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Abstract— We present the theory and design of a tunable
gain-flattening filter for integrated mode-locked lasers (MLLs).
The filter provides the inverse of the semiconductor spectral gain
profile and produces a broad flattened net gain. This improves
the performance of MLLs by allowing more modes to lase
simultaneously. We demonstrate a gain-flattened MLL with a
record 10 dB bandwidth of 2.08 THz, the widest frequency comb
span for an integrated quantum-well-based laser at 1.55 µm.
Gain-flattening theory is used to extend the integrated comb span
to 40 nm. We use scattering matrices to investigate feed-forward
filters based on asymmetric Mach–Zehnder interferometers
(MZIs). We compare MZI filters designed for a fixed coupling
value to those that use an active gain arm to adjust the extinction
ratio. Tunable zero placement of these filters is achieved using a
passive phase tuning arm. The optimized gain-flattening filter has
a 5 dB extinction ratio and a 70 nm free-spectral-range. When
the filter is incorporated into a ring MLL, simulations predict a
40 nm, i.e., 5 THz, comb span with a power variation <3.5 dB.

Index Terms— Integrated optics, mode-locked lasers, optical fil-
ters, photonic integrated circuits, quantum well devices, quantum
well lasers, semiconductor laser, semiconductor optical amplifier.

I. INTRODUCTION

AFLATTENED gain spectrum is highly beneficial to pho-
tonic components in a wavelength division multiplexed

(WDM) system, including: broadband amplifiers [1], tunable
lasers [2], and multiwavelength sources such as mode-locked
lasers (MLL) [3]. MLLs can provide low-noise and narrow
linewidth phase-locked comb-lines with a set frequency spac-
ing for applications including: optical signal processing [4],
coherent communication [5], and spectroscopy [6]. Addition-
ally, emerging applications in integrated laser offset locking
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require a broadband stable frequency comb-line reference,
which can be generated using a gain flattened mode-locked
laser [7], [8]. However, the span of the frequency comb
generated in integrated MLLs is limited by cavity dispersion
and the flatness of the gain spectrum. The cavity dispersion is
typically low for InP based material and can be compensated
for by using an arrayed waveguide grating (AWG), or by
optimizing the drive current and absorber bias of the MLL
[9], [10]. Therefore, the generation of a flattened gain spectrum
is crucial to improving the performance of MLLs. In this paper,
we analyze the design of intracavity filters for enhanced gain
flatness. To the best of our knowledge, this is the first paper
on the design of intracavity integrated gain-flattening filters.

A flattened gain profile equalizes the output power at
multiple wavelengths creating a more uniform comb across
an optical band. Taking a broad historical view, two general
approaches have been pursued: type I used material growth,
whereas type II used filters to add loss at the peak gain.

Initial type I gain-flattening was focused on custom mate-
rials for WDM erbium-doped fiber amplifiers (EDFAs). In
the early 1990’s, experiments on EDFAs that used fluorozir-
conate glass instead of the standard silica core demonstrated
improved gain flattenness with <2 dB gain ripple over 30 nm
bandwidth [11]. Such type I solutions had several advantages,
including simplicity and power efficiency by avoiding a lossy
external filter element.

For integrated devices, type I solutions have focused on
tailoring the gain of the semiconductor material. For example,
asymmetric quantum wells have been studied extensively on
the InGaAs/GaAs and InGaAsP/InP material platforms, where
a flat gain bandwidth with 1 dB ripple across 90 nm has
been demonstrated [12]. These structures have used multi-
ple quantum wells with different bandgaps to achieve flat
gain profiles. While asymmetric quantum wells have shown
promising results, the gain profile is highly dependent on pump
current and the uniformity of the carrier distribution across the
quantum wells [13]. Thus broad gain is only achievable over a
narrow range of pump currents, or conversely, at a fixed gain.
Additionally, devices based on asymmetric quantum wells are
very sensitive to changes in material growth and operating
temperature.

In type II gain-flattening approaches based on filters, bench-
top EDFAs with thin film filters have been studied exten-
sively, and commercial modules are readily available to flatten
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Fig. 1. Fabricated mode-locked laser with a gain-flattening filter (GFF).

