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Abstract— We investigate the noise figure (NF) of high-power
semiconductor InGaAsP optical amplifiers (SOAs) based on the
slab-coupled optical waveguide (SCOW) concept having both
ultralow optical confinement (� ∼ 0.5%) and low optical loss
(αi ∼ 0.5 cm−1). At 1550 nm and 5-A current bias, the NF of
SCOW amplifier (SCOWA) is 5.5 dB, and the small-signal gain
and saturation output power are 13 dB and 0.8 W, respectively.
A minimum NF of 4.5 dB is achieved at 2-A bias. These NF
results represent the lowest reported for a packaged SOA. Using
the measured NF, the population inversion factor (nsp) of the
SCOWA was also estimated. The derived nsp values indicate
that intervalence band absorption loss, carrier heating, and
quasi-bound higher order modes may ultimately limit the noise
performance of InGaAsP SOAs.

Index Terms— Noise, noise measurement, power amplifiers,
quantum-well devices, semiconductor optical amplifiers.

I. INTRODUCTION

THE noise figure (NF) of an optical amplifier is an
important figure of merit used to characterize the ampli-

fier’s potential for low-noise performance. Typically, low NF
is needed for preamplifier and inline amplifier applications,
which generally require the amplifier to be polarization insen-
sitive. Low NF is also important for the realization of low-
noise lasers because a laser’s relative intensity noise (RIN)
and linewidth are both intrinsically related to the NF of the
laser’s optical gain medium. For integrated master oscillator
power amplifier systems, low noise, high power, and narrow-
linewidth coherent sources can be realized.

Considerable research has been performed on semiconduc-
tor optical amplifiers (SOAs) due to their small size, low
weight, high power efficiency, and their potential for photonic
integration [1]–[3]. A new class of SOAs, referred to as slab-
coupled optical waveguide amplifiers (SCOWAs), show much

Manuscript received June 22, 2010; revised August 19, 2010; accepted
September 30, 2010. Date of current version December 10, 2010.

W. Loh is with the Electroopical Materials and Devices Group, MIT Lincoln
Laboratory, Lexington, MA 02421 USA, and also with MIT Department
of Electrical Engineering and Computer Science, Massachusetts Institute of
Technology, Cambridge, MA 02139 USA (e-mail: william.loh@ll.mit.edu).

J. J. Plant, J. Klamkin, J. P. Donnelly, F. J. O’Donnell, and P. W.
Juodawlkis are with the Electroopical Materials and Devices Group,
MIT Lincoln Laboratory, Lexington, MA 02421 USA (e-mail: plant@
ll.mit.edu; klamkin@ll.mit.edu; donnelly@ll.mit.edu; odonnell@ll.mit.edu;
juodawlkis@ll.mit.edu).

R. J. Ram is with the Department of Electrical Engineering and Computer
Science, Massachusetts Institute of Technology, Cambridge, MA 02139 USA
(e-mail: rajeev@mit.edu).

Digital Object Identifier 10.1109/JQE.2010.2085422

promise as they exhibit high saturation power, reasonable gain,
and low NF with both low coupling loss and low internal
loss. These unique properties are achieved using a low optical
confinement design (� ∼ 0.5%) that allows for mode sizes of
5 × 7 μm2, internal losses α ∼ 0.5 cm−1, and fiber-coupling
efficiencies ηc > 90% [4].

Previously, we reported on the characteristics of a packaged
SCOWA operated at 1.54 μm wavelength and 5 A bias,
demonstrating 13 dB gain, >100 nm gain bandwidth, 0.8 W
saturation output power, and 5.5 dB NF [5]. The purpose of
this paper is to extend our measurements and to analyze the
specific mechanisms that lead to NF degradation in SCOWAs
specifically and SOAs in general. To our knowledge, the work
presented in this paper provides the first thorough analysis
of the limitations to SOA noise performance. We first verify
the accuracy of our previous optical-domain NF measurements
by using an independent electrical-domain technique. We then
use the NF measurements to derive the population inversion
factor (nsp) under various operating conditions of current and
wavelength. Comparisons between nsp determined from the
SCOWAs NF and nsp found from the SCOWAs measured
I–V characteristic reveal that effects of intervalence band
absorption (IVBA) losses and carrier heating may ultimately
limit the noise performance of SOAs at 1.55 μm. In addition,
we also observe the presence of quasi-bound higher order
transverse modes at shorter wavelengths. We believe that these
higher order modes reduce the coupling efficiency, thereby
causing the SCOWA NF to increase. This multimode NF
degradation may affect any waveguide SOA that operates
across a wide spectral bandwidth.

