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In this paper we have experimentally investigated the optimized bias current of semiconductor optical amplifiers (SOAs)
in order to achieve the high-speed input pulse train amplification with high gain and low distortion. Variations of the
amplified output pulse duration with the amplifier bias currents have been analyzed and it is found that compared with
the input pulse duration, the amplified output pulse duration is broadened; as the SOA bias current decreases from the
high level (larger than the saturated bias current) to the low level, the broadened pulse duration of the amplified output
pulse initially decreases slowly and then rapidly. Based on the analysis, an optimized bias current of SOA for high-speed
pulse train amplification is introduced. The relations between the SOA optimized bias current and the parameters of the
input pulse train (pulse duration, power and repetition rate) are experimentally studied. It is found that the larger input
pulse duration, the lower input pulse power or the higher repetition rate can lead to a larger SOA optimized bias current,
which corresponds to a larger optimized SOA gain. The effects of assist light injection and different amplifier
temperatures on the SOA optimized bias current are studied and it is found that assist light injection can effectively
increase the SOA optimized bias current while SOA has the lower optimized bias current at the temperature 20°C than
that at other temperatures.

OCIS codes: 250.5980 (Semiconductor optical amplifiers), 250.5960 (Semiconductor lasers), (250.5530) Pulse propagation and temporal solitons

1. INTRODUCTION

Semiconductor optical amplifiers (SOAs) have become the key
devices in the integrated optical systems and passive optical
networks (PON) for the advantages of high energy-efficient,
wide operational bandwidth and small size [1-7]. However, the
gain saturation mechanism in SOAs causes the distortion of the
amplified output pulse. Injecting assist light [8], optimizing the
structure of the active region [9-10] and doping the barrier
region [11] were proposed to improve the gain dynamics of
SOA while these measures can effectively accelerate the gain
recovery rather than reduce the distortion of the amplified
output pulse.

It is important to realize free-distortion amplification when
SOA is adopted to amplify the optical synchronous clock signal
or merge the multi-channel high-speed pulse trains [12-14]. For
the generation of high repetition rate pulse trains, merging the
pulse trains from the multiple channels each of which is
amplified by SOA has become a promising method. However,
the inconsistency in the amplified output pulse trains of the
multiple channels, especially the difference in the pulse

duration (full width at the half maximum) affects the
performance of the high repetition rate pulse source. The pulse
duration of the amplified output pulse depends on the
amplifier’s construction and operation conditions [15-17].
When the SOA bias current is high, optical pulse amplification
suffers from distortion induced by the gain saturation.
However, when the bias current is too low, the SOA gain also
decreases [18-19]. Thus, it is significantly important to choose a
suitable bias current for high-speed pulse train amplification in
SOA. The pulse amplification in semiconductor optical
amplifiers has been theoretical analyzed using the rate
equations [20-21], the systematical analytical method [22] and
the transmission line modelling method [6]. However, these
theoretical analyses have made assumptions to obtain the
analytic solutions or to aid the numerical computation, which
has restricted the accuracy of the simulation results. In this
paper, the detailed experiments are done to investigate the SOA
optimized bias current for the high-speed pulse train
amplification. As the SOA bias current decreases from the high
level (200mA, more than the saturated level) to the low level

(30mA), the pulse duration of the amplified output pulse is



measured and analyzed. In order to realize high gain and low
distortion amplification of the high-speed input pulse train, the
SOA optimized bias current is defined based on the changes of
the pulse duration of the amplified output pulse with the SOA
bias currents. The relation between the SOA optimized bias
current and the parameters of the SOA input pulse train (pulse
duration, power as well as repetition rate) are experimentally
studied. The effects of assist light injection and different
temperatures on the SOA optimized bias current are analyzed.

This paper is organized as follows. The experimental system
is introduced in Section 2. In Section 3, the optimized bias
current for SOA is defined based on the variations of the pulse
duration of the amplified output pulse with the SOA bias
currents. In Section 4, the relation between the SOA optimized
bias current and the input pulse duration, the input pulse
power and the repetition rate of the pulse train is explored. In
Section 5, the effects of assist light and temperature on the SOA
optimized bias current is studied. Conclusions are given in
section 6.

