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Abstract: We propose and experimentally demonstrate a power efficient dual-stage optical
frequency comb using laser gain switching followed by a dual-drive Mach-Zehnder modulator
(DD-MZM). The laser is initially gain switched at ∼ 9.5 GHz and the resultant comb is then
expanded using a dual-drive Mach-Zehnder modulator driven at ∼ 19 GHz with signal amplitudes
below 1.5 V. The setup generates an optical frequency comb, with 12 lines within 3 dB flatness,
in a power efficient manner. Theoretical analysis is presented and verified through simulation
and experimental results.
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1.

Introduction

Optical frequency combs (OFCs) have been used in many applications such as optical metrology
[1], molecular gas spectroscopy [2], ultra-broadband optical coherent communications [3],
datacenter interconnects [4] and RF photonics [5]. These applications demand different
characteristics of the comb sources. Spectral flatness, tunable central wavelength, high side-comb
suppression ratio (SCSR), flexible and stable comb spacing, fixed phase relations, low amplitude
RF drive voltages and low implementation cost are some of the desirable criteria for different
OFC applications. Optical comb sources with correlated comb lines can be generated using
different techniques such as mode-locking of semiconductor lasers (MLL) [6], four-wave mixing
(FWM) using fiber nonlinearities [7], gain switching of the lasers [8] and external electro-optic
modulators (EOMs) [9]. The fixed length of the cavity in MLLs does not allow variable free
spectral range (FSR) and accounts for increased system complexity, while the requirement for
dispersion shifted fiber and difficulties associated with center wavelength tunability makes FWM
based comb sources impractical for use in deployable systems [7]. Gain switched optical comb
sources are gaining importance (especially for RF photonics applications such as millimeter
wave generation [10]) because of their simple and cost-efficient architecture, precisely controlled
channel spacing, high level of correlation between the comb lines and low phase noise [8] upon
injection locking with low linewidth laser. The number of comb lines generated directly from a
gain switched laser are limited by the laser’s optical bandwidth and the frequency of the drive
signal. When generating an OFC with a line spacing of around 12.5 GHz we can typically achieve
six comb lines within 3 dB flatness [10]. To increase the number of comb lines, an electro-optic
phase modulator (PM) driven at multiples of the modulator Vπ (half-wave voltage of MZM), can
be employed after the gain switched laser [8], and this technique has the potential to be integrated
on a single chip.
Single or multiple external modulators in cascade can be used to generate FSR tunable
comb sources [11–13], with a large number of comb lines. OFC generation using single phase
modulator [9] typically provides poor spectral flatness and produces a limited number of comb
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lines. To increase the number of comb lines generated it is normally necessary to either increase
the RF power of the signal driving the modulator and/or use a cascade of modulators. Spectrally
flat 11 comb lines have been generated by applying 10 GHz RF sinusoidal signal with ∼ 40 V
peak-to-peak voltage (V ∼ 7.38Vπ ) to a dual-drive Mach-Zehnder modulator (DD-MZM) in [11],
while 38 comb lines with a FSR of 25 GHz are obtained in [12] by applying ∼ 20 V peak-to-peak
(V ∼ 6.67Vπ ) RF signal to a cascade of one intensity modulator (IM) and two PMs. Work
presented in [13] achieved 21 comb lines with 25 GHz FSR by using two cascaded PMs with a 13
V (V ∼ 3.25Vπ ) drive signal, followed by a third PM which had a frequency shifted signal applied
to it. The required RF drive signal peak-to-peak voltage was reduced to ∼ 6 V (V ∼ 1.054Vπ )
for single drive by correctly biasing a dual parallel MZM appropriately to obtain 7 comb lines
in [14], while in a recent simulation paper [15] the outputs of two polarization modulators biased
at maximum and minimum transmission points, respectively, are combined to obtain 9 flat lines
with an RF signal swing of < 4 V (V ∼ 0.97Vπ ). As this previous work suggests, in order to
design a power efficient comb source, an important requirement for these modulator-based comb
sources is to reduce the RF drive signal to ensure high power RF amplifiers are not needed.
In previous work [8], we have demonstrated a wavelength tunable gain switched comb source
by cascading a gain switched (GS) laser with a phase modulator to generate ∼ 14-16 lines which
are separated by 10 GHz. High RF drive voltage (∼ 18 V, V ∼ 4.5Vπ ) was required for comb line
expansion using the PM. The RF drive level can be reduced by replacing the PM with a dual
parallel MZM [14], polarization modulators [15] or a DD-MZM. With polarization modulators,
polarization maintenance and the requirement for beam splitters leads to high system complexity,
while adjusting the drift of the three modulator biases required for dual parallel MZM’s can also
become difficult. In this current work we use a DD-MZM for comb expansion. Simulation results
show that cascading the gain switched laser with a DD-MZM biased at maximum transmission
point and driven by an RF signal with twice the FSR frequency applied to the laser, can greatly
increase the number of comb lines generated using a low drive voltage. In our experimental setup
we use an RF drive voltage of less than 1.5 V (∼ 0.586Vπ ), which is applied to the DD-MZM to
obtain 12 lines. This is substantially lower than previously presented results using EOM’s for
comb generation.
The paper is organized as follows. Section 2 presents the theoretical models of the gain
switching and DD-MZM stage. Section 3 presents the experimental results. In Section 4, we
give the comparison between experimental and theoretical results. The results are summarized in
Section 5. Finally, in the appendix we give the fitting parameters used in the simulations.
2.

