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Interferometric method of suppressing the pattern
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A new idea of using change in index of refraction to suppress gain variation in a saturated semiconductor
optical amplifier (SOA) is presented. This kind of gain compensation has the advantage of high speed because

it involves two phenomena that always accompany each other.
nonsymmetrical Mach—Zehnder interferometer structure.

This compensation can be achieved with a
Calculated results show that with this structure

the input and output power of the SOA can be extended to nearly 10 dB from the former small-signal limit
when less than 1-dB gain variation is permitted. Numerical simulations with an advanced dynamic model

of the SOA agree with the calculated results.
OCIS codes:

The semiconductor optical amplifier (SOA) is very
attractive for its wide gain spectrum, capacity for
integration with other devices, and potential low
cost. However, its applications are severely lim-
ited owing to the pattern effect caused by the gain
saturation, which results in distortion of the pulse
shape and cross talk between symbols and channels.
Quite a few methods, including electronic feedback,!
compensation by a saturable absorber,>® reduction
of the carrier lifetime by injection of cw light,* and
clamping of the gain by laser oscillation inside the
device,%" have been put forward to solve this problem.
However, these methods have not given a satisfactory
solution to this problem, mainly because of their speed
limitations.

When a SOA reaches a saturated state, a decrease
in carrier density will result in simultaneous variation
of the gain and the index of refraction. So a better
way to compensate for gain variation, which is the
main source of the pattern effect, is to use the phase
variation of the output signal. This can be achieved
with a Mach—Zehnder interferometer (MZI) structure.
Obviously this compensation method will not suffer
any speed limitation and is bit-rate and waveform
transparent as long as only interband processes are
considered. In this Letter we describe the proposed
structure, including the principle and the expected
performance.

When the gain of a SOA varies with input signal
power, the phase difference between the output and the
input light will also vary, and their variations have a
fixed relationship. So we can make the output light
interfere with the input light in a MZI. By properly
adjusting the two arms of the MZI, we can make sure
that the two lights undergo destructive interference
when the gain is high and constructive interference
when the gain is saturated, so that the gain variation
is greatly reduced. The basic structure of the device
that we propose is shown in Fig. 1(a); one arm gives
the phase-shifted light with gain and the other gives
the unshifted light for compensation.
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In a SOA the relationship between the change of am-
plitude and the phase of the optical field along the am-
plifier is®

1
a(ﬁ/(?Z:—Eag, (1)

where gain coefficient g is defined by g = (dP/dz)/P,
a is the linewidth-enhancement factor, and ¢ is the
phase of the optical field. By integrating Eq. (1) over
the amplifier length, we can obtain the local gain of the
SOA as

G = exp[jj g(z)dz} =exp(—2A¢/a). (2)

In the small-signal region, i.e., when G equals small-
signal gain G, if the two arms of the MZI have a
phase-delay difference of 7, the overall gain from the
input port to the output port of the interferometric
structure should be

Guw = Gy — 1)?/2. (3)

When the input power increases and the SOA is work-
ing in a saturated state, so that the phase of its out-
put light changes by 7, the overall gain of the device
will be

Gn =G, +1)?/2, (4)

where G1 = Gy exp(—27/a) is the gain of the SOA at
that saturated condition.
For different values of @ we can choose

Go = 41 — exp(—7/a)] 2 (5)

(a) (b)
Fig. 1. Structure of the proposed device.
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to make G;; = Gy, which means the overall gain of
the device can be held to its small-signal value even
when the SOA reaches its saturated state. Also, the
ripples of the gain are usually very small when the
phase change of the SOA is from 0 to 7, as will be
shown below.

If we take linewidth-enhancement factor « to be a
typical value of 10, then, by Eq. (5), Gy of the SOA
should be chosen to be ~55 (17.4 dB). The saturated
gain is calculated and shown in Fig. 2, in which the
input powers of the device are normalized by the satu-
rated power of the SOA.

The gain of the proposed device is ~13 dB, with
0.55-dB ripples, for an input power below the turn-
ing point. This saturated curve is compared with
that of an ordinary SOA with the same small-
signal gain. It can be seen that the input dynamic
range is extended to a value as large as 9 dB if 0.6 dB
is taken as the limit for the largest gain variation.
This extended range will greatly facilitate the design
of optical gates with SOA’s.

