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Bi-directional light propagation is expected to enable enhanced functionality of all-optical signal processing
operations compared to unidirectional approaches. In this work, we report on compensation of slow gain recovery
in semiconductor optical amplifiers (SOAs) in a double-pass condition. The unsaturated gain of the employed SOA
is increased by 12.6 dB, and the corresponding normalized conjugate output of four-wave mixing is enhanced by
16.3 dB. The theory attributes this efficiency improvement to the unsaturated gain enlargement which, in turn,

compensates for the inherently long carrier lifetimes of SOAs by 50%. The saturation output power remains

virtually unchanged.

1. Introduction

Semiconductor optical amplifiers (SOAs) are foreseen to be of poten-
tial and promising significance for low-cost fulfillment of high capacity
and regenerative transmission in all-optical signal processing networks
[1]. This is especially true, given recent progress in quantum-dots (QDs)
technology, which has led to the development of QD SOAs possessing
excellent features; ultra-fast gain recovery [2], ultra-wideband gain [3],
low-noise figure [4], high saturation output power [5] and high four-
wave mixing (FWM) efficiency [6]. FWM is a suitable technique to
extract information on carrier mechanisms and characteristic times of
the SOA nonlinear saturation process. It is also an efficient technology
which enables all-optical signal processing functions; such as chan-
nels demultiplexing, 3R regenerations and frequency and data format
translations. The response time of the SOA determines the quality of
performance in these applications.

All-optical signal processing technology is regarded to be a key
solution in forthcoming high-speed photonic networks. However, the
optical non-linearities of commercially available bulk and quantum-well
(QW) SOAs are still limited by their relatively long non-linear response
times — which, in turn, restricts their switching speeds compared
to their counterpart QD SOAs [7]. Due to the slow recovery of their
carrier density, as determined by the carrier lifetime, FWM conversion
deficiency becomes a critical limitation for these devices to be used as
wavelength converters. Several attempts have been made to overcome
the slow gain recovery of conventional bulk and QW SOAs. For example,

an external holding beam at the transparency point of SOAs has been
used to shorten their gain recovery time [8-10]. However, this method
requires very large and external optical powers, increases complexity,
reduces the useful gain considerably and also leads to signal distortion
and broadening. Moreover, doped QW and QD SOAs can be designed
and fabricated to facilitate SOAs with fast recovery times [11-13].
Resonant modulation of external beam injection has also brought about
interesting features for cavity solitons response to overcome the slow
carrier lifetime of semiconductor devices [14,15].

Whilst the aforementioned works focused on carrier lifetime ac-
celeration, it would have also been possible to overcome the slow
carrier lifetimes of SOAs by ensuring high unsaturated gain at a given
maximum drive current value. The maximum value of FWM efficiency
is predicted to increase linearly with the unsaturated gain and with the
square of the saturation output power of the amplifier, i.e. <G, Pszm.
Hence, SOAs of high unsaturated gain and saturation output power are
more desirable for achieving higher conversion efficiency. Therefore,
a small increase in the unsaturated gain produces a large increase in
the FWM efficiency. This has been previously proven by driving the
SOAs at higher bias currents, which also resulted in saturation output
power being respectively enhanced [16]. In this article, we propose a
double-pass SOA configuration to compensate for the bulk SOAs slow
recovery time. The scheme is fully capable to utilize the entire available
carrier densities in SOAs. The unsaturated gain is improved greatly from
21 dB to 33.6 dB for a given maximum device bias current, and the
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normalized conjugate output is significantly enhanced by 16.3 dB. The
results provide an alternative approach to overcome the FWM deficiency
restricted by the inherently slow response time of SOAs. Section 2
specifies the characterizations of the SOA. The results and discussions
are explained and analyzed in Section 3. Finally, a summary is given in
Section 4.

2. Analytical, numerical and experimental SOA characterizations

The analytical equation presented in [17] is used to study the
response characteristics of the employed SOA. The saturated gain G can
be determined from the following equation by means of convergence
analysis.

)

where, o’ is the normalized waveguide loss coefficient, P, is total input
power, P, is the saturation power, G, is the unsaturated gain and G
is the saturated gain. A complete derivation of Eq. (1) can be found
in [17]. The SOA gain responses to different total input powers are also
simulated using the numerical model described in [18] and outlined in
Appendix A.

