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Generation of optical frequency combs in optically
injected integrated gain-switched semiconductor
lasers and their applications in Doppler LIDAR

Yunshan Zhang, (2@ Yibing Chen,? Mengxi Zhou,? Yitong Liu,® Wenxuan Ma,?
Zeyu Gang,® Zhenxing Sun,® Jilin Zheng,*< Xiangfei Chen® and Pu Li*®

This paper introduces an optical frequency comb (OFC) source. It is constructed using a monolithically
integrated gain-switched semiconductor laser with the optical injection technique. The theoretical
analysis of the working principle of this integrated OFC source based on optical injection is carried out.
Fabricated via micro—nano processing technology, the proposed OFC source has been experimentally
investigated. The results clearly show that the optical injection method can notably increase the number
of comb teeth with a higher carrier-to-noise ratio. The measured phase noise of the beat-frequency
signal between comb teeth is less than —102 dBc Hz ' @ 10 kHz. Moreover, a Doppler velocity-
measuring LIDAR system is designed based on this OFC source, and the velocity of a moving target is
measured. Compared with single-frequency speed measurement, using multi-comb teeth for speed
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1 Introduction

Optical frequency combs (OFCs) have a wide range of applica-
tions in optical communication, spectroscopy, optical atomic
clocks, microwave photonics, and light detection and ranging
(LIDAR).*® There are several methods that can generate OFCs,
such as mode-locked lasers, Kerr-comb generation via
nonlinear effects, OFCs based on external electro-optic modu-
lations, OFCs generated by quantum cascade lasers and gain-
switched OFCs.*** For mode-locked laser-based OFCs, the
comb tooth spacing is fundamentally determined by the laser
cavity length, creating a fixed frequency grid that is inherently
difficult to tune dynamically. This rigidity poses challenges in
applications requiring reconfigurable frequency spacing, such
as adaptive spectroscopic analysis or flexible optical commu-
nication protocols. Kerr-comb generation in high-Q micro-
resonators has emerged as a compact alternative, leveraging
nonlinear optical effects to generate dense frequency combs
from a single continuous-wave laser. However, this approach
critically relies on ultra-high-quality-factor microresonators
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measurement can significantly reduce the error.

(e.g., silicon nitride or silicon structures), which demand
nanoscale fabrication precision and rigorous thermal stability
control. Additionally, the dense mode spacing in high-Q cavities
can lead to mode competition and phase noise challenges,
requiring sophisticated optical feedback mechanisms to stabi-
lize comb coherence. OFCs based on external electro-optic
modulations offer tunable comb spacing through external
electrical modulation of a laser's phase or amplitude. This
flexibility makes them suitable for applications requiring
frequency agility, such as microwave photonics and dual-comb
spectroscopy. However, this approach is hindered by inherent
limitations: high insertion losses from the modulator itself
reduce optical power efficiency, while the bandwidth of the
comb is constrained by the frequency response of the electro-
optic device. The gain switching (GS) technique for generating
optical frequency combs has attracted extensive attention due
to its advantages such as flexible selection of frequency inter-
vals, compact structure, low power consumption, and ease of
implementation.'>** The GS technique involves driving a semi-
conductor laser using a radio-frequency (RF) signal. This RF
signal, typically sinusoidal in nature, is superimposed onto
a direct bias current. Under this dual-signal drive, the semi-
conductor laser enters a periodic switch-off state, enabling it to
generate short optical pulses at regular intervals. In the optical
spectrum, a series of equidistantly spaced spectral lines
emerges, characteristic of the gain-switched operation mode.
Traditional gain-switched optical frequency combs (GS-OFCs)
suffer from several limitations. Prominently, they exhibit
a relatively small number of comb teeth, and their carrier-to-
noise ratio (CNR) is rather poor.** This restricts their

© 2025 The Author(s). Published by the Royal Society of Chemistry
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performance and applications in scenarios where high-
precision and high-quality spectral characteristics are
required. Research has proven that the optical injection tech-
nique can effectively increase the number of comb teeth and
improve the spectral quality of optical frequency combs.*>*®
Unfortunately, the optical injection technique typically relies on
discrete components for implementation. This leads to a system
that is not only large in size but also highly vulnerable to
external interference, rendering it extremely challenging to
achieve practical applications."”