II. PACKAGED SCOWA DESCRIPTION

The structure of the fiber-pigtailed SCOWA studied in this
paper (Fig. 1) consists of an n-InP buffer layer (0.2 μm,
1018 cm−3 S), an n-InP cladding layer with a graded doping
profile (1 μm, 1.0–0.2 × 1018 cm−3 S), a thick lightly
n-doped InGaAsP waveguide (h = 4.9 μm, 5 × 1016 cm−3

S, λG = 1.03 μm), a nominally undoped multiple-quantum-
well (MQW) active region, a p-AlInAs electron blocking layer
(0.025 μm, 5 × 1017 cm−3 Zn), a p-InP cladding layer with a
graded doping profile (1 μm, 2–8 × 1017 cm−3 Zn), a p-InP
cap layer (0.6 μm, 1018 cm−3 Zn), and a p+ InGaAs contact
layer (0.2 μm, 1019 cm−3 Zn). The device structure was
grown on an n-type (100) InP substrate using organometallic

0018–9197/$26.00 © 2010 IEEE
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Fig. 1. Diagram of SCOWA cross section.

vapor-phase epitaxy. The active region contains five 8-nm-
thick compressively strained (1%) InGaAsP QWs with peak
photoluminescence wavelength at 1.53 μm. The InGaAsP
barrier and bounding layers (λg = 1.21 μm, tensile strained
(−0.3%), and 8 and 12 nm thick, respectively [5], [6].

Ridges of w = 5.8 μm width were formed by etching
0.9 μm into the InGaAsP slab (t = 4.0 μm). The reflectivity
of the SCOWA facets was minimized by a combination of
5º-oriented (110) angle cleaving followed by antireflection
coating. The total device length was 1 cm. Careful selection of
the refractive index of the waveguide along with proper design
of thickness and width allowed us to achieve a large optical
mode having low overlap with both the active region (low �)
and p-InP layers (low α) (see Fig. 1). Single-mode operation
in the SCOWA is obtained by virtue of the fact that only
the fundamental mode experiences significant overlap with the
MQWs with the higher order modes suffering a net loss [7].

III. NF ANALYSIS AND RESULTS

The NF expresses the signal-to-noise ratio (SNR) degra-
dation from input to output upon propagation through an
amplifier [8]

N F = SN Rin

SN Rout
. (1)

Noise in optical amplifiers results from the mixing of
incoherent spontaneously emitted photons with signal pho-
tons. The travelling-wave equation describing this process is
given by

d Np

dz
= (�g − α) Np + �g

nsp

Vph
. (2)

The solution of (2) is

Np(L) = Np,in Gamp + �g

�g − α

nsp

Vph

(
Gamp − 1

)
(3)

where the signal and noise photons are represented by the first
and second term on the right-hand side respectively, and Np is
the total photon density, � is the optical confinement factor, g
is the material gain coefficient, α is the absorption coefficient,
and Vph is the photon volume. Gamp is the small-signal chip
gain given by

Gamp = e(�g−α)L . (4)

(Electrical) NF
Measurement

Laser SCOWA VOA

OSAPhotodiodeRF
AmpESA
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Measurement

Fig. 2. Optical and electrical NF measurement system.

In (3), nsp is the population inversion factor and is related
to the electron ( fc) and hole ( fv ) Fermi occupancy factors by

nsp = fc (1 − fv )

fc − fv
. (5)

In an ideal amplifier, nsp ∼ 1, which can be achieved at a
given photon energy if all the conduction band states are filled
( fc ∼ 1) or all the valence band states are empty ( fv ∼ 0).
Equation (5) can be reformulated in terms of the quasi-Fermi
level separation energy (�EF ) as [9]

nsp = 1

1 − e

( E ph−�EF
kTc

) (6)

where E ph is the photon energy, k is the Boltzmann constant,
and Tc is the carrier temperature. This equation assumes a
thermal distribution of carriers within the SOA and is expected
to be valid for the continuous-wave steady-state operating
conditions used in our experiments.