2. Experimental System

Figure 1(a) shows the schematic diagram of the experimental
system for the high-speed pulse train amplification. The pulse
train at the desired wavelength1550nmis generated by the
actively mode-locked fiber laser (MLFL), which is stimulated by
the RF generator. The pulse train generated by the pulse laser is
coupled to EDFA1 (Keopsys), which can provide the
distortionless amplification for the pulse train. In order to
obtain the pulse trains with different pulse durations from the
PriTel pulse compressor, the power of the amplified output
pulse train from EDFA1 can be adjusted by controlling the
pump current of laser D1 in EDFA1. The optical attenuator is
employed to control the power of the SOA input pulse train. The
SOA input pulse train’s repetition rate, power, pulse duration
can be controlled by the pulse laser source, the optical
attenuator and EDFA1, respectively. The optical spectrum
analyzer (0OSA), digital communication analyzer (DCA) and the
RF analyzer are adopted to monitor the output of the pulse
laser in the time-frequency domains. The SOA used in the
experimental analysis is provided by the Compound
Semiconductor Technologies Company. The bulk SOA is
polarization-independent; the central wavelength of the SOA
is1554hmand its 3—dB bandwidth is90nm.The SOA

temperature is set to be 20°C. In order to explore the SOA
optimized bias current, the SOA bias current is decreased
from 200mA (more than the
to 30mA and the step current is 5mA. The SOA output pulse
train is amplified by the free-distortion EDFA2 (PriTel) in order
to ensure the measurement accuracy of the autocorrelator
(Femtochrome). The corresponding physical map of the whole
experimental system is shown in Fig. 1 (b).
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Fig. 1 Experimental system of SOA high-speed pulse train
amplification (a) schematic diagram (b) physical map

3. Experimental Investigation of SOA Optimized Bias
Current

In order to find experimentally the optimized value of the SOA
bias current, we have measured variations of the pulse duration
of the amplified output pulse train with SOA bias currents using

the setup shown in Fig. 1 (b). The input of EDFA1 as shown in

Fig. 1(a), is alOGHzpulse train at the wavelength1550nm

which is generated by MLFL and its amplified output pulse train

duration and power can be changed by the pulse compressor
and optical attenuator, respectively. This output is then injected
into the SOA input. The function of distortionless EDFA2 is to
increase the output power of the SOA which can effectively
improve the accuracy of the autocorrelation measurement. Fig.
2 shows the measured amplified output pulse autocorrelation
results. As the results show there are two pulses in the
autocorrelator response during the fixed 320ps measurement

time interval. It should be noted that number of the pulses per a

given fixed time interval is determined by the repetition rate of

the pulse train. It is found that the pulse train generated by

pulse laser (see Fig.1(a)) can be closely approximated to the
Gaussian pulse, which has a better fitting result as compared



with other pulse shapes. Thus, based on the autocorrelation
response we can find the best Gaussian fitted response from
which we can obtain the pulse duration of each pulse in the
train. We have found that by dividing the duration of each pulse

in the auto-correlation response by~/2 the actual pulse
duration can be obtained.
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Fig. 2 Schematic diagram of the pulse duration measurement
using the autocorrelator

Prior to the exploration experiments, SOA characteristic curves
are measured. Fig. 3 shows the variations of the forward (blue
curve) and backward (green curve) ASE output powers and the
corresponding amplifier active region voltage (red curve) with
respect to the SOA bias currents without applying any external
optical signal at its input. It is found that as the SOA bias current
increases from 30mAto 200mA, the forward and backward
output power first increases rapidly and then slowly due to the
SOA gain saturation. Results in Fig.3 show that the difference
between the forward and backward output power at different
bias current is very small, which indicates that the SOA is in a
good operating condition. The voltage value of the amplifier
active region is measured by the bias current control module
(i.e. Temperature and bias controllers in Fig. 1(b)).
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Fig. 3 SOA characteristic curves ASE output power vs bias
current (blue and green curves)and voltage of the amplifier
active region vs bias current (red curve)
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Figure 4 shows the variations of the pulse duration of the
amplified output pulse and the corresponding SOA gain with
different SOA bias currents when the pulse duration of the SOA
input pulse train is1.37ps. The pulse train centered at the
wavelength1550hmwith a repetition rate10GHzis generated
by the pulse laser.
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Fig. 4 Variations of the pulse duration of amplified output pulse
train (blue curve) and the SOA gain (red curve) with the
different bias currents at the input pulse duration1.37ps.

