels
except for channel 15 for which P;s = 0. The other pa-
rameters are identical to those used for Fig. 1.

Fig. 3 shows the intermodulation power P; as a function
of the output power P, of a channel expected in the ab-
sence of interchannel crosstalk. For convenience, the in-
termodulation power P; is normalized to P,; the ratio
P;/P, is a measure of intermodulation distortion occur-
ring as a result of FWM in the amplifier. The different
curves in Fig. 3 are for four different values of the param-
eter 7, a measure of the channel spacing. As one would
expect, intermodulation distortion increases when the
channel spacing decreases. It also increases considerably
when the amplifier is operated to obtain large channel
powers at its output. Interchannel crosstalk sets an upper
limit on the amplified channel power P,. For example, if
the design criterion is P; /P, < —20 dB, then P, < —22
dB for @7, = 1 and becomes Py < —18 dB for Q7, = 4.

A practical way to characterize the amplifier perfor-
mance is to study the variation of P; /P, with the channel
spacing when the amplifier is operated to obtain a certain
total output power P,,,. This is shown in Fig. 4 for P,,, =
—5 and —10 dB (all powers are normalized to the satu-
ration power of the amplifier) after assuming 7, = 0.3 ns.
Intermodulation distortion decreases considerably (by
more than 10 dB) when P, is changed from —5 to —10
dB. It also decreases with an increase in the channel spac-
ing. For a channel spacing of 1 GHz, P;/P, = —17 dB
when P, = —5 dB and reduces to —27 dB when P,
—10 dB. Clearly the total output power has to be kept
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Fig. 4. Variation of P;/ P, with the channel spacing in the case of 30 chan-

nel amplification for two values of the total output power.

well below the saturation level in order to minimize the
effects of FWM occurring as a result of carrier-density
modulation.

V. CONCLUSION

We have developed a general theory of multichannel
amplification in semiconductor laser amplifiers. The the-
ory is valid in the large-signal regime and includes the
effects of both gain saturation and carrier-density modu-
lation on the evolution of the optical field associated with
each channel. The carrier-density modulation manifests
as FWM which transfers power from each channel to the
neighboring channels. Such FWM unequalizes the chan-
nel gains and, at the same time, generates new sidebands
on both sides of the boundary channels. We have dis-
cussed these effects by considering the cases of 2 and 30
channels. The theory presented here is expected to be use-
ful in quantifying the amplifier-induced crosstalk levels in
multichannel communication systems and indicates the
operating conditions under which the crosstalk can be re-
duced to an acceptable level.
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