The NF of an optical amplifier is a measure of the amplified
spontaneous emission (ASE) noise relative to the signal gen-
erated by the amplifier. The ASE can be found by formulating
the second term of (3) in terms of optical power units through

PAS E = �g

�g − α
nsphν(Gamp − 1)Bo (7)

where Bo is the optical bandwidth, h is the Planck constant,
and ν is the optical frequency. The NF of the SCOWA
was measured independently using both optical and electrical
domain techniques. The system setup used to perform both
measurements is illustrated in Fig. 2. In both configurations,
the optical output of a tunable laser source is sent through
a fiber-based polarization controller and an optical isolator
before being amplified by the SCOWA. The amplified output
passes through an optical isolator and a variable optical
attenuator (VOA). In the optical measurement, an optical
spectrum analyzer (OSA) is used to detect and process the
amplified signal. Alternatively, in the electrical measurement,
a photodiode converts the signal into an electrical signal that is
amplified by an radio frequency (RF) amplifier. The spectrum
of the amplified electrical signal is observed with an electrical
spectrum analyzer (ESA).

The optical technique is performed by measuring the gain
and ASE properties of the amplifier. The gain is found by
taking the ratio of the signal with the amplifier inserted
and removed from the system. The ASE is determined from
the subtraction of the interpolated noise floor with amplifier
inserted and removed. With these two measurements, NF is
given by [8]

N F = χ

(
KγPAS E,measured

Ghv Bo
+ 1

G

)
(8)
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Fig. 3. Packaged SCOWA gain spectra for 0.25–5 A bias under small-signal
input conditions. The temperature was maintained at T = 16 ºC.

where PAS E,measured is the measured ASE noise power, and
G is the SOA gain including the input and output coupling
losses. K is a factor correcting for the polarization dependence
of the amplifier. For SOAs emitting primarily in the transverse
electric (TE) polarization, K is given by

K = 2

1 + PAS E,T M
/

PAS E,T E
. (9)

Here PAS E,T M and PAS E,T E represent the ASE in the
transverse magnetic (TM) and TE polarizations, respectively
[10]. The TM and TE ASE in (9) should be interchanged for
SOAs emitting primarily in the TM polarization. Amplifiers
that are strongly polarization sensitive have K ∼ 2, whereas
amplifiers that are insensitive to polarization have K ∼ 1. The
parameter γ in (8) can be represented as

γ = Psig_out

Psig_measured
(10)

and accounts for the total optical loss in the output path from
the amplifier output up to and including the OSA. Psig_out

is the signal at the output of the amplifier, and Psig_measured

is the signal measured at the OSA. Finally, χ in (8) corrects for
the polarization rotation of the optical signal before coupling
to the SOA and is given by (see Appendix)

χ = Gdetuned

Galigned
. (11)

Here, Galigned and Gdetuned represents the gain measured
when the signal polarization is aligned and detuned, respec-
tively, relative to the amplifier. Significant polarization detun-
ing can occur when a fixed input signal is used to probe the
gain over a large wavelength range. For polarization-sensitive
SOAs, rotation of the signal due to dispersion causes NF
to appear higher. The gain and NF spectra of the packaged
SCOWA measured using the optical technique were previously
reported in [5]. In Figs. 3 and 4 we show again these results,
which will be used in later sections to determine nsp of the
amplifier. The NF of the SCOWA is 5.5 dB operated at 5 A
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Fig. 4. Packaged SCOWA NF spectra measured using optical techniques
for 0.25–5 A bias under small-signal input conditions. The temperature was
maintained at T = 16 ºC.

bias and λ = 1550 nm. The NF decreases to a minimum of
4.5 dB when the current is reduced to 2 A but increases again
for even lower biases. Over the entire wavelength range tested,
the NF of the SCOWA was <7.5 dB when operated at 5 A.
The increase in NF with bias is commonly observed in SOAs
reported in the literature [11], [12] but is usually attributed to
“thermal effects.” In this paper, we identify and quantify the
different mechanisms that lead to NF degradation.