This paper theoretically and experimentally demonstrates
a monolithically integrated GS-OFC based on the optical injec-
tion technique. The operating principle of the integrated GS-OFC
employing the optical injection technique is analyzed using the
time-domain traveling-wave method. Furthermore, the proposed
GS-OFC chip is fabricated utilizing a micro-nano-processing
technology called the reconfigurable-equivalent-chirping (REC)
technique."?° The output characteristics of the GS-OFC chip are
experimentally studied in detail. The experimental results show
that the number of comb teeth within the 10 dB bandwidth range
is increased from 9 to 24 and the CNR of the OFCs is enhanced
from 19.9 dB to 30.7 dB by the optical injection method. Drawing
on the reported GS-OFC source, we devised an initial Doppler
LIDAR velocimetry system and carried out target velocity-
measurement experiments. Experimental findings indicate
that, with the optical frequency comb having multiple frequency
comb teeth, each tooth can acquire the target's velocity infor-
mation during each measurement. Employing the averaging
method, the velocity-measurement accuracy of the system can be
enhanced remarkably.

2 Operating principles

Based on the transfer matrix, in order to further analyze the
dynamic characteristics of the laser, the rate equation of laser
carriers can be incorporated to solve the coupled wave equations
in the time domain. This method is called the distributed time-
domain traveling-wave method (TDM).>*** The schematic
diagram of the TDM is shown in Fig. 1. Utilizing the TDM
method, a laser with a cavity length of L is divided into N
microelements, and the length of a single microelement is Az,
and the time for light to pass through a single microelement is
At. In unit time, the parameters of each microelement can be
assigned independently. If the length of the microelement is
sufficiently small, the carrier density distribution and photon
density distribution within these microelements can be consid-
ered uniform, which is suitable for analyzing the operating
characteristics of the proposed integrated GS-OFC laser chip.

F(z+Az,t) \ _ [ sech(yAz)
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Fig.1 Schematic diagram of the TDM.

The electromagnetic field inside the laser chip can be
expressed as:

E(x,p.z.0) = ¢p(x.)[F(z,0)e " + R(z,1)eP e (1)
where ¢(x,y) is the modal distribution within the cross-section
of the laser waveguide. F(z,¢) and R(z,t) represent the forward-
propagating component and the backward-propagating
component of the electromagnetic field, respectively. 8, and
w, are the propagation constant and angular frequency at the
Bragg wavelength (1), respectively. The F(z,t) and R(z,t) satisfy
the time-dependent coupled wave equations.

ci % + % = (G —i6)F(z,t) + ikR(z,t) + s¢(z,1) (2)
%aRéj’ ) aR(gf’ ) (G i)R(z ) + i*R(z, 1)+ s:(2,1) (3)

¢g is the group velocity of the electromagnetic field. G and
0 represent the modal amplitude gain and detuning factor.
sdzt)and s,(z,t) are the spontaneous emission noises of the
forward transmission component and the backward trans-
mission component, respectively. Laser oscillation originates
from spontaneous emission noise, meaning that spontaneous
emission noise serves as the driving source for the formation of
laser oscillation. Therefore, s{z,t) and s,(z,t) in eqn (2) and (3)
serve as the initial conditions for the equations. The amplitude
distributions of s{z,t) and s,(z,¢) are set to follow a Gaussian
distribution, and their phases are assumed to vary randomly.
During the solution of the equations, sfz,t) and s.(z,t) are
generated by a random number generator that conforms to
a Gaussian distribution. More detailed descriptions of the
spontaneous emission noise can be found in ref. 21 and 22.
k is the coupling coefficient and is expressed as:

K = Ki + iKg (4)
ki is the refractive index coupling coefficient, and k, is the gain
coupling coefficient. Based on Taylor expansion, F(z,t) and R(z,t)
can be represented in matrix form as:

exp{(G — id)Az 0 ) (F(z, t— Af) )
0 exp{(G —i6)Az | \ R(z,t — Ar)

where vy = Vkk*.
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The gain in each microelement can be expressed as:

Gz, 1) = I'gIn(N(z,t)/No) g ©)

2(1+ eP(z, 1))
where I is the optical confinement factor, g is the gain coeffi-
cient, N, is the transparent carrier density, ¢ is the gain satu-
ration coefficient, « is the internal waveguide loss caused by
scattering and inter-valence band absorption, and P(z,t) is the
photon density.