Theoretical background

The scheme for power efficient frequency comb generation is based on the cascade of a gain
switched laser and the DD-MZM stage, as shown in the Fig. 1. Gain switching of laser diode
generates a comb of frequencies by driving the semiconductor laser with an electrical sinusoidal
signal. It switches the laser diode from below, to above the lasing threshold and produces a
sequence of optical pulses with a repetition frequency equal to the modulating frequency. In
order to increase the number of comb lines obtained from the laser, its output signal is forwarded
to the input of DD-MZM, which replicates the input comb pattern to higher and lower spectrum
range.
2.1.

Model of the gain switched laser

Our analysis shows that at the higher switching bias currents, the dynamics of the laser diode
used in the experiment can be accurately described by the extended rate equations model which
accounts for the carrier transport and parasitic effects [16,17]. This model provides more realistic
small and large signal modulation response of the laser as well as the phase distortions of the
emitted light, which is crucial for the shaping of the comb lines. We consider a multiple quantum
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Fig. 1. Gain switching and DD-MZM based two-stage comb source.

well DFB laser and set the rate equations model as in [16], which follows the dynamics of the
carrier density in the barrier (continuum) states (nb ), carrier density in the bound states of the
well region (nw ), photon density (S) and the optical phase (φ):
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2
In the equations above, ηinj is the injection efficiency, q stands for the elementary charge, I is the
electrical bias current, while Vtot is the total volume of the separate confinement heterostructure
(SCH) and the active region and Vw is the volume of the wells. Next, τb and τw are the carrier
recombination lifetimes in the barrier and well region, respectively. The effective carrier diffusion
across the SCH region and capture time by the wells is modeled by the “capture time” τbw , while
the “escape time” τwb is the thermionic emission and carrier diffusion time from the well to the
barrier states. Finally, parameter vg stands for the group velocity of the light, Ω stands for the
differential gain, n0 for the transparency carrier density, S for the photon density, Γ for the optical
confinement factor, τp for the photon lifetime, ε for the nonlinear gain suppression coefficient,
Rsp for the spontaneous emission rate, α for the linewidth enhancement factor, and nth for the
threshold carrier density in the well region. Details about extracting parameters of commercially
available laser used in experiment, and the parameter values used in simulation are given in
Appendix A.
In the gain switching stage, the laser is driven by sinusoidal electrical current in the form
I(t) = IDC + ∆I sin(2π fgs t), where IDC stands for the constant bias current, ∆I for the large
amplitude, and fgs for the frequency of the gain switching. The output complex electrical field of
the gain switched laser EGS is expressed as:
p
EGS (t) = S(t)eiφ(t) .
(5)
Flatness of the comb lines obtained in the gain switching stage is determined by the peak-to-peak
amplitude of the electric field phase corresponding to emitted light.
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2.2.