(a) (b) (c)

Fig. 2. Scanning electron microscope (SEM) images of the etched waveguide
showing (a) 5 μm deep etch with vertical sidewalls, (b) waveguide bends with
smooth sidewalls, and (c) multimode interference (MMI) couplers.

the EDFA output. Prior to this, Bragg filters and acousto-
optic filters were also studied for bench-top gain-flattening
[14], [15]. Researchers have demonstrated broadband comb
generation using bench-top gain flattened mode-locked laser
by incorporating a spectrometer and spatial filter into their
free-space optical set-up [16]. For integrated devices, silicon
planar lightwave circuits (PLCs) have been demonstrated
for EDFA gain-flattening [17]. Yet there has been minimal
research done on integrated gain-flattening filters for use in
mode-locked lasers.

Recently, we demonstrated an integrated intracavity gain-
flattening filter (GFF) on InGaAsP/InP that doubled the lock-
ing bandwidth of a ring MLL [18], and provided far wider
comb spans than any simple non-gain-flattened ring MLL
fabricated on the same material platform [19]. The filter was
an asymmetric Mach–Zehnder interferometer (MZI).

In this paper, we begin by demonstrating a −10 dB band-
width of 2.08 THz from the MZI-MLL. We were able to
operate this device at a higher current density than our previous
devices due to better metal evaporation and a lower p-type
contact resistance, thus breaking our prior 1.8 THz record,
and producing the widest frequency comb that has yet been
generated from an integrated quantum well (QW) based MLL
at 1.55 μm [19], [20]. In the remainder of the paper, we
discuss the design optimization of monolithically integrated
intracavity GFFs, targeting 5 THz, i.e. 40 nm, flattened gain
bandwidth. We develop a general analytical formulism for
calculating the change in threshold current density and the
output power due to an intracavity gain flattening filter. Based
on this approach, in the ideal case we show that the bandwidth
can be flattened up to 40 nm with ∼10% reduction in the
total output power. We use scattering matrices, to include the
coupled cavity effects from incorporating an intracavity filter,
and we compare MZIs designed for a fixed coupling value
to those that use an active gain arm to adjust the extinction
ratio. We show that for the optimized GFF incorporated into a
ring mode-locked laser, simulations can achieve a 40 nm, i.e.
5 THz, comb span with a power variation <3.5 dB.
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Fig. 3. Normalized optical power spectrum of optical comb generated
from gain flattened mode-locked laser. The −10 dB comb span is 16.75 nm
(2.08 THz).

It is to be noted that such versatile filters can be tailored
for any semiconductor gain material including: quantum wells
(QWs), quantum dots (QD), or bulk. Hence, these filters
can provide improved bandwidth for most integrated mode-
locked lasers. Furthermore, these filters can be dynamically
tuned to tailor the gain spectrum after fabrication to account
for changes in material growth and operating temperature
variations.

II. FABRICATED GAIN-FLATTENED

MODE-LOCKED LASER

The fabricated GFF-MLL is shown in Fig. 1. It has two 3 dB
multimode interference (MMI) couplers with two arms that
differ in length by 16 μm to form an intracavity asymmetric
MZI; this filter has a free-spectral-range (FSR) of 39.7 nm.
The MLL has a round-trip cavity length of 2600 μm with two
750 μm long SOAs, and a 60 μm long SA. The GFF phase
arm controls the filter’s zero placement, while the GFF gain
arm controls the filter’s extinction ratio (ER).

This device is fabricated on an InGaAsP/InP offset quantum
well (OQW) platform that contains seven 0.9% compressively
strained QWs and eight −0.2% tensile strained barriers that
are epitaxially grown above a 300 nm 1.3Q InGaAsP layer as
part of the base epi. Passive areas are defined by a selective
wet-etch and a single blanket regrowth is used to cover the
device with a p+-doped InP cladding, a p++-doped InGaAs
contact layer, and an InP capping layer to protect the InGaAs
contact layer during device fabrication. The active material is
used to define the semiconductor optical amplifiers (SOAs)
and the saturable absorber (SA), whereas the passive material
is used to define the low-loss waveguides and current injection
based phase shifters.