P(z0) = |Fz 0 + R0 (7)

0= "2 (maro + An) — 7o ®)
A

An = —ﬁ T In(N(z, 1)/ Ny) (9)

cis the speed of light in a vacuum, 7 is the effective refractive
index of the waveguide under transparent current, An is varia-
tion of the refractive index caused by carrier density fluctua-
tions, 4, is the grating period, «, is the material linewidth
enhancement factor, and N, is the transparent carrier density.
The carrier density can be expressed as:

av I 2 3
ﬁ = edact — AN(Z, t) — BN(Z, t) — CN(Z, t)
N(z, t))
veg In P(z,t
24 ( No (z,1)

- 1 +¢eP(z,1) (10)

Iis the current density, d,. is the thickness of the active layer,
and A, B, and C are the linear recombination coefficient, the
spontaneous recombination coefficient, and the Auger recom-
bination coefficient respectively, g is the gain coefficient. Under
the GS state, the current density will be modulated by an
external RF signal:

I(t) = Iy + I, sin(27cf 1) (11)
where I, is the bias current, I, is the modulation amplitude, and
fm is the modulation frequency.

When using the TDM method to solve the output charac-
teristics of a laser, it is also necessary to determine the boundary
conditions. The left facet of the laser is defined at z = 0, where
the facet boundary conditions for the forward and reverse
traveling waves are satisfied by:

F(0,t) =nR(0,t

{ R((L, r§ - riF((L, ) (12)

r and r, are the reflectivities of the left-hand and right-hand end
faces of the laser respectively.

The structure of the GS-OFC laser and its grating are shown
in Fig. 2. It consists of two back-to-back DFB laser sections (i.e.,
DFB1 and DFB2). The cavity lengths of the two DFB lasers are
labeled as L, and L,. DFB1 and DFB2 are biased by currents of I;
and I, respectively, and DFB2 is modulated by a RF signal
simultaneously. In the monolithic integrated optical injection
state, we usually refer to the RF modulated laser as the slave
laser, and refer to the other one as the master laser. As shown in
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Fig. 2 (a) Schematic of the GS-OFC laser chip, (b) structure of the
grating in the GS-OFC laser chip.

Fig. 2(b), both of the gratings in the two DFB lasers are designed
by the REC technique with the identical seed grating period 4.
In order to obtain high single-longitudinal mode (SLM) yield,
equivalent phase shifts are employed in the gratings. The
wavelengths of the lasers are determined by the sampling
periods P, and P,. Through tuning the sampling periods, the
wavelengths of the two DFB lasers and the detuning frequency
can be controlled accurately,” which is sufficient for the GS-
OFC laser.

In integrated two-section distributed feedback (DFB) laser
chips, varying the injection currents to DFB1 and DFB2 induces
a series of dynamic nonlinear phenomena, including four-wave
mixing (FWM), double-periodic oscillation, quasi-periodic
oscillation, and chaotic behaviors. Among these, FWM,
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Fig. 3 The optical intensity time series and their frequency spectra of
the laser under different states. (al) and (a2) correspond to FWM, (b1)
and (b2) correspond to double-periodic oscillations, (c1) and (c2)
correspond to under quasi-periodic oscillations.
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Table 1 The main parameters used in the simulation of the GS-OFC laser

Parameters Symbol Values

Length of section I Ly 350 um

Length of section II L, 450 um

Period of the seed grating Ao 252.03 nm
Sampling period of DFB1 Py 5 pm

Sampling period of DFB2 P, 4.968 um
Equivalent coupling coefficient K 30 cm™!

Effective refractive index at transparency Netf,0 3.23

Group refractive index ng 3.6

Linear recombination coefficient A 1x10°s™!
Bimolecular recombination coefficient B 1x10 " em?s™?
Auger recombination coefficient c 7.5 x 107> ecm®s™!
Spontaneous coupling factor 6 2.5 x 107°

Gain coefficient g 1100 cm™*
Waveguide loss a 10 cm™!
Confinement factor r 0.1

Gain compression factor e 4 x 107" cm?®
Linewidth enhancement factor ay 2

Transparency carrier density Ny 1x10%em™?