To confirm the results of our optical measurements, we
performed independent electrical NF measurements on the
packaged SCOWA. The electrical measurements directly de-
termine the total noise within the detected signal, which can
be used to assess the NF of the amplifier. The electrical NF
measurements were calibrated using the RIN transfer standard
method [13], [14]. A comparison of results between NF
measurements at 5 A performed using the optical and electrical
domain techniques is shown in Fig. 5. The agreement is better
than 0.1 dB over the tested wavelength range (1460–1580 nm)
due to the precise calibration of both measurements. To our
knowledge, the measured NFs of the SCOWA are the lowest
demonstrated to date for a packaged SOA. Erbium-doped fiber
amplifiers (EDFAs) can achieve an even lower NF, with some
EDFAs reaching the ideal 3-dB limit. However, these low NFs
can only be achieved in high-gain low-power configurations.
High-power EDFAs typically exhibit NF ∼ 4–6.5 dB, which
is comparable to that of an SCOWA [15].

Typical SOAs have NF between 7 and 11 dB [16]. The large
NF of conventional SOAs is attributed to their low coupling
efficiency, high internal loss, and large optical confinement.
The effects of low coupling efficiency and high optical loss
result in NF degradation through signal attenuation. High
optical confinement can lead to lower population inversion
resulting from saturation of the front end of the amplifier [17].
The SCOWAs novel large optical mode structure effectively
solves these problems, thus allowing low NF to be achieved.
The advantages of the SCOWA structure in NF performance
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Fig. 5. Packaged SCOWA NF measured using optical (squares) and electrical
(stars) techniques at 5 A bias under small-signal input conditions. The
temperature was maintained at T = 16 ºC.

are clearly seen in (12)

N F = 1

ηin

2nsp(Gamp − 1)

Gamp

�g

�g − (αi + αI V B A)

+ 1

Gampηinηout

(12)

where ηin and ηout are the input and output coupling ef-
ficiencies, αi is the carrier-independent internal absorption
coefficient, and αI VB A is the absorption coefficient resulting
from IVBA. Equation (12) shows that NF is minimized by
the combination of high input coupling efficiency (ηin ), low
saturation (i.e., low nsp), and low optical loss (αi + αI VB A).
Free carrier absorption losses are neglected since IVBA effects
are dominant in InP. Equation (12) results from direct substi-
tution of (7) into (8) after accounting for ηin , ηout , K , γ , and
χ in PAS E . Equations (7) and (12) are usually reported in the
literature with �g/ (�g − (αi + αI VB A)) excluded. This factor
was first derived by Henry using the Green’s function method
[18]. Here, we have shown that this same factor can be found
by solution of the SOA travelling-wave (2).

IV. POPULATION INVERSION FACTOR ANALYSIS

AND RESULTS

The population inversion factor (nsp) describes the ratio of
the spontaneous emission rate to the single-photon stimulated
emission rate for an optical gain medium. We compute nsp us-
ing two independent measurement techniques. We first extract
nsp from NF measurements since noise and spontaneous emis-
sion are inherently related through (12). We also determine nsp

using measured diode I–V characteristics by relating the
junction voltage to the inversion of the amplifier. The values of
nsp found using both methods are compared for the purposes
of understanding the increase in NF observed in Fig. 4 at
higher current biases. With the NF method, we estimate nsp

using (12) and Figs. 3 and 4 assuming the following parameter
values: ηin = ηout = 90%, αi = 0.5 cm−1, αI VB A = 0 cm−1,

and � = 0.5%. We use (6) to estimate nsp from I–V
measurements of the amplifier diode. In this technique, the
diode voltages are used to calculate nsp from

�EF

q
= Vapplied − IRseries (13)

with series resistance accounted for. In (13), q is the elemen-
tary charge, I is the supplied current, and Vapplied and Rseries

are the total applied voltage and series resistance between
the power source terminals, respectively. Fig. 6 illustrates the
estimated nsp of the SCOWA found using both NF and I–V
techniques as a function of wavelength for current biases of
0.5, 1, 3, and 5 A. The agreement is excellent between the
two methods at 0.5 A bias, but becomes increasingly worse at
higher current biases.