For large enough G the phase of the output light of
the device at the output port is directly related to that
of the SOA. So we expect that the phase change at the
output port of the device will be approximately equal
to that of the SOA. Thus, in dynamic conditions this
device can produce a nearly pure phase change with lit-
tle variation of gain, from 0 to 7. This characteristic
may facilitate cross-phase modulation implementation
of a SOA in wavelength conversion and all-optical clock
recovery.

If the device is used as an amplifier instead of be-
ing used in an optical gate, the gain given above is
rather small. In this case we can add a preamplifier
by use of the structure shown in Fig. 1(b). The SOA’s
in the two arms of the device have identical struc-
tures but different lengths. The part of the device
on the left-hand side of the dashed line plays the role
of a preamplifier. The difference between the small-
signal gains of the two arms, i.e., Gg, should be a little
less than Gy calculated from Eq. (5) for further com-
pensation for the small saturation effect in the pream-
plifier. For an amplifier the maximum output power
for tolerable distortion is very important. Figure 3
shows the calculated gain versus normalized output
power for two devices with @« = 10 and « = 5. G; and
G, of the two devices are chosen so that the devices will
have a small-signal gain of 25 dB and the smallest pos-
sible gain ripple. Compared with the maximum out-
put power of an ordinary SOA with a gain of 25 dB,
the maximum output powers of the two devices are ex-
tended to 9 and 12 dB, when 0.6- and 1-dB gain vari-
ation, respectively, is tolerable. It is clear from Fig. 3
that, for a SOA with smaller «, larger output power can
be obtained at the expense of larger gain ripple. When
the input power is increased beyond the flat portion
of the curves in Fig. 3, the overall gain of the device
will decrease so fast because of destructive interference
that the output power of the device can even decrease.

We stress that, unlike with clamping of the gain by
laser oscillation inside the device, the dynamic charac-
teristic of gain variation of the interferometric device
should be the same as the static characteristic. In the
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dynamic condition the gain is determined not solely by
the optical power at the given time spot but rather by a
weighted average before that time. However, as long
as the maximum power is held below the turning point,
the gain will always remain in the flat portion of the
saturated curves.

Numerical simulations with a complete large-signal
dynamic model of a SOA,*! taking into account longi-
tudinal variations of carrier and photon density, the
nonlinear gain-compression effect, and amplified spon-
taneous emission noise, confirmed the validity of the
suppression method idea. We have simulated a device
with the structure shown in Fig. 1(a). The SOA in
the top arm is assumed to have an amplifier length
of 200 um, an injection current of 110 mA, saturation
energy of ~2.6 pd, a carrier lifetime of ~270 ps, and a
linewidth-enhancement factor a of 7.1. The simulated
performance of the device when a 40-Gbit/s pseudo-
random binary sequence (27 — 1) signal light with
0.87-mW average power is injected into the device and
is equally distributed in the two arms is shown in
Fig. 4. The overall gain of the device in this condition
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Fig. 2. Gain versus input power P;, of (solid curve) the
proposed interferometric structure [Fig. 1(a)] and (dashed
curve) an ordinary SOA with the same small-signal gain.
Py, is normalized by the saturated power Pg,; of the SOA.
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Fig. 3. Gain versus output power P, of (dotted curve) an
ordinary SOA and the interferometric structure [Fig. 1(b)]
when (solid curve) ¢« = 10, G; = 55 and (dashed curve)
a =5,G; = 18.4. The parameters are chosen so that they
have the same small-signal gain. P, is normalized by the
saturated power Pg,; of the SOA.
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Fig. 4. Simulated performance of the device shown in

Fig. 1(a). (a) Eye diagram of the output signal of the
SOA at the top arm of the structure, (b) eye diagram of
the output signal at the output port of the interferometric
structure.

is 11.8 dB. Eye diagrams of the output power of the
SOA in the top arm and of the power at the output
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port of the device are shown in Figs. 4(a) and 4(b),
respectively. If we characterize the pattern effect as
the ratio of maximum to minimum power of code 1,
the pattern effect is reduced from 2.9 to 0.4 dB. No
obvious variation of the compensation effect is ob-
served when the bit rate is changed to 100 Gbits/s.
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