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Efficient Optically-Pumped Semiconductor Optical
Amplifier in a Coupled-Waveguide
Configuration: A Novel Proposal

Nithin Vogirala , M. R. Shenoy, and Yogesh Kumar

Abstract—We propose an efficient scheme of optical pump-
ing and a compact design of an optically-pumped semiconductor
optical amplifier (OP-SOA), with gain characteristics which are
qualitatively similar to that of conventional (electrically-pumped)
SOA. The optical pump is coupled into the ‘active waveguide’
from an adjacent channel waveguide, called ‘pump waveguide’;
by suitably tailoring the coupling between the two waveguides,
selective transfer of pump power all along the active waveguide can
be achieved. We show that optical pumping through the coupled-
waveguide configuration is efficient over the existing schemes of
optical pumping in semiconductors. The optical pump can be
coupled into the pump waveguide through a separate fiber-pigtail,
just as the signal is coupled to the active waveguide in commercially
available SOA. Thus, the OP-SOA would be a stand-alone 3-port
integrated optical device, without any electrical connections. The
proposed scheme enables optical-to-optical gain control, in place
of the current-controlled gain in conventional SOA. Performance
characteristics of the OP-SOA are simulated for an InGaAsP/InP
heterostructure device using a well-established model. It is found
that for an input optical pump power of 25 dBm at the wavelength of
1310 nm, a small signal gain >30 dB is achieved at the wavelength
of 1550 nm.

Index Terms—Optical pumping, semiconductor optical
amplifiers, waveguide coupling.

I. INTRODUCTION

S EMICONDUCTOR optical amplifiers (SOAs) are com-
monly used as gain medium in optical communication

systems and networks. Due to the presence of strong optical
nonlinearities, SOAs are also employed in various optical signal
processing operations such as optical logic, wavelength conver-
sion and optical switching [1]–[4]. The integration capability of
the SOA makes it a key component in optical functional devices
and photonic integrated circuits (PIC) [5], [6]. Conventionally,
SOAs are biased by a current source through suitable electrode
geometry to confine the current into the active region [5]–[7].
There is a growing need for optically-controlled photonic de-
vices to enable an all-optical platform for signal processing
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[8]–[10]. Optical pumping of quantum dot SOA (QD-SOA)
has been demonstrated [11]; however, it is fabricated using
strained semiconductor heterostructures, and is difficult to inte-
grate in practical photonic systems for field applications. Optical
pumping in the form of ‘assist-light injection’ in conventional
SOA for faster gain recovery has been demonstrated [12]–[15].
However, the ‘end-pumping scheme’ employed in this case
is highly inefficient because most of the optical power gets
absorbed within a short length from the input end due to the
high absorption coefficient, and therefore, the latter portion of
the active waveguide remains un-pumped [13]. Indeed, this has
been the major drawback in realizing an optically-pumped SOA
(OP-SOA) using the direct end-pumping configuration. Optical
pumping through irradiation from outside is inefficient because
only a small fraction of the pump power will be absorbed in the
active medium (due to its small thickness ∼0.1 μm), and the
remaining power will be unutilized [16].

In this paper, we propose a 3-port OP-SOA which shows
qualitatively similar gain characteristics as that of a conventional
SOA. In the proposed coupled-waveguide structure, the pump
is transferred almost unidirectionally to the active waveguide,
resulting in a compact and efficient scheme of optical pumping.
In an earlier communication, we had reported the waveguide-
coupled scheme for ‘assist-light injection’ to enhance the gain
recovery in a conventional SOA [17]. The pumping scheme in
[17] is based on buried channel coupled waveguide structure,
with a large aspect ratio of active waveguide resulting in mul-
tiple transverse modes and high polarization dependence of the
device, which is not desirable in many applications. In this paper,
by an appropriate choice of waveguide materials, we also present
an improved coupling scheme wherein only the pump couples
between the pump waveguide and the active waveguide, whereas
the signal does not couple between the waveguides. This gives
the flexibility in designing the active waveguide with a near
square cross section, resulting in a single-mode operation and
low polarization dependence of the device. Further, the OP-SOA
in the proposed scheme does not require doped semiconductors
forming p-n junctions for carrier injection; this would also lead to
lower scattering loss for carriers in the semiconductor medium.
Thus, an efficient optical pumping scheme is proposed to re-
alize an ‘electrically-independent 3-port OP-SOA’. OP-SOAs
that employ remote pumping through optical fibers may find
applications in hazardous environment bereft of provision for
electrical power.
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Fig. 1. Schematic of the proposed OP-SOA in which pumping of the active
waveguide takes place through evanescent wave coupling in the ridge-waveguide
coupler.