From the blue curve in Fig. 4, it can be observed that as the SOA
from 200mAto 30mA, the
duration of the SOA amplified output pulse first decreases very
slowly (120mA<1<200mA) and then decrease quickly
(30mA<1 <120mA). The minimum pulse duration of the
amplified output pulse is1.43ps, which indicates that the pulse

bias current| decreases pulse

duration of the amplified output pulse is larger than that of the
input pulse at all the bias currents ranging
from 200mAto 30mA. From the red curve in Fig. 4, it is found
that as the bias current decreases from 200mAto 30mA, the SOA
gain decreases from 21.14dB to 2.17dB. Here, the SOA gain is
obtained by measuring the difference between the peak of the
SOA input pulse spectrum and the peak of the SOA output pulse
spectrum.

The above analysis shows that when the optical pulse train is
amplified by the SOA at a high bias current, the pulse duration
of the amplified output pulse is broadened due to the
enhancement of the spontaneous emission and carrier heating
effects. In order to reduce the pulse duration broadening, the
SOA bias current can be decreased from the high level to the
However,
amplification ability of SOAs. Thus, choosing a suitable bias
current is important to realize the SOA pulse train amplification
with low distortion and high gain. In the following, the SOA

low level. the low bias current restricts the

optimized bias current is defined. The SOA bias current | is
decreased from the level higher than the saturated bias current
to the low level until the pulse duration of the amplified output
pulse satisfies the relation equation

)

Tout < Bin

Gain(dB)



where, 7, is the duration of the amplified output pulse, fis
the coefficient for the SOA bias current optimization, zj, is the

duration of the SOA input pulse. Then, the optimized bias
current | ,, can be defined as

I, =max(l), where, | satisfies 7, < Bty (2)

In the following experimental analysis, the SOA bias current
optimization coefficient #is set to bel.l. In the above

example 7, is1.37psand Srj, (£ =1.1)is1.507ps.
Egs.(1-2), the SOA optimized bias current is 70mA and the

Based on

corresponding optimized gain is 13.25dB, which have been
marked in Fig. 4.

4. Relation between SOA Optimized Bias Current and
Input Pulse Duration, Power, Repetition Rate

The above analysis has shown that how to choose an
optimized bias current for the pulse train amplification with
less pulse duration broadening and high gain. In this section,
experimental analyses are done to study the relation between
the optimized bias current and the parameters of the input
pulse train (pulse duration, power and repetition rate).

4.1 Relation between SOA Optimized Bias Current
and Input Pulse Duration

In order to explore the relation between the SOA optimized
bias current and the input pulse duration, the pulse duration of
the10GHz pulse train at the wavelength 1550hmare tuned by
changing the EDFA1 pump current. Fig. 5 shows the relation
curve between the pulse duration of the SOA input pulse and
the EDFA1 pump current. It is found that as the EDFA1 pump
current increases from 700mAto1100mA, the SOA input pulse
duration varies from 4.95ps to 1.37ps. As the compressed pulse
trains with different pulse durations have different powers, an

optical attenuator is adopted to fix the power of the SOA input
pulse train at —18.4dBm.
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Fig. 5 Pulse duration of SOA input pulse train vs EDFA1 pump
currents

Figure 6 shows the variations of the pulse duration of amplified
output pulse train with the SOA bias currents at the different
input pulse durations. For each EDFA1 pump current, as the
SOA bias current reduces, the variation process of the pulse
duration of the amplified output pulses can be divided into the
slow decrease stage and the fast decrease stage. It is found that
as the pulse duration of the input pulse increases
from1.60psto 2.79ps (i.e. the EDFA1 pump current decreases
from1050mA to 900mA), the threshold bias current between
the two stages increases from 130mAto 155mAand the variation
range of the pulse duration of the SOA amplified output pulse
(30mA<1 <200mA, Il is the SOA bias current) decreases
from 0.647ps to 0.404ps, which indicates that the pulse train
with the narrower pulse duration is more easily broadened in