After regrowth, the waveguide is defined with photoresist
on a Cr/SiO2 bilayer hard mask. The Cr is etched using
a low power Cl2-based inductively coupled plasma (ICP),
and the SiO2 is etched using an SF6/Ar based ICP. The
resulting 600 nm SiO2 mask acts as a hard-mask to define
the InGaAsP/InP deeply etched waveguides using a Cl2/H2/Ar
(9/18/2 sccm) ICP at a chamber pressure of 1.5 mT. The
resulting etched features are shown in Fig. 2. After removing
the SiO2 mask, blanket deposition of a 350 nm isolation
layer of silicon nitride is performed. Vias are opened for
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Fig. 4. Measured and parabolic fit gain spectrum. Parabolic fit [dB] =
9.3 – (1543 − λ)2/ 250.

topside p-metal contacts. N-metal contacts are realized through
backside deposition of Ti/Pt/Au onto the n-doped conducting
InP substrate. For more details on the fabrication and testing
of the MLL-GFF, see [20].

When operating at 210 mA drive current, −2.1 V saturable
absorber bias, 35 mA GFF gain current, and 15.5 mA GFF
phase current, this device provides a −10 dB lasing bandwidth
as wide as 16.75 nm, more than 2 THz, as shown in Fig. 3.
Nevertheless, the flattened gain bandwidth can be improved
further as this standard 7 QW material platform has more than
100 nm of positive gain bandwidth. In the next section, we
examine intracavity gain-flattening using an ideal GFF, and
then in Section IV and V using a realistic single-stage filter
that can be monolithically integrated on InGaAsP/InP.

III. IDEAL PARABOLIC GAIN-FLATTENING FILTER

Semiconductor gain material has a near-parabolic gain
profile due to the curvature of the valence and conduction
bands. The parabolic profile fits well near the peak gain and
deviates as the gain approaches transparency. The measured
and parabolic fit for standard 7 offset-quantum well (OQW)
gain material is shown in Fig. 4.

The gain peak is at 1543 nm and fits well to a parabola over
a 50 nm range from 1518–1568 nm. The gain is measured by
fiber coupling a 1 mW tunable laser into the input waveguide.
Three 400 μm long SOAs are positioned serially along the
waveguide. The first two are reverse biased at −3 V, and
therefore act as photodetectors to record the input power from
the tunable laser; the second SOA absorbs any light that is not
captured in the first section. Then, the first SOA is forward
biased, and the second and third SOAs are reverse biased at
−3 V to record the amplified power. The peak gain is measured
at ∼4 kA/cm2 for the 400 μm × 1.8 μm SOA.

In the following mathematical derivation, we will use this
parabolic fit to calculate the change in threshold gain and
output laser power as we introduce an ideal GFF. The parabolic
gain approximation for a 400 μm long SOA operating below
saturation is calculated to be

gSOA, L = 400 μm(λ) =
(

9.3 − (1543 − λ)2

250

)
dB (1)

where λ is the wavelength in nm.
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Fig. 5. Net cavity gain after insertion of ideal inverse parabolic gain-flattening
filter.

Gain roll-off is the reduction in gain away from the peak
gain wavelength, and it is represented by the denominator
in the parabolic approximation. Furthermore, gain roll-off is
proportional to the modal gain at the peak wavelength (gpeak),
as is clearly evident since the SOA’s positive gain bandwidth
(i.e. gain above transparency) does not change with SOA
length. For example, the OQW SOA at a current density of
4 kA/cm2 has positive gain over a 96 nm span regardless of
SOA length. However, the peak gain (gpeak) increases with
length, hence, gain roll-off must increase with gpeak. A longer
(or higher confinement factor) SOA will have a larger gain
roll-off than a shorter (or lower confinement factor) SOA with
the same current density. We define the SOA gain based on
gpeak such that it is independent of length.

gSOA(λ) =
(

g(N) − gpeak(λ0 − λ)2

C1

)
dB (2)

where g is a function of the carrier density, N, such that the
maximum of g(N) = gpeak, and the parabolic gain roll-off
coefficient is defined from Fig. 4 as C1 = 250 × 9.3 [nm2].
For critical flat gain applications, such as mode-locked lasers,
we want the largest ratio of gain/roll-off. Based on (2), this
can be achieved by driving the SOA near its peak gain when
lasing. As gain clamping restricts the increase of gain above
lasing, we aim to use the shortest SOA that allows the cavity
to lase. We can define a net cavity gain that includes SOA
gain and the added wavelength dependence of the filter

gNet(λ) = gSOA(λ) − lossFilter(λ)

∴ gNet(λ) = gSOA(λ) + gFilter(λ) (3)

where the wavelength dependent loss is defined as a negative
filter gain. The net gain per cavity round-trip is a function of
the SOA gain profile and the filter transfer function. For the
parabolic SOA profile shown in Fig. 4, the ideal GFF will
have an inverse parabolic shape, as shown in Fig. 5.