DD-MZM model

The output complex electrical field after the DD-MZM stage Eout can be expressed as [18]:
Eout =

1
EGS (t) [exp(iϕ1 (t)) + exp(iϕ2 (t))] ,
2

(6)

with EGS standing for the complex electrical field generated by the gain switching process, while
ϕ1 (t) and ϕ2 (t) stand for induced phases in the modulator arms, i.e.:
ϕ1 (t) =

π
v1 (t),
Vπ

ϕ2 (t) =

π
v2 (t),
Vπ

(7)

where v1 (t), v2 (t) represent voltages applied on each modulator arm. We analyze the case in
which DD-MZM is driven by simple harmonic voltages in the form:
v1 (t) = VDC1 + VRF1 cos(2π fMZM t),

v2 (t) = VDC2 + VRF2 cos(2π fMZM t),

(8)

where VDC and VRF define the quiescent point and modulation depth for each modulator arm,
respectively, while fMZM denotes the frequency at which MZM is modulated. Substitution of
Eqs. (7) and (8) in Eq. (6) gives:




π
π
[v1 (t) − v2 (t)] exp i
[v1 (t) + v2 (t)] .
Eout (t) = EGS (t) cos
(9)
2Vπ
2Vπ
We operate DD-MZM in the push-pull configuration, so we have v1 (t) = −v2 (t) i.e., VDC1 = −VDC2
and VRF1 = −VRF2 . This gives pure intensity modulation, i.e., the original phase of EGS stays
preserved and Eq. (9) becomes:
Eout (t) = EGS (t) cos [η + ξ cos(2π fMZM t)] ,

(10)

with η = πVDC1 /Vπ and ξ = πVRF1 /Vπ , where Vπ denotes the switching bias voltage of the
DD-MZM. Decomposing the cosine of the sum of two angles in the Eq. (10), and using
Jacobi-Anger expansion, the last equation can be rewritten as:
"

∞
Õ
Eout (t) = EGS (t) cos(η) J0 (ξ) + 2 (−1)k J2k (ξ) cos(2k2π fMZM t)

!#

k=1

"

∞
Õ
− EGS (t) sin(η) −2 (−1)k J2k−1 (ξ) cos((2k − 1)2π fMZM t)

!#
,

(11)

k=1

where Jk denotes Bessel function of the first kind. The equation shows that the electrical field
obtained by the gain switching EGS is further intensity modulated with harmonics which are
weighted with Bessel function values, in a way that even harmonics are weighted by even order
Bessel functions, while odd harmonics are weighted by odd order Bessel functions. By setting
the quiescent point, i.e., factor η, even or odd harmonics could be suppressed, provided that
cos(η) = 0 or sin(η) = 0.
In the gain switching stage, by using rate equations model given by Eqs. (1)-(4) and parameter
values extracted from fitting the commercially available laser used in experiment, we produce a
comb with 3 flat lines with FSR corresponding to the gain switching frequency fgs as schematically
depicted in Fig. 2. The same results can be achieved with simpler model [19], which does not
include parasitic-like effects, since the number of comb lines is limited by extracted linewidth
enhancement factor α in case of fixed bias current. Regardless of the rate equation model used,
the model of the gain switched laser which assumes a simple trigonometric periodic function
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Fig. 2. The schematic concept of the gain switched comb expansion. Three flat lines
frequency comb generated after the gain switching stage. The symmetrical distribution of the
side-comb lines (lines ±2) is feasible for simple harmonic optical phase modulation profile.
Expansion of the comb after the DD-MZM stage. MZM harmonics ±2 produce spectrum
replicas which contribute to expansion of the final comb to 11 flat lines. The arrowed lines
depict the directions of mappings between the original spectrum and its replicas due to MZM
expansion. Flatness of the expanded comb crucially depends on the summation of the lines
−2 and +2 between original spectrum and its replicas.