Fig. 2. Top-view of the proposed OP-SOA showing the design of the coupled-
waveguide configuration; pump power is coupled into the pump waveguide at
z = 0, and it is transferred to the active waveguide through evanescent wave
coupling.

In the following, details of the proposed scheme along with
performance characteristics of the OP-SOA are presented. Sec-
tion II discusses the proposed scheme including the design of
the coupled-waveguide configuration, and Section III deals with
the choice of pump wavelength and the choice of materials.
Coupling characteristics are discussed in Section IV. The numer-
ical model for the simulation is outlined in Section V, and the
steady-state performance characteristics of the proposed device
are simulated in Section VI.

II. SCHEME OF OPTICAL PUMPING

Fig. 1 shows a schematic of the proposed device: A ridge-
waveguide directional coupler comprising of the pump wave-
guide and the active waveguide, which can be fabricated on
a semiconductor substrate. The pump is injected through the
input facet of the pump-waveguide, which couples to the active
waveguide through evanescent field interaction between the two
waveguides, all along its length. The coupled pump power is
absorbed throughout the active waveguide, and thus the carriers
(electron-hole pairs) are generated all along the active wave-
guide. When the carrier density exceeds its threshold value,
amplification of the signal takes place in the active waveguide,
and the amplified output is obtained at the output facet of the
active waveguide.

Fig. 2 shows the top view of the proposed device, indicating
the design of the coupled-waveguide configuration. The dimen-
sions of the pump and the active waveguide are chosen such

Fig. 3. Variation of the material absorption coefficient,αm at 1310 nm (dotted
line) and gain coefficient, gm at 1550 nm (solid line) with y composition of
In1-xGaxAsyP1-y at the carrier density N = 2 × 1024 m−3.

that they are single-moded at both the pump and the signal
wavelengths, so that the input pump excitation and the coupling
between the waveguides can be predicted and controlled accu-
rately. The materials of the pump and active waveguides have
different refractive indices, and the inter-waveguide separation
varies linearly from d1 (at z = 0) to d2 (at z = L).

III. THE CHOICE OF MATERIALS

We have designed the device such that the amplification
occurs in the optical communication band around 1550 nm. The
pump wavelength is chosen to be at 1310 nm because (i) the
wavelength corresponds to a low-loss window of the optical
fiber, which is important for remotely pumped amplifiers, (ii)
the absorption coefficient of the active waveguide material is
high around this wavelength, and (iii) the wide availability of
high-power diode lasers at this wavelength. The proposed de-
vice is based on lattice-matched In1-xGaxAsyP1-y/InP material
system with x = 0.46y [18]. The substrate is InP on which
there is an epilayer of In1-xGaxAsyP1-y/InP. The pump and the
active ridge waveguides are located in close proximity on the
epilayer with different compositions (x, y) of In1-xGaxAsyP1-y;
a polycrystalline silicon overlay forms the top cover.

The material gain (or absorption) coefficient gm (orαm) in the
In1-xGaxAsyP1-y active region depends on the carrier density N
and the wavelength λ [18]:

gm (N, λ) =
λ2
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where τ is the radiative carrier recombination lifetime; me and
mhh are the effective masses of the electrons in the conduction
band and the heavy holes in the valence band, respectively; Eg is
the bandgap energy; fc and fv are the Fermi-Dirac distributions
in the conduction band and the valence band, respectively, in
quasi-equilibrium.
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TABLE I
LIST OF THE WAVEGUIDE PARAMETERS USED IN THE