The applied filter is assumed to have a periodic transfer
function. The free-spectral-range (FSR) of the filter determines
the bandwidth of the flattened gain region. The filter adds loss
at the peak of the gain profile to equalize the gain. Therefore,
to create a wider flat bandwidth, the ER of the filter must be
increased. For a laser cavity, this results in a higher threshold
gain and lower output power.
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We can now calculate the increase in threshold gain with
an ideal GFF. For a cavity resonator, the g(N) term can be
replaced with the threshold gain, gth, as g(N) does not change
above lasing threshold. For a ring MLL, the nominal threshold
gain (i.e. without the GFF turned on) can be calculated
from the measured losses of each element in the ring. The
internal losses measured from cleave back tests [21] on Fabry-
Perot lasers are 3.5 dB/mm passive material internal loss
and 4.3 dB/mm active material internal loss. We assume a
minimum of two 3 dB couplers are necessary to create the
GFF, each with measured insertion loss <1 dB. The saturable
absorber (SA) loss is measured from a fabricated device to
be ∼1 dB from injecting the output pulses from the MLL, in
[18], into a saturable absorber test structure, and measuring
CW power on the SA and an 800 μm reversed biased SOA
detector placed after it.

The nominal threshold gain (gth0) for a 2600 μm circumfer-
ence cavity with 1500 μm length active and 1100 μm length
passive material is calculated as: internal loss + mirror loss
(coupler transmission) + couplers insertion loss + SA loss =
10.3 dB + 3 dB + 2 dB + 1 dB = 16.3 dB. Assuming we
have an ideal parabolic gain flattened filter, we can write the
increased threshold gain (gth1) after gain-flattening as

gth0(�λ) =
(

gth1 − gpeak(�λ/2)2

C1

)
dB (4)

where �λ is the gain flattened bandwidth.
We have replaced g(N) with the new threshold gain after

gain-flattening, gth1. The gain at the edge of the gain flattened
spectrum must be increased to equal to the previous peak
wavelength gain, gth0, to maintain lasing, i.e. the gain at
λ0 + �λ/2 must be equal to the previous nominal threshold
gain gth0. However, we would like to define this expression
in terms of gth1 to solve for the change in laser output power.
Solving for gth1, we calculate

gth1(gth0,�λ) = gth0 + gpeak(�λ/2)2

C1
. (5)

Using a logarithmic gain model [22], the threshold current
density is related to the threshold gain by

Jth1 = Jtr exp (gth1/g0)
[
A/cm2

]
(6)

where the Jth1 and Jtr terms are the threshold and transparency
current density respectively. The gth1 and g0 terms are the
threshold gain and gain constant respectively. A is the area of
the active region in cm2 (length × width). The output power
[23] for a semiconductor laser is given by

Pout 1(Ith) = ηdηi
hν

q
(I − Ith) (7)

Pout 1(Jth) = ηd
hν

q
A (J − Jth) (8)

where ηd is the differential efficiency and ηi is the injection
efficiency. We find the change in cavity output power by
combining (5), (6), and (8)

Pout = ηd
hν

q
A

(
J − Jtr exp

(
gth0 + gpeak(�λ/2)2

C1g0

))
. (9)
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Fig. 6. (a) Laser output power and threshold gain versus flattened bandwidth
of an ideal GFF. A larger flattened bandwidth requires added loss at the peak
gain wavelength, increasing the threshold gain, and reducing the output power.
The SOA drive current is fixed at 54 mA. The 40 nm flattened bandwidth
has a 10% reduction in output power. (b) Output power per lasing line versus
flattened bandwidth, assuming all modes within the flattened bandwidth lase.
The output power per lasing line at 40 nm bandwidth is 22 dB lower than
when the device operates with a single mode, i.e., 0 nm bandwidth.