The experimental set-ups of both single and double pass arrange-
ments of the FWM effect are illustrated in Fig. 1(a, b). Tunable laser
sources are used as both the pump and probe signals. The polarizations
of both FWM inputs are controlled using two polarization controllers.
The outputs are combined using a 90/10 coupler to control the pump-
probe ratio between the FWM inputs, and sent through an isolator to
block the backward amplified spontaneous emission (ASE) of employed
bulk SOA. An optical spectrum analyzer is used to characterize the
output of the SOA. In the double-pass scheme, two circulators are
utilized to allow for bidirectional propagations and also function as
isolators. Characterization of the SOA ASE output spectra at various
bias currents is given in Fig. 2(a). The output power of the ASE
increases while driving the SOA (Alphion SAS26p) at higher DC currents
and the center wavelength of the ASE (small signal gain spectrum)
shifts to shorter wavelength. The SOA gain responses to different total
input powers that are calculated by using both the analytical [17] and
numerical [18] models and compared to the experiment are shown in
Fig. 2(b). The analytical model fitting parameters at 0.1 A drive current
used to plot the figure are unsaturated gain G, = 15.71 dB, ¢’ = 0.1
used in [17], and P, = 4.27 dBm. The corresponding analytical G
values are then obtained by solving Eq. (1). The evaluated numerical
values of the gain responses were found by using the parameters given in
Table 1. The experimental, numerical and analytical values are marked
in red, green and yellow colors, respectively. An excellent agreement
between the theory and the experiment is observed prior to saturation
regime, despite a 2 dB offset between the simulation (fiber to fiber gain)
and experimental (device gain) results which has been compensated
in Fig. 2(b). In the numerical simulation, we used a typical internal
coupling loss value of 1500 m~' per unit length, due to coupling losses at
the input and output of the SOA. The recorded data from the experiment
deals with the device gain rather than fiber to fiber gain. Assuming
a coupling loss of +1 dB per facet, the total device gain is offset by
+2 dB. Another important note refers to the location of the peak gain.
From a commercially available SOA in a system standpoint, a design
strategy that yields a high saturation output power across the C-band
is to locate the peak gain far from the operating point. As described
in the Alphion SOA specifications, the device is designed to operate in
the C-band although the peak gain is located at around 1470 nm. This
important correction in the gain profile has been implemented in the
material gain Eq. (A.5).

Assuming an average value for the carrier density and hence the ma-
terial gain all along the SOA gain region is an acceptable approximation
for low input signal power levels and short SOAs, usually with a length
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Fig. 1. Experimental set-ups of (a) single-pass, (b) double-pass configurations, in
which PC: polarization controller, SOA: semiconductor optical amplifier, OSA:
optical spectrum analyzer.

under 250 pm. However, this approximation is not valid for long SOAs
(typically with a length over 1 mm) operating in saturation without
inclusion of a saturation factor. The numerical simulation is used to
confirm the validity of our analytical solution, in which the latter can
be confidently used to further study the FWM effect in the employed
SOA.

The total input power against the SOA gain responses at bias current
of 550 mA in single-pass and double-pass configurations are drawn in
Fig. 2(c). The theoretical and experimental single-pass results are shown
in blue and red colors, while these are plotted in purple and green colors
with the double-pass scheme, respectively. In the single pass scheme, the
SOA has a small unsaturated gain G, of 21 dB at input power of —40 dBm
at 1548.31 nm wavelength with a P, of 10.3 dBm. The unsaturated gain
is largely improved with the proposed double-pass set-up and increased
to 33.6 dB, while the P, experiences no further change. The values of
P, are obtained from Fig. 2(d). The path length of light circulating for
one more time in the double-pass condition compared to the single-pass
scheme has been implicitly compensated for in the theory by considering
the experimental unsaturated gain values instead, which are directly
dependent on the path length in the formula; G, = exp [(é - a)L] , where
« is the gain factor related to the normalized waveguide loss coefficient,
g is the unsaturated gain coefficient, L is the SOA length.