the SOA amplification process. The corresponding SOA
optimized bias current has been labelled in Fig. 6.
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Figure 7 (a) shows the schematic diagram of the input pulse
train with different pulse durations at the same input power.
Fig. 7 (b) shows the variations of the SOA optimized bias
currents at the different input pulse durations (blue line) and
the SOA gain at the corresponding optimized bias current (red
line). It is found that as the input pulse duration increases, the
SOA optimized bias current increases and the SOA gain at the
corresponding optimized bias also increases, which indicates
that for the same input power, the pulse train with the larger
pulse duration can be amplified without distortion at a higher
gain.
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Fig. 7 (a) Schematic diagram of the input pulse train with
different pulse durations (b) variations of the SOA optimized
bias currents and the SOA optimized gain at the different input
pulse durations

4.2 Relation between SOA Optimized Bias Current
and Input Pulse Power

The power of the SOA input pulse train is an important
parameter that influences the gain dynamics. In the following,
the relation between the SOA optimized bias current and the
power of the input pulse train is studied. The pulse compressor
is removed from the experimental system. The pulse train with
the central wavelength1550hmat the repetition rate 10GHz is
generated by MLFL. The power of the SOA input pulse train is
adjusted by the optical attenuator. The above analysis has
shown that the pulse duration can influence the SOA optimized

16

ke

n(dB)

[



bias current and thus the first step is to explore whether the
duration of the SOA input pulse train will be changed in the
process of attenuation. Fig. 8 shows the pulse duration of the
SOA input pulse train at the different attenuation values. It is
found that as the attenuation values of the optical attenuator
increases from 0dB to10dB, there is almost no variation of the
pulse duration of the SOA input pulse train. The maximum
value of the pulse duration is 3.247ps while the minimum value

is3.118ps. Based on Fig. 7 (b), the small pulse duration
variation (0.129ps ) has little influence on the SOA optimized

bias current. Fig. 8 can confirm that the effects of the pulse
duration variation of the SOA input pulse train induced by the
optical attenuator on the SOA optimized bias current is
negligible.
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Fig. 8 Variation of the pulse duration of the SOA input pulse
train at the different optical attenuation values

Figure 9 shows the variation of the SOA optimized bias current
at the different attenuation values (blue line) and the SOA gain
at the corresponding SOA optimized bias current (red line). It is
found that as the value of the attenuator increases, which
means that the power of the SOA input pulse train decreases,
the optimized bias current increases and meanwhile the
optimized SOA gain increases. This can be explained that when
the power of the input pulse train is high, the amplification of
the pulse leading edge depletes more carriers, which leads to
lower carrier density level in the amplifier cavity; then the gain
for the amplification of the pulse tailing edge is smaller. The
inconsistent amplification between the leading edge and the
tailing edge of the same pulse induces larger distortion of the
amplified output pulse. Thus in this case that the input pulse
train has a higher power, the optimized bias current and the
optimized SOA gain are lower.
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Fig. 9 Variations of SOA optimized bias currents and SOA
optimized gain at the different attenuation values

4.3 Relation between SOA Optimized Bias Current
and the Repetition Rate of the Input Pulse Train

Figure 10 shows the variations of the SOA optimized bias
current at the different repetition rates of the input pulse train
and the SOA gain at the corresponding optimized bias currents.
The power and the pulse duration of the SOA input pulse train
are —14dBmand 3.2 ps, respectively. It is found that the SOA

optimized bias current becomes larger at a higher repetition
rate. This is because when the repetition rate of the input pulse
train is high, the time interval between two adjacent pulses is
short, which means there is less time for carrier density
recovery and thus the carrier density level in the SOA cavity is
lower. In this case that the input pulse train with a high
repetition rate is amplified, SOA are more difficult to be
saturated, which indicates that it is allowed to provide a larger
SOA bias current to accelerate the carrier density recovery
(shown in Fig. 11) .
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Fig. 10 Variations of the SOA optimized bias currents and SOA
optimized gain at the different repetition rates of pulse trains

The pump-probe experiments are done to analyze the relation
between the SOA bias current and the SOA carrier density
recovery speed. The wavelengths for the pump and probe
signal are 1550hmand 1555m, respectively. The forward pump

signal is the pulse train with the input power10dBmand FWHM

Gain(dB)