The resulting plot of threshold gain and output power vs. gain
flattened bandwidth is shown in Fig. 6(a). The drive current
is held at 54 mA (e.g. 3Ith) whereas the nominal threshold
current is 18 mA with a measured injection efficiency of 0.6
(Jth = 382 A/cm2). For this material, Jtr = 31 A/cm2/well and
g0 = 650 cm−1 are measured from broad-area laser cleave-
back tests. Fig. 6(b) shows the output power in each of the
lasing modes vs. gain flattened bandwidth. This plot uses the
realistic assumption that all modes in the gain flattened band-
width with equal round-trip gain are lasing simultaneously.
The single lasing mode case occurs at 0 nm with 3 mW output,
whereas at 40 nm flattened bandwidth there are 160 modes
lasing with 20 μW per lasing line output power. At 40 nm
bandwidth, the output power is divided amongst many lines
resulting in greatly decreased power per line, see Fig. 6(b),
whereas the total power is reduced only slightly, see Fig. 6(a).

IV. MACH–ZEHNDER INTERFEROMETER

GAIN-FLATTENING FILTER

In the previous section, we developed theory based on an
ideal GFF. In this section, we examine a realistic single-stage
GFF that can be monolithically integrated with minimal added
components. For use in MLLs, we want to minimize the filter
unit delay to avoid coherence effects in pulse propagation.
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in filter’s extinction ratio and free spectral range.

For pulse widths of 1 ps we target delays <<1 ps. This limits
us to path length differences of <<80 μm in InP.

Feed-back filters, such as a coupled ring resonator, suffer
from large loop delays much longer than the pulse width,
which makes them unsuitable for short pulses. Feed-forward
filters, such as a MZI, have short unit delays based on the
difference in arm length. If we consider arms that differ in
length by <20 μm (i.e. one quarter of the pulse width), we
calculate a filter FSR >32 nm. To compare MZI filter designs,
the gain ripple (i.e. the maximum deviation in net gain) over
a fixed 40 nm bandwidth is calculated for a range of FSR and
ER, as shown in Fig. 7.

The filter flatness is improved as the FSR and ER are
increased. Unlike the ideal GFF with an inverse parabolic
profile, the MZI filter response matches the inverse parabola
only near its center. Therefore, by increasing the FSR, the
fit improves, however the threshold gain is increased as well
due to a larger ER. The lowest ripple shown in Fig. 7 is
0.6 dB at an FSR of 100 nm with a 7 dB ER. However, by
sacrificing a small amount of gain ripple we can use a lower
ER, reduce the added loss from the applied filter, and operate
with a lower threshold gain. By choosing 70 nm FSR, the
optimal ER is 5 dB and the 40 nm gain ripple is 0.73 dB.
The 70 nm FSR MZI filter response is shown in Fig. 8, along
with the ideal inverse parabolic filter response. The ideal filter
has an ER of 3.7 dB, whereas the optimized MZI filter is
1.3 dB greater.

This ER can be created by using equal power splitting
couplers in the MZI with one variable amplitude arm by
means of an SOA, or by using imbalanced power splitting
couplers. The benefit of using the SOA is that variation
to the ER can be made post-processing, which allows for
dynamic control of the ER. However, a drawback of this
approach is that the SOA in the amplitude arm is within the
coupled-cavity system. Therefore, the carrier density in the
amplitude arm cannot increase beyond the threshold carrier
density of the laser before it gain-clamps, i.e. the gain per
unit length cannot be higher in the amplitude filter arm than
in the ring SOAs. This restricts the filter configurations. For
example, consider a ring with a threshold gain of 15 dB with
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Fig. 9. Signal flow diagram of a single ring and coupler. Markers A and B
designate nodes inside and outside of the ring cavity, respectively.

1500 μm of SOA in the ring and filter arms with a length
of 500 μm. The maximum gain achievable in the amplitude
filter arm would be approximately one-third of the threshold
gain, i.e. 5 dB. When the gain arm is driven higher, its carrier
density will clamp at Nth, preventing any further increase
in gain.

For balanced power splitters, the desired 5 dB ER requires
∼11 dB power difference in both arms. Hence, to achieve
a 40 nm flattened bandwidth the amplitude arm must only
be used as an absorbing element rather than a gain element.
This loss greatly increases the threshold gain, and for this
reason the imbalanced coupler is preferred. Furthermore, the
long SOA necessary to provide either 11 dB gain or loss in
the filter arm has its own wavelength dependence based on the
semiconductor gain medium.