double-periodic, and quasi-periodic oscillations are critical for
expanding the spectral bandwidth of gain-switched optical
frequency combs. Fig. 3 illustrates the optical intensity time
series and their frequency spectra of the laser calculated using
the TDM under FWM, double-periodic, and quasi-periodic
oscillation conditions without RF modulation. Notably, in the
FWM regime, the optical intensity time series of the laser
contains only a single-frequency component, demonstrating
enhanced coherence between the two laser sections. This
characteristic significantly promotes the improvement of gain-
switched optical frequency comb quality, highlighting the
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Fig. 4 The simulated spectra of the GS-OFC at different RF currents
when a 10 GHz RF signal is injected. (al) and (a2) /g = 10 mA, (bl) and
(b2) Igr = 50 MA, (cl) and (c2) Ire = 100 mA.

© 2025 The Author(s). Published by the Royal Society of Chemistry

advantages of FWM-based operation for generating high-fidelity
frequency combs.

Utilizing the TDM method, the output characteristics of the
proposed GS-OFC laser can be demonstrated. The main
parameters used in the simulation are shown in Table 1. Firstly,
the current of DFB1 is set to 0, and the current of DFB2 is set to
50 mA. The GS effect of the free-running laser under different
modulation conditions is investigated. Fig. 4 shows the laser
spectrum and the corresponding time-domain signal obtained
at different modulation intensities when the modulation signal
frequency is 10 GHz. When the modulation current of the laser
is 10 mA, the laser is in the small-signal modulation state, and
there is no gain-switching effect, and no comb teeth can be
observed in the spectrum. When the modulation current
increases to 50 mA, the laser exhibits the gain-switching effect,
pulses appear in the time-domain signal of the laser, and
multiple comb teeth appear in the spectrum. The number of
comb teeth within the 10 dB bandwidth range is 5. When the
modulation current is further increased to 100 mA, the GS effect
of the laser becomes more pronounced, and the number of
comb teeth increases to 7.

Intensity (dB)

-100
-150

-100 -50 0 50 100 150
Frequency(GHz)

Fig. 5 The simulated spectrum of the GS-OFC laser under the FWM
state.
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Fig. 6 (a) The simulated spectrum of the GS-OFC under FWM state
when DFB2 is modulated by the 10 GHz RF signal with 100 mA current,
and (b) the simulated corresponding time-domain signal of the GS-
OFC.

In order to improve the quality of the OFC, the optical
injection technique is employed. The injection current of DFB2
is kept constant at 50 mA and the injection current of DFB1 is
increased. When the current of DFB1 is increased to 50 mA, the
four-wave mixing (FWM) effect occurs within the laser chip. The
spectrum of the laser under the FWM state is shown in Fig. 5.
Meanwhile, if an RF signal is injected into DFB2, OFCs will be
generated. The spectrum and the corresponding time-domain
signal of the GS-OFC are shown in Fig. 6, when DFB2 is
modulated by a 10 GHz RF signal with a current of 100 mA. It
can be seen that the number of comb teeth within the 10 dB
bandwidth range increases significantly.

3 Design and fabrication of the laser
chip

The fabrication process of the GS-OFC laser chip utilizing the
REC technique is shown in Fig. 7. First, an n-InAlGaAs lower
optical confinement layer, an InAlGaAs multiple quantum well
structure, a p-InAlGaAs upper optical confinement layer, and
a p-InGaAsP grating layer are successively grown on the wafer by
conventional metal-organic chemical vapor deposition
(MOCVD). A uniform grating is created on the grating layer
using holographic exposure technology. Then, a micro-nano
sampled grating structure is fabricated on the basis of the
uniform grating by means of ordinary photolithography.
Fig. 8(b) is the scanning electron microscopy (SEM) image of the
sampling grating of the laser. The period of the uniform grating
Ay is determined by the holographic exposure process with

Holographic exposure Photolithography

Graingayer N g7 IRER Y]

- W + %\\\
Wafer :;Ig!‘:ivaAsP Uniform Sampling
©Ohmic contact ‘

rating
n-InGaAsP gl (I

layer Electrode Ridge waveguide Re- epltaxv Sampling grating

=-S-G-

Reconstruction equivalent
chirp process

Traditional manufacturing process of DFB laser chips

Fig. 7 The micro—nano fabrication process of the GS-OFC laser chip
based on the REC technique.
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Date(m/dly): 10/16/24 Est. Beam: 266.5 pA

MIRA3 TESCAN

HXOPTO

Fig. 8 (a) Photograph of the GS-OFC laser chip and (b) SEM of the
sampled gratings in the GS-OFC laser chip.