We use (12) to evaluate the cause of this difference in esti-
mated nsp . The value of Gamp was determined by accounting
for the coupling loss in the measured values of fiber-to-fiber
gain (G). �g is calculated from Gamp using the measured
internal loss values and a low-bias estimate of the IVBA
loss (αI VB A = 0 cm−1). The only parameters left that can
contribute to the difference in estimated nsp are then ηin , ηout ,
and αI VB A. The carrier temperature (Tc) is used to compute
nsp in the I–V method and may also be a source of error.
However, none of the individual parameters can account for
the difference in nsp . For example, on the long wavelength side
of the nsp spectra, a decrease in ηin and ηout from 90% to 66%
would be required to match the nsp measurements. This
large decrease is not consistent with the expected coupling
performance in SCOWA devices. In addition, since Tc = 16 °C
was assumed in the nsp calculations, the nsp determined using
I–V results may be inaccurate when the carrier temperature
increases. However, carrier heating primarily impacts the in-
version at shorter wavelengths, and unreasonable temperatures
(Tc > 850 K) are needed to explain the large differences at
longer wavelengths. Finally, an increase in the IVBA loss alone
cannot account for the wavelength-dependent nsp deviations
seen in Fig. 6. This is true because IVBA losses decrease rather
than increase at shorter wavelengths [19]. We will show that
pump-current related degradation in αI VB A, Tc, and coupling
efficiency can all contribute to increased NF performance in
1.55-μm SOAs.

A. IVBA Loss

One of the causes of the difference in the estimated nsp

spectra shown in Fig. 6 is attributed to IVBA. It is well known
that IVBA effects are greatly suppressed in compressively
strained QW structures [20]–[22]. This suppression is due
to the higher curvature of the heavy-hole (hh) band under
compressive strain, which results in IVBA transitions between
states having negligible hole concentration. However, under
high bias conditions, the carrier concentration and temperature
both increase, and significant concentrations of carriers occupy
the 3-D barrier states. The IVBA losses of these barrier states
are much larger than that of the strained wells. This effect has
been use to explain the temperature dependence of InGaAsP
QW lasers [23], [24].
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TABLE I

CALCULATED SCOWA IVBA AND TEMPERATURE PARAMETERS

Current (A) 0.25 0.5 1 2 3 4 5

Carrier density (cm−3) 1.3 × 1018 1.9 × 1018 2.6 × 1018 3.4 × 1018 4.1 × 1018 4.6 × 1018 5.0 × 1018

Total loss (cm−1) 0.50 0.50 0.50 0.58 0.78 0.98 1.40

IVBA loss (cm−1) ∼0 ∼0 ∼0 0.08 0.28 0.48 0.9

IVBA cross section (cm2) – – – 4.7 × 10−18 1.4 × 10−17 2.1 × 10−17 3.6 × 10−17

Carrier temperature (K) 289 289 289 310 350 400 450
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Fig. 6. SCOWA population inversion factor (nsp ) calculated using NF measurements (open circles) and I–V measurements (solid line) for (a) 0.5 A;
(b) 1 A; (c) 3 A; and (d) 5 A bias. The nsp calculated from NF measurements taking into account only IVBA effects (open triangles), only coupling loss
effects (open stars), and both IVBA and coupling loss effects (open squares) is also shown. The dashed line indicates the nsp calculated from I–V measurements
and including carrier heating.

Table I shows the calculated SCOWA IVBA cross section
(σ) as a function of bias. σ was derived using simulated carrier
densities along with extracted values of αI VB A from curve
fitting. The carrier density was estimated by solution of the
steady-state carrier rate equation, and the IVBA losses were
determined by minimizing the difference between the I–V
and NF nsp values at the longer wavelengths with αI VB A

and Tc as independent parameters. For a given current bias,
the IVBA loss was assumed to be approximately the same
over all wavelengths in the range tested. This approximation
greatly simplifies our analysis, and we calculate the resulting
maximum error in αI VB A to be <10%. Coupling efficiency
degradation was not included in the fitting since it is expected
to be negligible at longer wavelengths as will be explained
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later. The calculated σ increases from ∼4.7 × 10−18 cm2 to
∼3.6 × 10−17 cm2 as current increases to 5 A as seen in
Table I. In these calculations, we assume � of the barriers
to be approximately the same as � of the QWs since their
total thicknesses are similar. The small σ values at low bias
currents agree with findings in the literature [20]. Similarly,
our calculated cross section for 5 A tends toward the bulk
semiconductor values (σ ∼ 5 × 10−17 cm2) reported in the
literature [23]. The open triangles in Fig. 6(c) and (d) shows
the effect of IVBA on nsp derived from NF measurements. The
nsp curves still disagree with the I–V measurements, especially
at shorter wavelengths. We note that the current biases in
Fig. 6(a) and (b) were too small to observe significant IVBA
loss.