DESIGN OF THE PROPOSED DEVICE

Fig. 3 shows the variation of the material absorption coeffi-
cient at 1310 nm (dotted line) and the gain coefficient at 1550 nm
(solid line) with the composition ‘y’ of In1-xGaxAsyP1-y respec-
tively, at a carrier density N of 2 × 1024 m−3. For the wavelength
1550 nm, the peak gain occurs at the material composition y =
0.91. At this composition of In1-xGaxAsyP1-y, the absorption
coefficient at 1310 nm is also very high (≈ 5.6 × 105 m−1). The
band-edge wavelength (or cutoff wavelength) at this composi-
tion is 1577 nm. Thus, the composition of In1-xGaxAsyP1-y with
y = 0.91 for the core of the active waveguide is very favorable
for operation of the amplifier. The bandgap energy Eg (x,y) of
In1-xGaxAsyP1-y is given by [19]:

Eg (x, y) =
(
1.35 + 0.668x− 1.068y + 0.758x2 + 0.078y2

−0.069xy − 0.332x2y + 0.03xy2
)

(2)

The material composition of the core (guiding region) of the
pump waveguide has to be chosen such that it is transparent at
the pump wavelength, i.e., the band-edge wavelength should be
less than the pump wavelength. Accordingly, we have chosen y
= 0.60, which corresponds to a band-edge wavelength of 1297
nm. The composition of the epilayer is chosen such that the
refractive indices at both pump and signal wavelengths are less
than the corresponding refractive indices of the materials of the
pump and the active waveguide. We have chosen y= 0.59, which
corresponds to a band-edge wavelength of 1290 nm. The band-
edge wavelength is chosen to be close to the pump wavelength
to ensure that Δn (refractive index difference between core and
cladding) is relatively small, and therefore the dimensions of the
waveguide need not be too small to maintain the single-mode
condition [7]. The list of the parameters used in the design is
given in Table I.

Fig. 4 shows the material dispersion curves for the various
materials chosen above in the design of the proposed device [19],
[20]. It may be noted that at the pump wavelength (1310 nm),
both the pump waveguide material (dotted line) and the active
waveguide material (dashed line) serve as core materials (of
higher refractive index), with epilayer and cover (overlay) acting
as the surrounding clad materials (of lower refractive index).

Fig. 4. Dispersion curves for the materials used in the epilayer, pump wave-
guide, active waveguide and the overlay.

Therefore, at the pump wavelength, both the pump waveguide
and the active waveguide support guided modes; however, at
the signal wavelength (1550 nm), only the active waveguide
supports guided modes, while the pump waveguide does not
support any guided mode. This is because at 1550 nm, the
refractive index of the cover (overlay) is larger than the refractive
index of the pump waveguide material. Therefore, the signal in
the active waveguide does not couple into the pump waveguide,
and the amplified signal is obtained at the output end of the active
waveguide. Moreover, from Fig. 4 it can be seen that at the pump
wavelength (1310 nm), the refractive index of the epilayer and
the overlay are almost equal; this implies that the waveguide
is nearly symmetric, and therefore the fundamental mode of
the pump waveguide at 1310 nm would have a near-circular
cross section. Since the pump power is usually coupled into the
pump waveguide through a fiber pigtail, the input pump coupling
efficiency in this case can also be very high.

In the proposed design, the two coupled ridge waveguides
have their core layers made up of slightly different compositions
of the alloy In1-xGaxAsyP1-y, and it would require selective
lithographic procedure (including growth and etching) for the
core layers of the ridge. This would necessiate two or three
additional steps in the fabrication. All other layers comprise
of the same material and thickness for both the waveguides. It
may also be noted that the proposed device does not require
the fabrication steps of metallization and provision of electrical
contacts to power the device.

IV. COUPLING CHARACTERISTICS

We have used the OptiBPM software to simulate the coupling
characteristics between the waveguides [21]. Fig. 5 shows the
coupling characteristics at the pump wavelength, when the pump
is injected at z = 0 in the pump waveguide. To illustrate the
effect of absorption in the active waveguide on the coupling
characteristics at this wavelength, we have taken two absorption
coefficients i.e., α1 = −5.65 × 105 m−1, which is the actual
absorption coefficient obtained for our design parameters, and
α2 = −5.65 × 103 m−1 (i.e., two orders less than α1). As
shown in the figure, for our chosen design parameters, the pump
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Fig. 5. Pump power profile in the active and the pump waveguides for two
different absorption coefficients of the active waveguide material (α1 and α2)
at the pump wavelength, when the pump is injected at z= 0; the pump waveguide
is assumed to be non-absorbing.