(full
rate10GHz and the backward continuous probe signal has the

width at half maximum)3.2psat the repetition
magnitude 0dBm. Fig. 11 shows the temporal output waveform
of the amplified CW probe signal at the different SOA bias

currents (100mA 120mAand150mA) measured by DCA. It is

found that as the SOA bias current increases, the average
output power in a pulse period (100ps) is higher, which
indicates a faster carrier density recovery resulting in a higher
carrier density level in the amplifier cavity. The experimental
results further confirm the accuracy of the analysis of the
relation between the SOA optimized bias current and the
repetition rate of the pulse train.
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Fig. 11 Temporal output waveform of the amplified CW probe
signal at the different SOA bias currents

5. Effects of Assist Light Injection and Temperature
on SOA Optimized Bias Current

5.1 Effects of Assist Light Injection on the SOA
Optimized Bias Current

Gain region light injection can reduce the spectral broadening,
and shifting of the SOA amplified output pulse while it also
decreases the carrier density level in the amplifier cavity [8]. In
this section, the effects of gain region light injection on the SOA
optimized bias current at the different repetition rates of the
input pulse train are studied. The continuous wave (CW) assist
light at the wavelength1535mwith the magnitude 2dBmis
counter-propagated into the SOA through the optical circulator
and the pulse train at the wavelength1550mis forward
injected into the SOA. The small signal gain for the CW assist
light is 7.5dB, which indicates that the power level of the
injected gain region assist light almost saturates the SOA due to
the fact that the SOA saturation output power is around 10dBm
(shown in Fig. 3).

The schematic diagram for the experimental system is shown in
Fig. 12. Fig. 13 shows the variations of SOA optimized bias
currents at the different repetition rates with and without
assist light. It is found that the assist light injection enlarged the
SOA optimized bias current. This is because the amplification of

injected assist light takes part in depleting the carrier density
and thus there exists a lower carrier density level in the
amplifier cavity, which means that SOA suffer from the gain
saturation at a higher SOA bias current injection. Also, it is
found that as the repetition rate of the input pulse train
increases, the difference between the optimized bias current
with assist light injection and that without assist light injection
becomes smaller. This can be explained that at a higher
repetition rate for the input pulse train, there exists a lower
carrier density in the amplifier cavity due to the smaller
recovery time between the adjacent pulses of the pulse train,
which leads to a smaller decrease of carrier density with the
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Fig. 12 Schematic diagram of the experimental system for high-
speed pulse train amplification with the assist light injection
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5.2 Relation between the SOA temperature and the
SOA optimized bias current

The SOA temperature has an important influence on its
dynamic gain [4, 23]. In this section, the relation between the
SOA operation temperature (T ) and the optimized bias current
is explored. Figure 14 shows the experimental results. It is
that as the SOA temperature

from5°C to 40°C the SOA optimized bias

found increases

current first

decreases and then increases; at the temperature 20°C the
optimized bias current arrive at the minimum value 75mA. This
is because the SOA gain value at the input pulse’s wavelength

Assist light



1550hmat working temperature 20°C are larger than those at
other temperatures, which can be found in the temperature-
dependent SOA gain (shown in Fig. 15). From Fig. 15, It is found
that as the SOA temperature increases, the peak of the SOA gain
shifts to the longer wavelength and the gain value decreases.
This is because as the operation temperature increases, the
Quasi Fermi-level in the SOA conduction band becomes lower
while the Quasi Fermi-level in the SOA valence band becomes
higher. This determines that the SOA at the operation

temperature 20°C can be saturated at a lower bias current.
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Fig. 14 Variations of SOA optimized bias currents at the
different temperatures
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6 Conclusions

In this paper, experimental studies are done to show how the
bias current of a SOA can be optimized so that high gain and
very low distortion amplification can be achieved when a high-
speed optical pulse train enters the amplifier input. We have
explored the variations of the amplified pulse duration with the
amplifier bias current and based on this investigation the
amplifier optimized bias current for high gain and low
distortion pulse amplification is defined. Experiments are done

to investigate the relationships between the amplifier
optimized bias current and input pulse train duration, power
and repetition rate. Also, effects of the amplifier working
temperature and assist light injection on the amplifier
optimized bias current are studied.These experimental results
provide an effective guidance to choose suitable bias currents
to realize low-distortion and high-gain pulse train amplification
in the practical application of SOAs.
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