of phase time-dependence (sine/cosine), leads to the symmetric distribution of the comb lines
around the fundamental comb frequency (central line, denoted with 0 in the Fig. 2). In addition
to several equalized combs lines (in our case 3, denoted with 0 and ±1), there are some other
side-comb lines with lower intensities (±2, ±3,...), which decay as the frequency separation from
the fundamental comb line increases.
These side-combs lines with lower intensity, especially the first one closest to the group of flat
lines (±2 in Fig. 2), might contribute to generation of additional combs. The original optical
phase of the gain switching stage comb is preserved, while the amplitude of the corresponding
electrical field is modulated by MZM harmonics as given by Eq. (11). The result of applied
configuration is that MZM harmonics provide the frequency shift of the input comb spectrum
obtained by the gain switched laser and generate its replicas at higher and lower frequency range,
preserving the original set of comb lines (Fig. 2). In the proposed scheme, we use only even MZM
harmonics by setting VDC1 = Vπ and VDC2 = −Vπ which makes η = π, consequently sin(η) = 0
and eliminates the odd MZM harmonics from Eq. (11). Moreover, we set the RF voltage to
equate the power of the fundamental MZM harmonic with the first even MZM harmonic (i.e.,
MZM harmonic ±2), by equating the corresponding Bessel functions |J0 (ξ)| = |J2 (ξ)|. This is
feasible for ξ = 0.586π i.e., VRF1 = 0.586Vπ . In this case higher even MZM harmonics (i.e.,
MZM harmonics ±4, ±6,...) are significantly suppressed as the values of the higher Bessel
functions J4 (ξ), J6 (ξ),... are approximately zero. In order to replicate the laser comb spectrum
and to shift it to the edges of its frequency range, we modulate the MZM by modulation frequency
fMZM which shifts the replicas of the spectrum by 4 fgs . Since we use the second MZM harmonic,
the necessary frequency of the MZM modulation is given by fMZM = 4 fgs /2 = 2 fgs . In this
way, the spectrum replica originating from the MZM harmonic −2, produces the overlapping of
the side-comb line +2 from the spectrum replica, with the side-comb line −2 from the original
spectrum (overlapping of the two red comb lines shown in the Fig. 2). On the other side, the
spectrum replica originating from the MZM harmonic +2, produces the overlapping of the
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Fig. 3. (a) Measured gain switched laser output spectrum with FSR of around 9.5 GHz.
Three flat comb lines are obtained within 1 dB of flatness. (b) DD-MZM output spectrum
for CW input. MZM driving voltage is set to suppress odd MZM harmonics and to equate
the fundamental MZM harmonic with the first even harmonic, by setting |J0 (ξ)| = |J2 (ξ)|
(Eq. (11)).

side-comb line −2 from the spectrum replica, with the side-comb line +2 from the original
spectrum. The final comb consists of 3 × 3 = 9 flat lines as the result of direct replicas of the
initial spectrum, plus 2 additional lines as the result of the overlapping. In the case in which
overlapping produces comb lines with similar power to the initially flat ones, the final comb can
be comprised of 11 flat comb lines.
However, the presented concept assumes perfect simple periodic phase dependence on time,
which is distorted and strongly affected by the carrier transport and parasitic effects in the case
of higher modulation depths. In this case, the extended rate equations model given by Eqs.
(1)-(4) may account for phase distortion, leading to asymmetry of the spectrum, which further
modifies the number of flat comb lines which might be smaller or larger than 11, depending on
the superposition of replicated comb lines. This problem will be discussed in the section dealing
with comparison of experiment and theory.
3.