Fig. 9 Schematic diagram of the experimental setup (OC: optical
coupler, PD: photo-detector, OSA: optical spectrum analyser, ESA:
electrical signal analyser.).

a precision of +3 pm and the sampling periods (P; and P,) of the
sampled grating are determined by the lithography pattern.
After forming the sampled grating, a p-InP cladding layer and
a p-InGaAs contact layer are successively regrown over the entire
structure. The devices are realized by processing ridge wave-
guides, opening p-metal contact windows, followed by metalli-
zation. In addition, in order to obtain high electrical isolation,
a small area of the highly p-doped InGaAs contact layer between
the two sections is removed by etching. Finally, AR coatings with
reflectivity less than 1% are deposited on both facets to
suppress the Fabry-Perot modes of the lasers. Fig. 8(a) is the
photograph of the developed GS-OFC laser chip. The cavity
lengths of the DFB1 and DFB2 chips are 450 um and 350 um
respectively. The wavelength difference between them is set at
0.4 nm.

4 Experimental results

The schematic diagram of the experimental system is shown in
Fig. 9. DFB1 and DFB2 are biased by a DC power supply. The RF
signal modulates the DFB2 laser through a bias tee. The laser
light is split into two beams by a 50: 50 optical coupler (OC).
One beam is transmitted to a high-resolution optical spectrum
analyzer (OSA), and the other beam is sent through a photode-
tector (PD) to an electrical signal analyzer (ESA) for the detection
of the beat-frequency signal between the OFCs.

Fig. 10 shows the spectrum of the laser when the injection
currents of DFB1 and DFB2 are 55 mA and 70 maA, respectively.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 The measured spectrum of the GS-OFC under the FWM state.

It can be seen that the laser is in the four-wave mixing (FWM)
state at this time. Fig. 11 presents the spectra of the GS-OFC
laser under the modulation of a 3 GHz RF signal in the free-
running and FWM states. In the free-running state, DFB2 is
biased at a current of 55 mA, while DFB1 has no bias current
(i.e., the bias current of DFB1 is 0). The number of comb teeth
within the 10 dB bandwidth range is 9 in the free running state,
while the number increases to 24 in the FWM state. Due to the
optical injection technique, the CNR of the optical frequency
comb increases from 19.9 dB to 30.7 dB, which implies higher
coherence.

When the frequency of the radio-frequency (RF) signal varies,
the spectrum of the optical frequency comb (OFC) changes
accordingly. Fig. 12 presents the optical spectra of the GS-OFC
with the RF signal frequency set at 4 GHz and 8 GHz, respec-
tively. As the RF signal frequency changes, the range of the
laser's OFC shows no significant variation. Phase noise is one of
the most important figures of merit for OFCs. Fig. 13 depicts the
phase noise spectra of the beat-frequency signal between the
OFCs, measured when the RF signal frequencies are 4 GHz and
8 GHz, respectively. It can be observed that when the frequency
of the modulated RF signal is altered from 4 GHz to 8 GHz, the
phase noise of the beat-frequency signal remains nearly

@ °

19.9dB
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Frequency(THz)

191.200

=
=
o
"

30.7dB

-20 1 wuBI Al
=304
-40 4
50 4
-60 4
270 4

T 1T

Intensity(dB)

191.025 191.050 191.075 191.100 191.125 191.150
Frequency(THz)

Fig. 11 (a) The measured spectrum of the OFC in the free running
state, and (b) the measured spectrum of the OFC in the FWM state.
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Fig.12 (a) Optical spectra of the GS-OFC with the RF signal frequency
set at 4 GHz; (b) optical spectra of the GS-OFC with the RF signal
frequency set at 8 GHz.
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Fig. 13 Phase noise spectra of the GS-OFC laser when the RF is set at
4 GHz and 8 GHz.

unchanged, being 102.22 dBc Hz ' and 102.9 dBc Hz ' at

a frequency offset of 10 kHz, respectively.