B. Carrier Heating

Carrier heating arises as a result of stimulated emission and
Auger recombination processes [25], [26]. Each stimulated
emission event removes an electron–hole pair having an energy
difference less than the quasi-Fermi level separation, resulting
in an increase in the effective carrier temperature. Similarly,
each Auger recombination event removes a low-temperature
electron–hole pair and increases the energy of a third carrier.
The effect of carrier heating is increased by the presence
of excited QW states since the population inversion will be
even lower. Calculation of the energy levels for our material
system yields one conduction-band state, four hh states, and
one light-hole state. The transition wavelengths of the hh1
and hh2 states are 1576 and 1519 nm, respectively, and the
other transitions are outside the measured wavelength range.
The hh2 state should not contribute significantly to radiative
transitions because of a small overlap of the envelope with the
conduction-band state. As a result, the increased density of
states from the hh2 state increases the carrier density required
to achieve a specific gain. This increases the value of nsp,
particularly at shorter wavelengths.

The effects of carrier heating were evaluated using (6). It
can be verified that the presence of excited states decreases
�EF , thereby increasing the temperature sensitivity of nsp.
As mentioned earlier, Tc was determined at each bias current
in conjunction with αI VB A by appropriate fits to the long
wavelength nsp. The values for Tc are provided in Table I
and match well with Tc reported in the literature for 1.55-
μm wavelength operation SOAs [25]. The effect of Tc on nsp

(dashed lines) is illustrated in Fig. 6(c) and (d). Carrier heating
is seen to primarily increase nsp at the shorter wavelengths.
However, the combination of carrier heating and IVBA is not
sufficient to account for all of the difference between the NF
and I–V nsp values. We note again that the current biases were
too small to produce any observable carrier heating effects in
Fig. 6(a) and (b).

C. Wavelength-Dependent Coupling

We attribute the remaining error between the values of
nsp determined using NF and I–V methods to be due to
spectral variations in the coupling efficiency. We believe
that this variation results from the presence of higher order
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Fig. 7. Overlap calculation between the first higher order mode and a lensed-
fiber mode illustrating effects of mode beating on coupling efficiency. Near-
field images with ridge structure are also shown for wavelengths of 1519,
1521, 1523, and 1525 nm. The tested benchtop SCOWA was biased at 0.2 A
and maintained at a temperature T = 16 ºC.

transverse modes within the SCOWA waveguide. At shorter
wavelengths, the higher order modes become quasi-bound
modes that exhibit larger overlap with the gain. Coupling
into these higher order modes increases as the modes become
more bounded, resulting in a decrease in input coupling into
the fundamental mode. To investigate this loss mechanism,
we imaged the near-field output of an unpackaged benchtop
SCOWA device that was seeded by a tunable laser source.
The near-field images were captured at low biases (0.2 A)
for wavelengths 1500–1525 nm where the intensities of the
fundamental and higher order modes were nearly equal. The
calculated coupling efficiencies between the near-field modes
and a measured lensed-fiber mode are shown in Fig. 7 as a
function of wavelength. The pictures taken of the near-field
modes corresponding to wavelengths of 1519, 1521, 1523, and
1525 nm are also given in Fig. 7.

The near-field images show a strong beating phenomenon
similar to the interaction of modes in a multimode interference
coupler. The asymmetry between the left and right lobes of the
higher order modes is most likely due to the effects of imaging
an angled facet. In Fig. 7, the position of the waveguide ridge
is indicated on the near-field modes. At 1519 nm, the intensity
in the ridge is at a maximum as the fundamental and higher
order modes add in phase. At 1523 nm, the phases of the
modes are destructive, and the intensity cancels to nearly zero
in the ridge. This interference causes the coupling to modulate
in wavelength for these low bias currents. It should be noted
that the near-field converges toward a single fundamental mode
if the SCOWA is operated at either longer wavelengths or
higher current biases as seen in Fig. 8. This is expected
since higher order modes are cut off at longer wavelengths.
Also, at higher current biases, the coupled mode filtering is
stronger due to a larger gain difference between fundamental
and higher order modes. The 1/e2 diameters of the mode are
5.5 and 7.8 μm.
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TABLE II

CALCULATED SCOWA COUPLING EFFICIENCIES INTO THE FUNDAMENTAL MODE

Wavelength (nm) 1460 1470 1480 1490 1500 1510 1520 1530 1540 1550 1560 1570 1580

ηin (%) 73.5 72.0 75.0 75.5 81.5 84.5 86.0 90.0 90.0 90.0 90.0 90.0 90.0

I = 4 A 

5.5 μm

7.8 μm

λ = 1550 nm 

10 5 0 5 10

x (μm)

−8

−4

−6

2

0

−2

4

8

6

y 
(μ

m
)

Fig. 8. Near-field image with ridge structure of the benchtop SCOWA
operated at 1550 nm wavelength and 4 A current bias. The SCOWA was
maintained at T = 16 °C.