Experimental results

The schematic configuration of our two-stage comb source generation is depicted in Fig. 1. The
gain switching stage is depicted in the green framed box in Fig. 1, while the blue framed box
in Fig. 1 depicts the DD-MZM stage. In the gain switching stage, a commercially available
distributed feedback (DFB) laser, which is packaged in an optically un-isolated temperature
controlled high-speed butterfly package, emitting the light in the 1.5 µm window, is used. The
small signal modulation bandwidth was measured to be around 19 GHz, at the room temperature,
when biased at 4Ith . The laser is gain switched at fgs ∼ 9.5 GHz using an amplified RF signal
with a power of ∼ 18 dBm, corresponding to peak-to-peak bias current of 2∆I ≈ 100 mA. The
steady-state bias current of IDC = 67.5 mA is used. This results in coherent optical tones with an
FSR of ∼ 9.5 GHz as shown in the optical spectrum of Fig. 3(a). Three flat lines are obtained
within less than 1 dB flatness as seen from the spectrum shown in Fig. 3(a) (comb lines 0, +1
and −1) with a carrier to noise ratio of ∼ 45 dB. An increased number of lines can be obtained by
gain switching with increased RF signal power and/or reduced laser bias current [10], but will
result in the reduction of the carrier to noise ratio.
The output of the gain switching stage is then connected to the DD-MZM through a polarization
controller (PC) (as shown in Fig. 1). A 30 GHz dual drive modulator from Fujitsu with a Vπ of
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Fig. 4. Two-stage comb source output spectrum with 12 lines in 3 dB flatness and FSR of
9.5 GHz.

2.5 V is biased at the maximum transmission point (VDC = Vπ ) to suppress odd harmonics and
generate only the even harmonics, represented by Eq. (11) and as explained in the Section 2.2. 0◦
and 180◦ phase shifted 19 GHz ( fMZM = 2 fgs = 19 GHz) sinusoidal signals are applied to either
arm of the DD-MZM (as shown in Fig. 1) after suitable amplification to achieve the required drive
signal with a peak voltage of VRF ≈ 1.46 V (0.586Vπ ). For CW laser operation, these biasing and
modulation conditions result in suppression of odd harmonics and |J0 (ξ)| = |J2 (ξ)| as can be
seen from the DD-MZM output spectrum shown in Fig. 3(b). Odd harmonic frequencies are
suppressed by ∼ 23 dB, approximately the same as the extinction ratio of the modulator. These
three flat even harmonics from the DD-MZM, are separated by around 38 GHz (2 × 2 fMZM ) from
each other as shown in Fig. 3(b).
Fig. 4 presents the results of our experiment and shows the output spectrum of the dual stage
comb source when both gain switching laser and DD-MZM are under modulation with above
mentioned conditions. Twelve lines within ∼ 3 dB flatness, constituting a total bandwidth of ∼
105 GHz, are obtained with an FSR of ∼ 9.5 GHz and a carrier to noise ratio of ∼ 42 dB. These
experimental results essentially follow our theoretical analysis given in the Section 2.2. The
discrepancy between theoretical prediction and experimental results, will be explained in the
next section dealing with their comparison. A sinusoidal signal of ∼ 1.46 V peak amplitude is
required to obtain twelve flat lines, compared to 18 V required for PM in [8] making this scheme
power efficient.
4.

Comparison of theoretical and experimental results

By the means of our rate equations model given by Eqs. (1)-(4), we simulate the gain switching
process by driving the laser with large-amplitude bias current almost exactly the same as in
the experiment with steady-state bias current of IDC = 67.5 mA and peak-to-peak current of
∆I = 105 mA. In Fig. 5(a) we present the obtained optical frequency comb at the gain switching
stage, as the result of Fourier transformation of Eq. (5). The relative frequency is given with
respect to the central comb line, corresponding to the central lasing frequency (194.5371 THz).
The simulated comb has three lines (lines −1, 0, and 1, corresponding to −9.5, 0, and 9.5 GHz,
respectively) within around 2 dB flatness, denoted with solid blue dots. With red solid line
we depict the envelope of the experimentally measured comb, given in Fig. 3(a), exhibiting
high agreement with our simulation results. It should be emphasized that the rate equations
model which does not include the parasitic-like effects, is not able to account for phase distortion,
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Fig. 5. (a) Simulated gain-switched laser output spectrum with three lines in 2 dB flatness
(blue dots). Red solid line stands for the experimentally measured comb envelope, showing
an excellent agreement with simulation. (b) Simulated DD-MZM output spectrum with 12
lines in 3 dB flatness (blue dots), obtained with low MZM RF voltage (VRF = 0.586Vπ ).
Red solid line stands for the experimentally measured comb envelope, showing an excellent
agreement with simulation.