Stability is one of the important figures of merit for optical
frequency combs. Fig. 14(a) shows the variation in the phase
noise of the proposed GS-OFC at a frequency offset of 10 kHz at
25 °C over one hour, and Fig. 14(b) shows the statistical results
of the phase noise. It can be seen that the average value of the
phase noise is —102 dBc Hz @10 kHz with a standard deviation
of 0.599 dBc Hz . Fig. 15 shows the measured phase noise of
the GS-OFC at different temperatures. The measured results
show that the phase noise of the GS-OFC increases slightly as
the temperature rises, with the maximum phase noise reaching
—102.02 dBc Hz ™' @10 kHz at 40 °C. Overall, the phase noise of
the proposed GS-OFC can maintain high stability, which is
beneficial for improving the coherence detection accuracy in
Doppler velocity measurement.

A proof-of-concept Doppler velocity measurement system is
designed based on the proposed GS-OFC source, and is shown
in Fig. 16. The light from the GS-OFC source is split into two
beams by an optical coupler (OC1). The first beam is directed
into another optical coupler (OC2) as the reference signal. The

Nanoscale Adv, 2025, 7, 4740-4748 | 4745
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Fig. 17 Principle of the Doppler velocimetry based on the OFC.

and analyzed by a computer. By conducting Fourier transform
in the digital domain, we are able to retrieve the frequency of
the electrical signal.

The Doppler velocimetry principle based on an OFC is pre-
sented in Fig. 17. The frequencies corresponding to each comb-
tooth are denoted as fi, f5 ... fu, fus1- The frequency differences
are expressed as Af, = fy,.1 — fi- When the laser impinges on
a moving object, a Doppler shift is induced for each frequency.
Consequently, these frequencies transform into f;, f;...fo, foie
and the Doppler shift generated for each frequency is defined as
on = f, — fa- The relationship between the Doppler shifts of
diverse frequencies and the velocity of the object can be

Temperature (°C)

Fig. 15 The variation of the GS-OFC phase noise with temperature.

second beam is sent to the port 1 of an optical circulator as the
probe signal, then transmitted through a collimator, and finally
reflected by the target. The back-reflected light is then mixed
with the reference signal in the OC2 and detected by a balanced
photodetector (BPD). The detected electrical signal is acquired
by a data acquisition card (DAC) and digital frequency mixed

—
Moving
target

DC power
Circulator
Fiber

Computer

Fig. 16 Schematic diagram of the Doppler velocity measurement
system.
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mathematically expressed as 6; = 2vfi/c, 6, = 2vf3/c...0, = 2vf,/c.
From these relationships, the velocity of the target can be ob-
tained as:

_cA), (13)
YA

where Ad,, = 6,41 — 01.

Fig. 18(a) shows the spectrum of the measured signal when
the target speed is set to 0.45 m s~ * and the comb tooth interval
is 8 GHz. Fig. 18(b) presents the target speed calculated
according to formula (13) and the measurement error. The
maximum error of the target speed measured by using a single
comb tooth is 0.0019 m s~'. The speed obtained by averaging
the target speeds measured using different comb teeth is

0.4506 m s '. The measurement error is reduced to

0.0006 m s .

Fig. 19 presents the target velocities and measurement errors
derived from tests employing a single comb tooth and multiple
comb teeth of the OFC. In Fig. 19(a), we compare the experi-
mental results with the set velocities and conduct a linear fitting
analysis on the data. It is evident that for the data obtained
using multiple comb teeth, the 1 — R* factor after fitting
decreases from 2.2 x 10 * to 2.5 x 10>, thus enhancing the
velocity measurement accuracy. Fig. 19(b) depicts the measured
errors at various speeds. Notably, the multi-comb-tooth
measurement method reduces the maximum error from

0.0053 m s ! to 0.0026 m s~ .

5 Conclusions

This paper reports a monolithically integrated GS-OFC source
based on optical injection technology. The output

© 2025 The Author(s). Published by the Royal Society of Chemistry
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characteristics of the monolithically integrated GS-OFC are
investigated both theoretically and experimentally. The
research results show that the optical injection technology can
effectively increase the number of comb teeth and the CNR of
the GS-OFC. In addition, a Doppler velocity measurement
experiment is carried out based on the reported OFC source.
The velocity measurement results indicate that the use of the
OFC can effectively improve the accuracy of velocity
measurement.
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