As can be seen in the figure, the analytical solution fits the exper-
iment to a great extent at low power inputs, while it swerves at high
power inputs due to the exclusion of spontaneous emission noise power
in the model. The experimental performance of the SOA gain responses
with respect to various output powers are shown in Fig. 2(d). The single
pass results are plotted in red squares while the double-pass results are
drawn in yellow triangles. The maximum polarization-dependent-gain
between transverse electric and transverse magnetic components of the
SOA-device is 1.5 dB at chip temperature of 25 °C at 550 mA-maximum
operational drive current as specified in the data sheet.

3. Results and discussions

The impact of input power variations on normalized conjugate
output and carrier lifetime of the SOA, in both single and double-pass
configurations, is studied in Fig. 3(a). The normalized conjugate output
(p) is defined as the power of the idler normalized to the output power
of the probe, and given by:

p=|G")exp {Re [(1 = jap)oFoy (L, -2)]} )
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Fig. 2. (a) Measured ASE spectra at different operational currents, OSA resolution is 0.02 nm, (b) input power vs. SOA gain responses, bias current is 100 mA, (c)
input power vs. SOA gain responses, bias current is 550 mA, (d) output power versus gain responses, SOA bias current is 550 mA. The center wavelength is 1548.31
nm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 1
List of parameter values used in the numerical simulation.
Symbol Quantity (Units) Values
a,, Gain factor (m?) 3x1072
¢ Linear non-radiative recombination coefficient (s™!) 1.5 x 108
I Bimolecular radiative recombination coefficient (m3s~1) 10 x 10717
I Auger recombination coefficient (m3s~!) 3x 10~
d Active layer thickness (pm) 0.25
L Amplifier length (mm) 1
L, Section length (mm) 0.1
n Number of sections 10
n, Effective index 3.45
n, refractive index 3.4
ng Group index 3.56
N, Carrier density at transparency (m~3) 1x10%
N, Reference carrier density (m~3) 3 x10%
w Active region width (pm) 3
a;, Internal loss (m~1) 1500
ow,/ON Frequency shift coefficient (m3s~1) 2.12 x 10711
y Gain factor (m~'s"2) 2.7 x 10724
r Confinement factor 0.3
@y Gain peak frequency (rad/s) 1.218 x 10®
T, Spontaneous carrier lifetime (ps) 400, I = 100 mA
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where; G’ is found from Eq. (B.1), a; is the Henry’s linewidth en-
hancement factor, ¢ is a proportionality constant, F,; represent the
contributions of carrier density modulation to the FWM response, L
is the amplifier length and Q is the beating frequency. The p values
were calculated using the theoretical model described in [17,19] and
defined in Appendix B with the fitting non-linear parameters detailed
in Table 2. In the double-pass condition, there are two consequences to
be considered when light circulate twice inside the amplifier. First, light
path which has been compensated for by substituting the experimental
double-pass unsaturated gain values in the models equations and sec-
ond, time constants which are extracted from the model equations by
fitting the experimental double-pass FWM results.

As can be depicted from the figure, double-pass arrangement en-
hances the p significantly by 15.32 dB and 6.26 dB, at input power
of —16.1 dBm and 4.1 dBm, respectively, compared to single pass
configuration, at 1.09 nm detuning bandwidth between probe signal and
idler wavelengths. As the input power increases, the carrier lifetime of
the SOA reduces with both single and double configurations. The SOA
carrier lifetime is accelerated about two times — from 230 ps to 120
ps with the double-pass arrangement at low input power of —16.1 dBm,
compared to single pass configuration. The advantage of double-pass
set-up can also be gained at high input power, in which high p can be
achieved due to the high unsaturated again attained with double-pass
and consequently the carrier lifetime of SOAs is compensated. The latter
is of an important interest where SOAs with slow gain recoveries can
still be used to achieve high efficiencies in double-pass configurations.
However, p decreases at high input power of around 7 dBm due to the
amplifier operating in deep saturation whereby the carrier lifetime is
found to increase.