These higher order mode coupling effects can also be
observed in the low-bias gain spectra of the packaged SCOWA
shown in Fig. 9. Usually, the gain is expected to decrease at
shorter wavelengths since the inversion is weaker. However,
the SCOWA gain is seen to increase for λ less than 1520
and 1500 nm for biases of 0.25 and 0.5 A, respectively.
We believe that this abnormal gain behavior occurs because:
1) the higher order modes experience less overlap with the
lossy active region compared to the fundamental mode, and
2) coupling to and from the higher order modes increases at
shorter wavelengths. The spiking behavior in the gain spectra
agrees strongly with that of Fig. 7 and is again attributed to
the effects of mode interference on output coupling.

The nsp values estimated from the NF data at 1, 3, and
5 A biases accounting for effects of input coupling loss due
to higher order modes are also shown in Fig. 6. The increased
input coupling loss ηin primarily affects the shorter wave-
lengths as expected, based on our previous discussion. In these
calculations, an output coupling efficiency of 90% was still
used since higher order modes are expected to be filtered out
at these current levels. The value of ηin at each wavelength was
determined by minimizing the difference between the 2-A nsp

curves estimated using the NF and I–V measurements. These
same input coupling efficiencies (see Table II) were then used
for ηin in the other bias conditions. The coupling efficiency at
1520 nm was independently calculated by finding the overlap
between a measured 1520-nm mode of the benchtop SCOWA
at 0 A bias with a lensed-fiber mode. At 0 A bias and 1520 nm
wavelength, the intensity of the higher order modes is expected

0.25 A 
0.5 A 
1 A 

1460 1480 1500 1520 1540 1560 1580

Wavelength (nm)

−20

−10

−15

−5

5

0

G
ai

n 
 (

dB
)

Fig. 9. Packaged SCOWA low bi as gain spectra for current biases of
0.25 A (solid squares), 0.5 A (open circles), and 1 A (solid diamonds). The
temperature was maintained at T = 16 ºC.

to dominate over the intensity of the fundamental mode.
The calculated mode overlap was 3.8%, which matches well
with the estimated 4% (90–86%) higher order mode coupling
efficiency found from Table II.

The open squares in Fig. 6 show the nsp estimated using
NF measurements accounting for both effects of IVBA and
coupling. The dashed lines in the figures show the nsp calcu-
lated using I–V accounting for carrier heating. The agreement
between the two curves is good for all bias currents tested.
It should be mentioned that the variation in ηin needed for
an exact match between the NF and I–V nsp data was also
examined. At each wavelength, the variation in ηin across all
the current biases was <5%.

V. DISCUSSION

In the previous sections, we justified that IVBA, carrier
heating, and input coupling loss all contribute to degradation
in NF by verifying the effects of each mechanism on nsp .
However, the NF is ultimately the parameter of interest as
it determines the noise performance of the optical amplifier.
We now relate degradation in nsp to degradation in NF and
show how IVBA, carrier heating, and input coupling loss affect
NF. Fig. 10 illustrates the effect of each of the parameters on
the NF of the packaged SCOWA at 5 A bias. An increase
in IVBA loss is seen to cause a nearly uniform increase in
NF. This occurs because the gain bandwidth of the SCOWA
is >100 nm such that loss affects all tested wavelengths of
the gain nearly equally. The gain spectrum, however, is not
completely flat, and the gain still decreases slightly at longer
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Fig. 10. Illustration of the impact of IVBA loss (open triangles), carrier
heating (solid stars), and coupling loss (open circles) effects on NF. The
SCOWA was operated under 5 A bias smallsignal conditions and cooled at
T = 16 ºC.

