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Optical ultra-short pulse compression and amplification using semiconductor optical amplifier (SOA) is

presented. Using pump-probe pulse configuration, we present an SOA model which includes the

nonlinear effects such as, spectral hole burning (SHB), carrier heating (CH), two-photon absorption

(TPA) and group velocity dispersion (GVD) taking into account gain spectrum effect. Then by adjusting

time delay between the pump pulse and probe pulse we use the model for simultaneous compression

and amplification of probe pulse. We also analyze the four wave mixing (FWM) signal during pulse

compression process. It is shown that dispersive effect of GVD on output probe pulse becomes more

important for larger cavity length and probe-pump pulses relative time delays.

& 2008 Elsevier Ltd. All rights reserved.
1. Introduction

In ultra-fast data processing and high-speed optical commu-
nication systems, generation and reshaping of ultra-short pulses
in semiconductor optical amplifiers (SOA’s) becomes of great
importance for applications such as optical frequency conversion
and optical switches [1]. That is because of some advantages of
the SOA which include, compactness and ability to be integrated
with other optical devices and, moreover, simultaneous amplifica-
tion and compression of the optical pulses. Optical pulse
compression using pump and probe configuration has already
been reported [2]. In this work, we use finite difference-beam
propagation method (FD-BPM) [3] to solve the nonlinear Schrö-
dinger equation for linear polarized traveling wave. Using this
method, we can consider nonlinear effects such as self-phase
modulation (SPM), two-photon absorption (TPA), spectral hole
burning (SHB), carrier heating (CH), wavelength dependence of
the gain profile and group velocity dispersion (GVD) in the model,
which to our knowledge the GVD has not been taken into account
in the optical pulse shaping, yet. Effect of GVD cannot be neglected
for sub-picosecond pulse durations [4]. In this work, the effect of
GVD on output probe pulse characteristics in picosecond regime is
obtained numerically, considering the effect of SOA cavity length
and the time delay between the probe and pump pulses. Based on
the model, we study the nondegenerate four wave mixing signal
(FWM) characteristics, and for the first time its dependency on the
frequency detuning and time delay between input probe and
ll rights reserved.

adi).
pump pulses. In Section 2, the equations that describe the
propagation of pump and probe pulses are derived. In Section 3,
the results are presented and they are discussed. Finally, our work
is summarized in Section 4.
2. Theory

Propagation of the optical pulse inside the SOA is defined by
the following modified nonlinear Schrödinger equation [5]:
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Fig. 1. Normalized input and output probe pulse shapes. Pump pulse energy is

20 pJ and frequency detuning is 1 THz. The pump and probe pulse widths are 2 and

12 ps, respectively.
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qgðt;oÞ
qo

joo ¼ A1 þ B1½g0 � gðt;ooÞ� (5)

q2gðt;oÞ
qo2

jo0 ¼ A2 þ B2½g0 � gðt;o0Þ� (6)

gðt;o0Þ ¼ gNðt;o0Þ=f ðtÞ þDgTðt;o0Þ (7)

where V (t, z) is slowly varying envelope function of an optical
pulse, t ¼ t–z/vg, vg is group velocity, g is linear loss, g2p is the TPA
coefficient, b2 is the GVD, b2 ¼ o0n2/cA, n2 is the nonlinear
refractive index, o0 is the central angular frequency, c is the
velocity of light in vacuum and A is the effective area, respectively.
gN (t) is saturated gain due to carrier depletion, g0 is the linear
gain, Ws is the saturation energy, ts is the carrier lifetime, f(t) is
the spectral-hole burning function, Pi is the SHB saturation power,
ti is the intraband relaxation time, aN and aT are the linewidth
enhancement factors associated with gain changes due to carrier
depletion and CH, respectively. DgT (t) is the resulting gain
changes due to CH and TPA, u(s) is the unit step function, tch is the
CH relaxation time, h1 is the contribution of stimulated emission
and free-carrier absorption to CH gain reduction, and h2 is
contribution of TPA. Finally, A1 and A2 are the slope and the
curvature of linear gain at central frequency, respectively, and B1

and B2 are constants describing changes in these quantities with
saturation. We use the parameters of the GaAs/AlGaAs SOA with
wavelength of 0.86mm and length of 500mm. The two input
optical pulses (pump and probe pulse) that are injected from the
same facet (co-propagation configuration) are expressed by

VðtÞ ¼ VpðtÞ þ VqðtÞ expð�iDotÞ (8)