The alternative to using a variable gain (loss) arm is to
use imbalanced couplers. To achieve this 5 dB ER, fixed
couplers with 78% power bar-coupling are required. Assuming
a 1 dB processing tolerance on the ER (i.e. 5 ± 1 dB, from
Fig. 5), the fixed couplers must be between 75–82% bar-
coupling. This can be achieved using reactive-ion etching
(RIE) lag directional couplers, where two parallel deeply
etched waveguides are separated by a narrow gap. This slows
the etch rate between the waveguides and effectively forms a
surface ridge directional coupler on a deeply etched waveguide
in a single etch step. We have previously demonstrated RIE lag
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directional couplers on non-gain-flattened ring mode-locked
lasers with 90% bar-coupling, and we have shown that such
couplers can be designed to provide arbitrary coupling from
1–99% [25]. Hence, the desired 5 THz comb generator using
78% couplers can be fabricated with realistic processing
technology.

V. GAIN FLATTENED FILTER COUPLED CAVITY MODEL

In the previous sections, we have analyzed the GFF as a
component. The ideal GFF has been compared to a practi-
cal MZI filter that can be implemented in a monolithically
integrated photonic circuit. However, when the GFF is placed
inside a cavity, the filter response becomes more complex due
to coupled-cavity effects, i.e. each MZI arm forms a resonant
cavity with the larger ring. To simulate the effects of the filter
in the cavity, we make use of scattering parameters to calculate
the full coupled-cavity response. The signal flow diagram for
a single ring and coupler is shown in Fig. 9; the coupler has
bar-coupling (t) and cross-coupling (–jc).

The amplitude transfer function from A to B, i.e the transfer
function of amplified spontaneous emission generated inside
the ring seen at the output of the ring, is calculated as

HA−B(λ) = − jcg1(λ) exp(− jβL1)

1 − tg1(λ) exp(− jβL1)
. (10)

Shown in Fig. 10, the power transmission out of the ring
is calculated from the magnitude squared of the amplitude
transfer function. All transfer functions are calculated at a pole
response of 20 dB, which is typical for a lasing resonator, i.e.
peak to trough extinction ratio is 20 dB. In this single ring
without a filter, the wavelength dependent gain of the SOA
causes the output transmission to vary by 8.5 dB over the
40 nm bandwidth and the pole response is decreased from
20 dB to ∼10 dB.

A signal flow graph for the ring MLL with a GFF is shown
in Fig. 11. This ring has two couplers. The ring path and two
MZI arms have amplitude gains g1, g2, and g3.

The amplitude transfer function inside the ring (from A to
A) is solved using Mason’s rule [24]

HA−A(λ) = −c2M1(λ)M3(λ) + t2 M1(λ)M2(λ)

1 − t2 M1(λ)M2(λ) + c2M1(λ)M3(λ)
(11)
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Fig. 11. Signal flow diagram of a ring with a gain-flattening filter. Markers A
and B designate nodes inside and outside of the ring cavity, respectively.
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Fig. 12. Intracavity power response of a ring with a gain-flattening filter
(A–A in Fig. 11). The variation in power response over the 40 nm spectrum
is 3.4 dB.

M1(λ) = g1(λ) exp(− jβL1)

M2(λ) = g2(λ) exp(− jβL2)

M3(λ) = g3(λ) exp(− j (βL3 + φ)).

The power transmission inside the ring with the GFF is plot-
ted in Fig. 12. The small gain ripple calculated in Section IV
by adding the filter and cavity gains is now enhanced by the
resonant cavity operating at a high pole value of 0.82, i.e. a
pole response magnitude of 20 dB. Over the 40 nm bandwidth,
the 0.73 dB ripple in the net gain (calculated from the cascaded
filter and SOA in Section IV) results in a 3.4 dB variation in
the power response when these elements are placed inside a
resonant cavity.