wavelengths. As a result, a marginally larger increase in NF
can be observed at those wavelengths. In contrast, coupling
efficiency degradation primarily affects the short wavelength
side of the spectrum where coupling into the fundamental
mode is least efficient. The effect of coupling to quasi-bound
modes turns on for λ < 1520 nm and is negligible at longer
wavelengths. Finally, Fig. 10 shows that the effect of carrier
heating similarly increases NF primarily at shorter wave-
lengths where population inversion is weakest. However, a
small increase in NF due to carrier heating is also observed
at longer wavelengths. The contributions from IVBA, input
coupling loss, and carrier heating result in a ∼2-dB increase
in SCOWA NF. The remaining NF above 3 dB results from
intrinsic amplifier properties of αi = 0.5 cm−1, ηin = 90%,
and Tc = 298 K. Over the tested wavelength range, the
total measured NF remains below 7.5 dB when the packaged
SCOWA is operated at 5 A bias. The SCOWA thus exhibits
phenomenal output power and NF performance along with
reasonable gain over a bandwidth >100 nm.

VI. CONCLUSION

The NF of a packaged SCOWA was measured and verified
using both optical and electrical domain approaches. The
SCOWA exhibited 5.5 dB NF, 12.8 dB gain, and 0.8 saturation
output power at 1550 nm operated at 5 A with a >100 nm
gain bandwidth. The population inversion factor was extracted
from the NF measurement and from measured I–V data. These
measurements show that IVBA loss effects and carrier heating
may present severe limitations to the noise performance of
InGaAsP SOAs. IVBA effects can be reduced by increasing
the barrier height to achieve higher confinement of electrons
and holes. Carrier heating can be minimized by reducing the
lattice temperature with appropriate high thermal conductivity
submounts. Another potential option is to increase QW strain

in order to reduce Auger recombination effects. The appear-
ance of quasi-bound higher order modes can degrade coupling
efficiency at shorter wavelengths, narrowing the bandwidth of
device operation. This coupling loss can be decreased through
optimization of the SCOW waveguide structure. Despite these
limitations, the SCOWA demonstrates excellent signal ampli-
fication characteristics for high-power low-noise applications.

APPENDIX A

DERIVATION OF (11)

The NF of an optical amplifier can be written as

N F = χ

(
Kγ PAS E,measured

GhνBo
+ 1

G

)
(A1)

where h is the Planck constant, ν is the optical frequency,
and Bo is the optical bandwidth. K accounts for the SOA
polarization dependence, γ accounts for the output path loss,
and χ accounts for wavelength dispersion effects. We first
write PAS E,measured in (A1) in terms of measured total noise
and laser noise as

PAS E,measured = Pnoise_total − G PSS E (A2)

where Pnoise_total is the total noise including both ASE and
source spontaneous emission (SSE), G is the SOA gain
accounting for coupling, and PSS E is the SSE power. Sub-
stituting PAS E,measured in (A2) into (A1), we find

N F = χ

(
Kγ

(
Pnoise_total − G PSS E

)

GhνBo
+ 1

G

)

. (A3)

If dispersion is present, the polarization of the signal and
SSE arriving at the input of the amplifier will be detuned
relative to the amplifier’s optimal polarization. In this case,
the NF can be expressed as

N F ′ = χ

⎛

⎝
Kγ

(
P ′

noise_total − G′ P ′
SS E

)

G′hνBo
+ 1

G′

⎞

⎠ (A4)

where the prime symbol denotes each respective quantity when
the polarization is misaligned. Since both signal and noise are
amplified by the gain, G′ can be expressed in terms of SSE as

G′ = GT E P ′
SS E,T E + GT M P ′

SS E,T M

P ′
SS E

. (A5)

GT E(T M) is the amplifier TE TM gain, and P ′
SS E,T E(T M)

is the laser SSE in the TE TM state. GT M < 0 in an
SCOWA at normal operating currents, and any polarization
rotation of signal and noise into the TM state is effectively
lost. P ′

noise_total can be similarly expressed in terms of the
ASE and measured values of G and SSE as

P ′
noise_total = PAS E + GT E P ′

SS E,T E + GT M P ′
SS E,T M . (A6)

Inserting (A5) and (A6) into (A4), we find

N F ′ = χ

(
Kγ PAS E

G′hνBo
+ 1

G′

)
. (A7)
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The numerator is unaffected by polarization rotation as one
might expect for ASE. In comparing (A7) with the standard
equation for NF

N F = Kγ PAS E

GhνBo
+ 1

G
(A8)

we find

χ = G′

G
= Gdetuned

Galigned
. (A9)
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