causing the laser spectrum asymmetry noticeable in the experimental results. However, the
implementation of the extended rate equation model of the gain switched laser accounting for
carrier transport as well as capture and escape effects, provides excellent fit of the experimentally
measured data.
In the next stage, the DD-MZM is biased in the push-pull configuration with RF voltage set to
equate the first even MZM harmonic with the fundamental one, while suppressing the others by
means of the Fourier transform of Eq. (11) with η = π, ξ = 0.586π and fMZM = 2 fgs = 19 GHz.
The simulation leads to an expanded comb depicted in Fig. 5(b). It provides 12 lines within 3
dB of flatness, denoted with blue dots. Again, with the red line we depict the envelope of the
experimentally measured comb as given in Fig. 4, to emphasize extremely good matching of
our simulation with the measured data. The number of comb lines obtained by experiment and
simulation (12) is increased in comparison with conceptually predicted number (11). The reason
for discrepancy is the nonlinear phase distortion and corresponding laser spectrum asymmetry,
which occurs due to deep gain switching and parasitic-like effects affecting the phase time
dependence. The asymmetry of the spectrum causes the difference in magnitude of the side
combs ±2 and consequently redistribution of the comb magnitudes mixing at the output of
DD-MZM. Indeed, the lines −2 and +2 in the gain switching spectrum are not symmetrical in
intensity, the line +2 is significantly stronger, moreover, in 3 dB margin with the three flat lines
(lines −1, 0, and 1). Still, overlapping of the lines −2 and +2 schematically depicted in the Fig. 2,
produces lines comparable to the three initially flat lines and their replicas, in this way forming
the spectrum with 11 flat lines, as discussed in the Section 2.2. However, the line +2 from the
spectrum replica originating from the MZM harmonic +2 emerges as the 12th flat line, since it is
in 3 dB margin with the three flat lines in the gain switching spectrum. The result in this case is
finally favorable, although the distortion could lead to decrease of comb line number or reduction
of the line flatness.
It should be noted that ξ ≈ 3.14π i.e., VRF1 ≈ 3.14Vπ (corresponding in this case to
VRF1 ≈ 7.85 V) could yield |J0 (ξ)| ≈ |J2 (ξ)|| ≈ |J4 (ξ)| which could add two more replicas
originating from the MZM harmonics ±4. In this case our simulations give 20 lines in around
3.8 dB flatness. The conceptual approach predicts 19 lines corresponding to 5 replicas of the
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Fig. 6. Simulated DD-MZM output spectrum with 20 lines in 3.8 dB flatness (blue dots),
obtained with higher MZM RF voltage (VRF1 ≈ 3.14Vπ ).

initially 3 flat lines, plus 2 lines resulting from overlapping of the original spectrum with second
MZM harmonic, 2 lines resulting from overlapping of the second and fourth MZM harmonic.
The additional line is due to the gain-switched spectrum asymmetry, i.e., due to the pronounced
+2 line from the spectrum replica originating from the MZM harmonic +4, which finally gives
5 × 3 + 2 + 2 + 1 = 20 lines as shown in the Fig. 6. Although it is effective with respect to
the generation of large number of comb lines, this scheme needs higher RF voltage applied to
the MZM arms. Since in this paper we focus on the power efficient comb generation, we will
investigate proposed method and further optimizations to improve the line flatness in future
publications. In addition to that, we will study reduction of laser bias current, which as shown
in [9] can yield higher number of comb lines (6) even in the first stage of the scheme.
5.