is almost uni-directionally transferred all along the active wave-
guide with minimal back-coupling. However, for the case of
lower absorption (α2), the pump profile in the active waveguide
is like a typical decaying sinusoidal oscillation, with a fraction
of pump power back-coupling into the pump waveguide. The
unidirectional nature of pump power transfer is because of
the high absorption coefficient in the active waveguide. This
compounds to the nature of coupling characteristics of the
non-identical pump and active waveguides, i.e., a weak coupling
from the active waveguide (which supports a strongly-confined
guided mode) to the pump waveguide (which supports a weakly-
confined guided mode) [17], [22]. This, in effect, results in a
near-optimum design of the coupled-waveguide configuration
to achieve efficient pumping of the active waveguide. At the
output-end of the OP-SOA, about 30% of unabsorbed pump
power still remains; it is possible to make it zero by suitably
adjusting the coupling between the waveguides. However, this
requires a longer length of the OP-SOA, and it would lead to a
reduction in the overall gain and increase in the ASE noise.

V. MODELLING OF THE OP-SOA

For simulation of carrier dynamics and performance charac-
teristics of the OP-SOA, we have followed the Connelly’s model,
which includes the co-propagation of probe light (signal), the co-
propagation of pump light, and the co- and counter-propagating
amplified spontaneous emission (ASE). The active region of the
SOA is divided into a suitable number of sections, each of length
Δz. In Connelly’s model, the carrier density N in the ith section
of the SOA at time t is evaluated through the following carrier
density rate equation [18]:

dNi (z, t)

dt
=

I

edWL
−R

− Γ

dW

{
λSgm (Ni, λS)

hc
PS (z, t)

}
− 2Γ

dW⎧⎨
⎩

Nm−1∑
j = 0

λjgm (Ni, λj)

hc
Kj

[
P+
ASE (N (z))+P−

ASE (N (z))
]
⎫⎬
⎭

(3)

where the symbols have their usual meaning. In a conventional
SOA, only the first term in the RHS of (3) generates the carriers
(due to bias current) and other terms deplete the carriers. For the
optically-pumped SOA, we replace this term and modify the rate
equation to account for the carrier generation due to the optical
pump power, PP(z, t) coupled into the active waveguide:
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(4)

Since the pump wavelength corresponds to the absorption
region of the active waveguide, gp in (4) is negative (see Fig. 3);
thus, the first term generates carriers, leading to the optical
pumping operation of the SOA.

The confinement factor for the TE and the TM modes differs
slightly by ∼5% due to the near square cross section of the
active waveguide (1 μm x 0.8 μm) [5], and for simplicity, the
confinement factor is assumed to be the same for both TE and
TM polarizations by several earlier research work [13], [18].
Therefore, in our analysis, we have considered the OP-SOA as
a polarization independent device.

The evolution of the signal in the active waveguide of the
OP-SOA (assuming no signal power coupling from the active
waveguide to the pump waveguide), is given by the travelling
wave equation [18]:

dPS (z)

dz
= (Γgm (N, λS)− α) PS (z) (5)

The pump power (PP) in each section of the active waveguide
comprises of the propagating pump power from the previous
section plus the power coupled from the pump waveguide into
that section. To estimate the pump power in any particular section
of the active waveguide (PP

AW (z)) due to the propagating pump
from the previous section, we use the travelling wave equation
[17]:

dPAW
P (z)

dz
= (Γgm (N, λP ) − α) PAW

P (z) (6)

We then add the pump power coupled from the pump wave-
guide (PP

CW(i)) into that section, to obtain the net pump power
in the particular section of the active waveguide:

PP (z +Δz) = PAW
P (z) + PCW

P (i) (7)

Here PP
CW(i) refers to the pump power added to the ith

segment of SOA, which is determined by using the OptiBPM
software. Equations (1) and (4)-(7) are employed to simulate
the performance characteristics of the OP-SOA. Other relevant
parameters are as listed in [18].

VI. RESULTS AND DISCUSSION

In this section, we present the simulation results on the per-
formance characteristics of an InGaAsP/InP OP-SOA, pumped
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Fig. 6. Gain variation with input pump power in the 3-port OP-SOA for
different input signal powers (Pin).