Here Vp (t) and Vq (t) are the complex envelope functions of the
input pump and probe pulses, respectively, and Do ¼ 2p (fp�fq)
where fp and fq are the central frequencies of the input pump
pulse and probe pulse, respectively. It is assumed that input probe
pulse intensity is sufficiently small (20 times smaller than of
pump pulse energy), so that it does not modify the optical
properties of the SOA. Input pulse shape is Gaussian and is Fourier
transform limited. The effect of input pulse duration becomes of
most importance when we use the device in saturation regime.
The longer durations result in the higher output saturation
energies because of the fast response of the spectral-hole burning
and CH [6]. We have solved the equation using FD-BPM, to analyze
all the nonlinear parameters, numerically.
Fig. 2. Gain dynamic response of the SOA to the pump pulse corresponding to

Fig. 1.

3. Results and discussion

3.1. Compression and amplification

Fig. 1 shows the normalized input and output probe pulse
shapes when both of the pump and probe pulses are injected into
the SOA at the same time (time delay equals to zero). Here, pump
pulse and probe pulse energies are 20 and 1 pJ, respectively,
frequency detuning is 1 THz and the duration of input probe pulse
and input pump pulse are 12 and 2 ps, respectively. In this
condition the leading edge of probe pulse experiences unchanged
gain and is linearly amplified. But for the trailing edge this is not
the case. Pump pulse saturates the gain medium by carrier
consumption and the trailing edge of probe pulse sharply damps.
The dynamic gain response of the SOA to the pump pulse is
presented in Fig. 2. All the parameters used here are the same as
those in Fig. 1. The step-like profile in Fig. 2, results from carrier
depletion induced by pump pulse. Quick gain depletion occurs
near the zero time, when the peak power of the pump pulse
appears, due to the effects of fast processes such as CH and
SHB [7,8]. The magnitude of recovering gain is proportionally
dependent upon pump pulse energy. It can be explained by carrier
generation through the absorption of energy from the pump pulse
because of the TPA [9]. Utilizing this dynamic gain, we can explain
the output probe pulse shape at different time delays. Fig. 3 shows
the output probe pulse width as a function of time delay between
the probe pulse and pump pulse for two different energy values of
pump pulses, 20 and 50 pJ. Here, negative time delay means probe
pulse is ahead of pump pulse and positive time delay means probe
pulse lags behind pump pulse.

In negative time delays, where the whole probe pulse is ahead
of pump pulse, the full pulse experiences a constant gain due to its
low energy. Thus, probe pulse is amplified linearly and pulse
shape remains unchanged. By changing time delay between the
pump pulse and probe pulse, there is overlap between trailing
edge of probe pulse and leading edge of pump pulse. So, this part
of probe pulse will see the decreased gain while the other part is
amplified with the unsaturated gain. Therefore, signal pulse-
width compression starts. With increasing the overlap, signal
pulse width is further decreased with a two-peak structure. In
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Fig. 4. Amplification factor of the probe pulse as a function of time delay between

the input pulses, corresponding to Fig. 3.

−1.5 −1 −0.5 0 0.5 1 1.5
−100

−80

−60

−40

−20

0

Frequency (THz)

 P
ow

er
 (

dB
)

FWM signal Pump Probe
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Pump pulse energy is 20 pJ and frequency detuning is 1 THz. Other parameters are

the same as those in Fig. 1.
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Fig. 3. Output probe pulse width as a function of time delay between the pump

pulse and the probe pulse. The parameters are the same as those in Fig. 1.
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Fig. 6. Output probe pulse chirp for two different input pump pulse energies.
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positive time delay region, when both of the two peaks are more
than 0.5, pulse width is broadened. The maximum amount of
probe pulse compression using this structure is �4.

Another important parameter is the amplification factor, which
is defined as the ratio of output probe pulse energy to the input
probe pulse energy. Fig. 4 illustrates the amplification factor
corresponding to Fig. 3. We can see here the effect of gain
saturation on probe pulse amplification. The saturation effect is
increased for large positive time delays and higher pump energies.
3.2. Frequency domain

Fig. 5 shows the input and output signal spectrum correspond-
ing to Fig. 1. In the output spectrum there is a new signal which
has a peak position at �1 THz. When there is a frequency detuning
between input pulses in SOA this signal is generated by FWM
process. Also, one can see higher order of frequency mixings in the
output spectrum, by widening the sampled frequency range. The
high values of energy of the pump pulse results in a frequency
shift in peak power of output signal pulses. Fig. 6 illustrates the
output probe pulse chirp versus time delay between the two input
pulses for two different values of pump energy, 20 and 50 pJ. By
varying time delay, the overlap between two pulses varies and
output spectrum changes. Higher pump energy (50 pJ) gives a
symmetrical chirp versus time delay in two regions. The positive
chirp peak occurs at �8 ps and its value is higher for larger pump
energy. The negative chirp peak moves from 3.5 ps towards
�4.7 ps whose value is inversely proportional to pump pulse
energy. The peak values of pulse chirp are determined by ultra-
fast dynamic process and carrier depletion induced by pump
pulse [10,11].