Fig. 3(b) describes the relationship between the unsaturated gain
of the employed SOA and p at detuning bandwidth of 1.95 nm and
two different input powers of —16.1 dBm and 4.1 dBm for both single
and double pass conditions. The applied bias current on the amplifier
is increased to determine the maximum possible unsaturated gain that
can be attained in single pass condition. At this point, the double-pass
configuration is introduced with the drive current of the SOA set to
maximum. The result of double pass is circled in blue-dotted circles in
Fig. 3(b). At both input powers, the p grows linearly as the bias current
isincreased (unsaturated gain) [16] which also leads to quick recoveries
of SOA carrier lifetimes [20]. At low input power of —16.1 dBm, double-
pass configuration enlarges the unsaturated gain by 12.6 dB with bias
current kept unchanged, enhances the p by 16.3 dB and also accelerates
the carrier lifetime of the SOA in double. At larger input power of 4.1
dBm, the p is improved by 6.9 dB — by enlarging the unsaturated gain
from 21 to 33.6 dB — with the double-pass configuration compared
to the single pass, whereby the SOA carrier lifetime is compensated.
Therefore, SOAs which possess high unsaturated gain are found to attain
high efficiencies even though when their carrier lifetimes are inherently
slow. That is to say, slow gain recovery SOAs can still be dealt with and
considered for all-optical signal processing functions as far as double-
pass arrangement is concerned.

The p variations across wide detuning bandwidths of 23 nm are
plotted in Fig. 3(c) and (d), at input powers of —16.1 dBm and 4.1 dBm,
respectively. The center wavelength of the pump is fixed at 1548.5 nm,
while the probe signal wavelength is varied between 1548.9 to 1559.9
nm. The unsaturated gain is improved from 8.7 dB to 21 dB by varying
the bias current of the SOA from 50 mA to 550 mA with the single
pass arrangement, while it is enlarged to 33.6 dB with double-pass
configuration. As can be perceived from both graphs, at a bandwidth
detuning of ~21.5 nm, double pass condition improves the p by 13.9 dB
and 6.6 dB, at input power of —16.1 dBm and 4.1 dBm, respectively.
However, the improvement in the p at narrow detuning is higher than
that at wide detuning bandwidths, due to polarization matching and
efficient saturation being attained at closer detuning span between
probe and idler wavelengths.
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4. Summary

A double-pass SOA configuration has been experimentally demon-
strated to compensate for the slow carrier lifetimes of bulk SOAs,
enabling enhanced all-optical signal processing functionalities. The
unsaturated SOA gain increased significantly, and the corresponding
normalized conjugate output improved, while the saturation output
power experienced almost no change. Theory was used to investigate
the dynamic enhancement of SOA and to analyze the experimental
FWM results. It has been found that the slow recovery time can be
compensated by 50%, and the FWM deficiency can be consequently
overcome. The unsaturated gain is improved from 21 dB to 33.6 dB
for a given maximum device bias current, and the normalized conjugate
output is enhanced by 16.3 dB.
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Appendix A

In the simulation, the SOA length of 1 mm is virtually divided into
10 equal length sections. An ordinary rate equation is used to describe
the carrier density of the mth section (N,,) along the SOA:

dN,, I,

m

a g R (Nin)
¢ [g (a), Nm) Sm’s,-g +a, (Nm - ND) S

Z m,spont]

_ (A1)
where the first term on the right-hand side represents the carriers
(electrons) supply due to bias current in which I,, is the drive current of
section m, ¢ is the electron charge and V,, is the volume of the gain active
region of section m. The second term represents the carrier consumption
due to spontaneous carrier recombination, which is given as:

R(N)=¢;N + ¢, N2 +¢3N?3 (A.2)

here, ¢, ¢,, and c; are constants where ¢, represents the non-radiative
coefficient due to recombination at defects and traps, ¢, accounts for the
spontaneous radiative recombination coefficient, and c; is the Auger
recombination coefficient. ¢; N3 represents the main non-radiative re-
combination process. The last term in Eq. (A.1) accounts for the carrier
consumption due to stimulated emission, where S, and S,,,, are
the average photon densities of the signal and amplified spontaneous
emission noise, respectively. n, is the group refractive index, w is the
input signal frequency, «,, is the material gain factor and N, is the carrier
density at transparency. The rate equation is solved to obtain the time
domain evolution of the input field at a certain position z along the
SOA gain material. The average photon density for the amplified signal
is given as:

S = Gym—1 mng 2P, (T
S n (Gx'm) cCho Wd

(A.3)

where h is Planck’s constant, and ¢ = +/u,/¢€,/n, is the impedance
of wave where , is the vacuum permeability and ¢, is the vacuum
permittivity, n, is the effective index, I' is the confinement factor which
represents the fundamental waveguide mode intensity, W is the active
layer width, and d is the active layer thickness. The total amplification
experienced by the signal electric field for a medium of length L at a
distance z from the input facet of the SOA amplifier is normally referred
to as the amplifier single-pass gain. The signal gain is computed as:

G, (2) = exp [F (g (a), Nm) — am) Lm] (A.4)
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Table 2
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List of nonlinear fitting parameter values used in the analytical calculations, input power is ~7.1 dBm.

Symbol Quantity (Units) Values (Single Pass) Values (Double-Pass)
T Carrier lifetime (ps) 48 79
7 Hole burning time (fs) 24 40
7, Carrier heating time (fs) 111 182
£ Hole burning parameter (mW~1) 16 x 1073
£ Carrier heating parameter (mW~1) 4x1073
o Henry’s linewidth enhancement factor 6
T T T T T 250 T T T T T Dl I[ P T
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Fig. 3. (a) Total input power vs. conjugate output and carrier lifetime for both single and double-pass conditions, detuning bandwidth is 1.1 nm, (b) unsaturated
gain vs. conjugate output and carrier lifetime, detuning bandwidth is 1.95 nm, (c) detuning bandwidth vs. conjugate output at input power of —16.1 dBm and (d)

4.16 dBm, drive current is 550 mA and pump-probe ratio is 12.8 dB.

where the carrier density can be numerically obtained from the rate
equation and «;, is the internal loss per unit length. In the classical gain
models, the material gain is phenomenologically expressed as:

g (w,N,,) =a, (Nm—ND)—y(a)—a)p (Nm))2 (A.5)

where a,, and y are both gain constants, N, is the carrier density at

transparency and o, is the peak wavelength. The first expression on the
right-hand side represents the linear relation between the material gain
and the carrier density due to injected current, whereas the second term
provides the spectral profile and bandwidth of the gain. The signal peak
wavelength is expected to move linearly with the carrier density:

0w
o, (N,,) = o, + 0—1\;’ (N, —N,) (A.6)

120

where @, is the peak gain radian frequency at the reference carrier

density N,, and the constant % is the radian frequency shift coefficient
representing the peak frequency shift due to band filling effects with the
carrier density N,,.

Appendix B

In this appendix, the detailed equations substituted in Eq. (2) and
used to extract the non-linear parameters of SOA are given by:

, 1—-iq 1 LTy 1
G =- exp[——o‘ch (Q)] sin [—o‘ch (.Q)] — e Py Hy, (Q)6F,,
o) 2 2 2
18,
- Egechpthch (‘Q)O-Fch (B.1)
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Py (0
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7% Po(0) = P,0)

where; G is the saturated small signal gain, F, represent the con-
tributions of Henry’s linewidth enhancement factor, @ is the beating
frequency, o’ is the normalized waveguide loss coefficient, F;, and F,,
represent the contributions of spectral hole burning and carrier heating
to the FWM response, respectively, P, is the saturation power, P, is
the total power input, g is the unsaturated gain coefficient, g, is the
normalization gain, ¢, and ¢, are the strengths of the corresponding
carrier heating (CH) and spectral hole burning (SHB) non-linear effects
respectively, P,(0) and P, (0) are the average input powers of probe and
pump elements correspondingly, z is the spontaneous carrier lifetime,
H,, and H, are the Fourier transforms of the non-linear gain response
due to CH and SHB respectively. These Fourier transforms are given by:

1
(1-iQr) (1-iRq,))
1

M@ =1"ar,

H,, (Q) = (B.7)

(B.8)

where 7, is the characteristic time of the carrier-longitudinal optical
phonon scattering that is responsible for in the cooling of the carrier
distribution to the lattice temperature, and 7, is the characteristic time
of the carrier—carrier scattering that is responsible for the filling of the
hole burned by the field in the intra-band carrier distribution and also
for the heating of the electron and hole gas.
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