Conclusion

In this paper we demonstrate a power efficient method for the generation of an optical frequency
comb by cascading a gain switched laser and dual-drive Mach-Zehnder modulator, operated in
the push-pull configuration. In the gain switching stage we generate a 9.5 GHz free spectral range
frequency comb with three flat comb lines, by direct large-signal modulation of a DFB laser
diode. We further expand the comb by using a dual-drive Mach-Zehnder modulator driven at 19
GHz (2 × FSR) with signal amplitudes below 1.5 V, which due to suppression of odd frequencies,
and second harmonic generation corresponding to 4-fold FSR shift, making the proposed scheme
highly power efficient. The expanded comb consists of 12 lines within 3 dB flatness. The model
of gain switched lasers based on extended rate equations accounting for parasitic-like effects
can grasp the nonlinear phase distortion providing asymmetry of the laser spectrum and finally
excellent agreements of the theoretically predicted and measured number of comb lines.
APPENDIX A. Laser parameters and fitting
From the extended rate equations system given by Eqs. (1)-(4), neglecting the spontaneous
emission coupling term, for the small-signal electrical bias current, the normalized modulation
response can be derived as in [16]:
ωr2
M(ω)
=
,
M(0)
(1 + iωτbw )(ωr2 − ω2 + iωγ)

(12)
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with:
ωr2 =



vg (Ω/ χ) S0
ε
1+
τp
1 + εS0
vg Ωτw

γ = vg (Ω/ χ)

(13)

S0
εS0
1
+
+
1 + εS0 τp (1 + εS0 ) χτw
τbw
χ =1+
.
τwb

(14)
(15)

In the equations above, the parameter χ models the influence of the parasitic effects which
effectively reduce the differential gain, defining the effective differential gain Ω0 = Ω/ χ. The
capture time τbw is a constant which contributes to low-frequency roll-off, which is present in the
experimentally measured modulation response curve, and S0 stands for the steady-state photon
density. In addition to equations above, we use standard linear dependence of output power on
the applied bias current above the threshold (P − I characteristic) [17] and standard relation
between output power P and output photon density S [17], respectively:
P = ηd
S=

~ω0
(I − Ith ),
q

(16)

τp ΓP
,
η0Vw ~ω0

(17)
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where ηd = ηinj η0 stands for the differential quantum efficiency [17], given as the product of the
injection efficiency and optical efficiency, ω0 for the angular frequency corresponding to the
lasing central frequency f0 , and Ith for the threshold bias current.
Using relations (12)-(17) with measured P − I curve and small-signal normalized modulation
response at I = 4Ith , we fit laser parameters and by the means of our rate equations model given
by Eqs. (1)-(4) we almost exactly reproduce the measured data. In the Table 1 we give laser
fitting parameters’ values used in the simulations, which are in the range expected for high-speed
multiple quantum-well lasers [16, 17]. In Figs. 7(a) and 7(b) we show measured (red dotted
lines) and simulation reproduced (blue solid lines) P − I and small-signal normalized modulation
response curves, respectively.
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Fig. 7. Measured (red dots) and simulated (blue solid line) (a) P − I curve and (b) small-signal
normalized modulation response, obtained at I = 4Ith . Dashed line stands for −3 dB grid
line.
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Table 1. Fitting parameters with their values used in the simulation

Parameter

Value

Injection efficiency

ηinj

0.85

Total volume

Vtot

1.03 × 10−10 cm3

Volume of wells

Vw

1.68 × 10−11 cm3

Carrier lifetime in the well region

τw

2.5 ns

Carrier lifetime in the barrier region

τb

1.5 ns

Capture time

τbw

14.5 ps

τwb

70 ps

Escape time
Effective differential gain

Ω0

= Ω/ χ

1.24 × 10−15 cm2

Photon lifetime

τp

2.3 ps

Nonlinear gain suppression coefficient

ε

2 × 10−17 cm4

Optical confinement factor

Γ

0.08

Carrier transparency density

n0

4.2 × 1018 cm−3

Spontaneous emission rate

Rsp

1.18 × 1012 s−1

Linewidth enhancement factor

α

3.5

Group velocity

vg

8.5 × 109 cm/s

Differential quantum efficiency

ηd

0.13

Lasing central frequency

f0

194.5371 THz
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