The response shown in Fig. 12 does not include the effect
of coupling out of the cavity. To consider the output from the
GFF-MLL, the transfer function from A to B is calculated as

HA−B(λ) = − jct M1(λ)M3(λ) − jct M1(λ)M2(λ)

1 − t2 M1(λ)M2(λ) + c2M1(λ)M3(λ)
. (12)

As shown in Fig. 12, the transfer function inside the ring
(A−A) produces a flattened response compared to the single
ring case, see Fig. 10. However, the output transfer function
(A−B), as shown in Fig. 13, goes through the inverse GFF
function when coupled out of the cavity. The transfer function
(A−B) is degraded and the 40 nm transmission envelope has a
9.3 dB ripple, larger than the single ring by itself. Thus, while
Fig. 13 achieves a flat response at the center of its comb,
the comb profile falls off rapidly as it approaches the 40 nm
bandwidth. To have the desired flat transfer function, covering
the full 40 nm outside the cavity where it will be used, an
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Fig. 13. Output power response of a ring with a gain-flattening filter (A−B in
Fig. 11). The variation in power response over the 40 nm spectrum is 9.3 dB.
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Fig. 14. Signal flow diagram of a ring with a gain-flattening filter and
additional coupler. Markers A and B designate nodes inside and outside of
the ring cavity respectively.

additional coupler is required to avoid passing the output comb
spectrum through the inverse GFF. The cavity with an addi-
tional coupler is shown in Fig. 14 and shows the same spectral
shape as Fig. 12, while in this case, the response is seen outside
the ring. The draw-back of having an additional coupler is a
slight increase in the threshold gain, ∼2 dB, for the 22% cross-
coupling with 1 dB insertion loss used in this example.

The transfer function with the additional coupler is shown
in Fig. 15 and calculated as

HA−B(λ) = jc3M1(λ)M3(λ) − jct2M1(λ)M2(λ)

1 − t3 M1(λ)M2(λ) + tc2 M1(λ)M3(λ)
. (13)

All transfer functions have been calculated based on the
fixed 5 dB filter ER calculated in Section IV. Compared to the
single ring and coupler, the addition of the GFF results in a
7 dB increase in the threshold gain and a reduction in output
power from 3.0 mW to 2.7 mW, as calculated in Fig. 6(a) (e.g.
the increase in threshold gain = 5 dB from GFF + 2 dB from
added coupler). Ring MLLs built on a QW gain platform have
typical comb spans <1 THz [19], thus, the addition of the GFF
reduces the laser output power by ∼17% while increasing the
comb bandwidth by >5 X. However, the power per lasing line
does decrease by >85% as the total output power is divided
over more modes.

VI. COMPARISON OF COUPLED CAVITY

MODEL TO RESULTS

Using the coupled cavity model from Section V, we now
compare the 2 THz measured comb from Fig. 3 to its simulated
comb. The optical signal-to-noise ratio (OSNR) for the comb
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Fig. 15. Output power response of a ring with a gain-flattening filter and
addition coupler (A−B in Fig. 14). The variation in power response over the
40 nm spectrum is 3.5 dB.
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Fig. 16. Comparison of the measured and simulated power response from the
gain-flattened mode-locked laser shown in Fig. 1. The −10 dB bandwidth is
16.75 nm and 19 nm for the measured and simulated spectrums, respectively.

is 35–45 dB, measured over narrow 1 nm spans with a
high resolution OSA. The pole magnitude of the coupled
cavity response matches this OSNR. As shown in Fig. 16,
the simulated and measured combs have similar spectral
profiles, yet the span of simulated comb is 19 nm, which
is 13% wider than the measured bandwidth. Such deviation
is like due to the limitations of the model, as it does not
include material dispersion or the time-dependent effects of the
saturable absorber. Nevertheless, the simulated and measured
comb profiles match well, indicating that the coupled cavity
approach can provide a reasonable estimate for the flattened
gain profile of a mode-locked laser.

VII. CONCLUSION

We have demonstrated integrated gain-flattened MLLs with
−10 dB bandwidths of over 2 THz, which are the widest
reported comb spans for QW based MLLs. We have developed
an analytical formulism for the reduction in output power from
a gain-flattened mode-locked laser. We have presented the
theory and design of an integrated intracavity gain-flattening
filter for a ring mode-locked laser that provides a 40 nm
flattened comb span with less than 3.5 dB power variation.
The ideal gain-flattening filter for quantum well semiconductor
material is shown to have an inverse parabolic profile, which
can be approximated well over a 40 nm span by a single
Mach–Zehnder interferometer. An integrated gain flattened
mode-locked laser can provide broad comb-line generation for
use in laser offset locking, in spectroscopy, and as a compact
coherent WDM source.
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