Fig. 7. Gain spectra of the 3-port OP-SOA for three different pump powers
(Ppump) for input signal power of −40 dBm.

by an optical source at 1310 nm wavelength. Fig. 6 shows
the gain variation with pump power for three different input
signal powers. The threshold pump power for onset of signal
gain is 148 mW, and it remains the same for different input
signal powers. The threshold pump power in the OP-SOA is a
characteristic parameter equivalent to the ‘transparency current’
in a conventional SOA. For an input signal power of −40 dBm
at 1550nm, with 250 mW of pump power, the gain ≈ 25 dB. For
higher pump powers the gain approaches saturation, as expected.
To compare the efficiency of the proposed design of the OP-SOA
with an OP-SOA employing the end-pumping scheme, in which
the pump is directly coupled into the active-waveguide along
with the signal (end-pumping), we also carried out simulations
for the latter scheme. For an input signal power of −40 dBm at
1550nm, with 250 mW of pump power, there was a net signal
loss of ≈ 6 dB. When the pump is directly injected into the
active waveguide, only the initial part (≈100 μm) of the active
waveguide is pumped, whereas latter part is largely unpumped.
Therefore, the carriers that amplify the signal are only generated
at the initial portion; at the latter portion, the amplified signal
undergoes absorption, leading to a net loss. This shows that
the proposed pump coupling scheme is more efficient than the
end-pumping scheme.

Fig. 8. Output saturation characteristics of the 3-port OP-SOA for three
different pump powers (Ppump).

Fig. 9. Noise figure spectrum of the 3-port OP-SOA for three different pump
powers (Ppump).

Fig. 7 shows the simulated gain spectrum of the OP-SOA for
three different values of the optical pump power (Ppump). As
the pump power increases, the density of carriers generated also
increases. These generated carriers (electrons) occupy relatively
higher energy levels in the conduction band, and a re-distribution
of the carrier density profile. This leads to a gain spectrum with
higher peak gain and an increase in the bandwidth as well as a
shift in the peak gain toward higher energy, or lower wavelength.

Fig. 8 shows the amplifier saturation characteristics for three
different pump powers. The output saturation power increases
with increase in the optical pump power. All the simulated gain
characteristics are qualitatively similar to the gain characteristics
of a conventional SOA with different bias currents. The satura-
tion characteristics are also similar to those of an erbium doped
fiber amplifier (EDFA) for different pump powers [23].

The noise figure (NF) of the OP-SOA is given by [18]:

NF = 10log10

(
σASE (ν)

hνG (ν)
+

ηout
G (ν)

)
(8)

where σASE(ν) and G(ν) are the spontaneous emission noise
power spectral density at the output and the fiber-to-fiber gain
at the frequency ν, respectively; ηout is the output coupling
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efficiency. Following the numerical model outlined in [18],
we have calculated σASE(ν) and G(ν) at the resonant and
anti-resonant frequencies using the rate equations. The obtained
values are used to calculate the noise figure in Equation (8). It
can be seen from Fig. 9 that as the pump power increases, the
noise figure decreases. This is because higher the gain, lower is
the noise figure. The zig-zag pattern is due to the presence of
resonant frequencies (dip) and anti-resonant frequencies (peak)
within the amplifier bandwidth [18]. The oscillations arise due
to the finite reflectivity of the facets of the active waveguide.
Although the facets of an SOA are anti-reflection coated, there
is some residual reflectivity. The reflectivity used for each facet
is 5 × 10−5 [18].

VII. CONCLUSION

We have proposed a novel device configuration to realize effi-
cient optically-pumped semiconductor optical amplifier through
transverse waveguide-coupling of the pump. The proposed de-
vice conveniently permits tailoring of the carrier density dis-
tribution along the active region. Numerical results show that
the OP-SOA exhibits gain and saturation characteristics that are
qualitatively similar to those of the conventional SOA. Optical
pumping provides the desirable optical-to-optical gain control
and could have potential applications in all-optical signal pro-
cessing. The proposed device could be a stand-alone three port
integrated optical device, without any electrical connections, and
it could form a new platform for OP-SOA based devices.
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