As mentioned above, in the output pulse spectrum there is a
third pulse, FWM signal, whose energy is obviously small
compared to the other output pulses. In Fig. 7, we can see the
variation of the FWM signal energy versus time delay between
input pump pulse and probe pulse, for two different pump pulse
energies. The other parameters are the same as those in Fig. 6. In
the vicinity of zero time delay the FWM signal energy reaches its
peak value, �0.12 pJ. By inserting time delay between input
pulses, this value decreases. This means that, the FWM energy is
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Fig. 7. FWM signal energy as a function of time delay between two input pulses,

pump energy is 20 (solid line) and 50 pJ (dashed line), respectively.
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Fig. 8. Output probe pulse width as a function of frequency detuning between

input pulses. The parameters are the same as those in Fig. 7.
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Fig. 9. Amplification factor of probe pulse versus frequency detuning. The

parameters are the same as those in Fig. 7.
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proportional to product of the intensities of the overlap between
the pump pulse and probe pulse.

A very important parameter in the pump-probe pulse
amplification in SOA is frequency detuning between two input
pulses. Pump pulse central frequency is tuned at the gain peak
and probe pulse is injected by frequency detuning with respect to
pump pulse. Fig. 8 illustrates the output probe pulse width versus
the frequency detuning. It shows that, by increasing the frequency
detuning, the probe pulse width is further decreased. But in Fig. 9,
which shows the amplification factor versus frequency detuning,
larger detuning results in a smaller amplification factor. Therefore,
there is a trade off between two important parameter, compres-
sion factor and amplification factor of probe pulse. In this work,
frequency detuning is 1 THz that results in a compression factor of
about 4 and amplification factor of 6.5 and 5.5 dB for 20 and 50 pJ
pump pulse energies, respectively.

Meanwhile, in Fig. 8, for both 20 and 50 pJ pump pulse, the
peak value of output pulse width occurs at C0.7 THz. This can
be explained by Fig. 9. As a result of gain saturation due to
strong pump pulse, the peak value moves toward lower frequency
side.
Finally, the FWM signal energy versus frequency detuning for
different pump pulse energies, 20 and 50 pJ, is shown in Fig. 10. It
shows that, the FWM signal energy increases with pump pulse
energy and decreases with frequency detuning.
3.3. Group velocity dispersion

To see the effect of GVD on output probe characteristics we
apply very short pulses in the range of picosecond. Fig. 11 shows
the output probe peak shift versus time delay between input
pulses for different values of GVD. Input pump and probe
pulsewidths are 1 and 8 ps, respectively. Pump pulse energy is
20 pJ which is 20 times greater than that of probe pulse and
frequency detuning is 2 THz. The amount of peak shift is larger for
greater values of GVD. The GVD effect increases from positive time
delays towards negative time delays. For positive time delays the
pump pulse is ahead of probe pulse and saturation effect of strong
pump pulse is dominant. By changing time delay toward negative
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region the overlap between pulses decreases. For more negative
time delays pump is behind the probe pulse and effect of increase
in GVD leads to further movement in probe peak position.
Fig. 12 illustrates the probe peak shift versus the length of the
amplifier when there is no time delay between input pulses. GVD
effect on probe peak shift is greater in the longer cavity SOA. To
our knowledge, the dispersive effects of GVD on probe pulse shape
shown in Figs. 11 and 12 have not been considered so far.
4. Conclusion

In this work, we have numerically analyzed the optical pump-
probe pulse characteristics in the SOA by the FD-BPM. It is shown
that using an input strong pump pulse and by adjusting the time
delay between two pulses, one can control both amplification and
compression of probe pulse. Output signal spectrum, FWM signal
characteristics and output probe pulse chirp numerically have
been studied. We have shown that, a probe pulse compression
factor of about 4 can be obtained by this approach. We have
studied the dispersive effect of GVD on output pulse shape, which
has not been considered yet. It was shown that there is a larger
probe peak shift for larger SOA cavity length and probe-pump
pulses relative time delay. This method can be used for high-
efficiency wavelength converters and optical switching systems.
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