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Abstract—A photonic approach for identical and complemen-
tary chirp dual-linear frequency modulation (LFM) signal gener-
ation using an optical injection in a distributed feedback (DFB)
laser is proposed and experimentally demonstrated. The proposed
scheme is based on the redshift of the emission frequency in the
DFB laser, and the nonlinear dynamics in the periodic oscillation
of the DFB laser subjected to an optical injection. In the proposed
scheme, two optical beams from master lasers, one with varying
optical power and another with constant optical power, are injected
to the slave laser, a DFB laser. The redshift of the mode in slave
laser is due to the injection of the beam with varying optical power,
which changes the frequency detuning of the injected beams and
the mode of slave laser. Hence, a dual-LFM signal with a large
time-bandwidth product (TBWP) is observed. Whether two beams
are injected to the slave laser with positive frequency detunings
or opposite frequency detunings, dual-LFM signal with the com-
binations of linearly increasing or/and decreasing frequency is
obtained. With the proposed scheme, identical and complementary
chirp dual-LFM signals with the same period of 1.3 µs have been
obtained. The measured bandwidths for both LFM signals are 7
GHz (LFM1: 16.0-23.0 GHZ; LFM2: 25.0-32.0 GHz) with a TBWP
of 9100. The generated dual-LFM signal has flexibility in tuning the
center frequency and reconfiguring different IEEE radar bands.

Index Terms—DFB laser, linear frequency modulation signal,
optical injection.

I. INTRODUCTION

L INEAR frequency modulation (LFM) signal is one of the
most typical microwave waveforms for radar systems to
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achieve an extensive detection range and a high range reso-
lution [1]. Conventionally, LFM signals are generated using
a voltage-controlled microwave oscillator [2], surface acoustic
wave filter [3], or a direct digital synthesizer [4] in the electrical
domain, which possess the limitation on the flexibility and recon-
figurability in the center frequency and the bandwidth, limiting
the applications of modern radars for distance measurement,
cognition of target, and imaging.

To overcome the bottleneck of LFM signal generation by
electrical methods, several photonics techniques with recon-
figurable features in terms of improved frequency range and
time-bandwidth product (TBWP) have been proposed [5]–[14].
These methods include spectral shaping and frequency-to-time
mapping (FTM), which usually contains an optical spectral
shaper and a dispersive element [5]–[7]; temporal pulse shaping
that utilizes optical dispersive medium and optical interference
of pulsed lights [8], [9]; photonic microwave frequency mul-
tiplication using optical frequency comb and electro-optical
modulator [10]. However, these methods have limited TBWP,
which are caused by limited time-width (several ns), small-time
aperture (usually several tens of ns), and limited central fre-
quency and bandwidth due to the electric baseband signal and
the modulation index. In order to overcome the limited TBWP,
optical beating of one optical carrier and another laser with wave-
length sweeping is proposed [11], [12]. But the signal quality
is deteriorated due to the non-coherent phase relation between
two lasers and broadening the dynamic linewidth of the semi-
conductor laser during wavelength sweeping. Recently, optical
injection with a variable injection strength to a semiconductor
laser at Period-one (P1) oscillation state has been proposed to
generate an LFM signal with a tunable center frequency and
large bandwidth [13], [14], which shows a huge potential for the
requirements of the modern radar system.

With increasing applications of the modern radar system,
single radar signal fails to address the requirement of multi-
ple functionalities and high performance [15]. Compared to
a single-band radar, a radar with a dual/multiple-band radar
signal (usually with dual/multiple-LFM signal) can provide a
higher range resolution, and wider detection range due to the
data fusion of two frequency bands [16]. The basic principle
involved with a dual-LFM signal generation is the use of single
or dual-band LFM baseband signal generated from electrical
waveform generator, which is further modulated by a high-order
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electro-optic modulator for optical frequency multiplication,
such as dual-parallel Mach-Zehnder modulator (DP-MZM) [17],
polarization multiplexing dual-parallel Mach-Zehnder modu-
lator (PM-DPMZM) [18], dual-polarization quadrature phase-
shift keying (DP-QPSK) modulator [19], dual-polarization
Mach-Zehnder modulator (DPol-MZM) [20], and cascaded
MZMs [21]. These techniques, however, provide flexibility in
choosing different carrier frequencies but are challenging to tune
them separately, complex in structure, and costly. Additionally,
the limited modulation index and the bandwidth of the baseband
LFM signal restricts the center frequency and the bandwidth of
the generated dual-LFM signal.

In this paper, we propose a simple photonics approach to
generate an identical or complementary chirp dual-band LFM
signal by injecting two optical beams to a distributed-feedback
(DFB) laser in P1 oscillation state. Also, it is noteworthy that
we use only a sinlge injection-strength controller (composed
of a modulator and an arbitary wavelength generator) for the
generation of dual-LFM signal whether it is of identical chirp
or of complementary chirp. Among two injected beams, the
power of the first beam is controlled by an injection-strength
controller, whereas the injection parameters of the second beam
are constant. With a varying power of the first beam through
injection-strength controller, the emission frequency of the DFB
laser shifts. Hence, by controlling the power of the first beam,
two LFM signals are generated by optical-to-electrical conver-
sion of the output spectrum of the DFB laser. We further analyze
the redshift of the emission frequency of the DFB laser with
different frequency detunings. Based on the analysis and the
demonstration results, the proposed scheme has capability of
not only generating a dual-LFM signal with identical chirp but
also generating a dual-LFM signal with complementary chirp.
Also, the center frequency and the bandwidth of generated LFM
signals can be tuned independently by changing the frequency
and power of the injected beams. In the proof-of-concept ex-
periment, dual-LFM signal with identical chirp (20–25 GHz
and 26.5–31.5 GHz) and complementary chirp (up-chirp: 25–32
GHz, and down-chirp: 16–23 GHz) in the same temporal period
of 1.3 μs has been obtained, respectively. The TBWP of the
generated dual-LFM signal is about 9100. Additionally, fre-
quency tunability and autocorrelation function of the generated
dual-LFM signal is also investigated.

II. PRINCIPLE AND EXPERIMENT SETUP

Semiconductor laser exhibits various nonlinear dynamics on
injecting an optical beam with different injection ratio and fre-
quency detuning. In this paper, we mainly focus on the analysis
of P1 oscillation state and redshift of the emission frequency of
the semiconductor laser, which are used for generating a tunable
and reconfigurable dual-LFM signal. P1 oscillation is a typical
nonlinear dynamics of optical injection to a semiconductor laser
[22]. The injected beam from the master laser (ML) and the
emission mode of slave laser (SL) are dynamic competitive up to
resonance in the laser cavity of SL. The output of the SL after an
optical injection in the time domain is a cyclic curve with one pe-
riod, where the period is equal to the reciprocal of the frequency

detuning between the injected beam and the shifted mode of SL.
Hence, P1 oscillation state is suitable for stable microwave signal
generation with large tunability. For semiconductor lasers, the
emission frequency of the free-running semiconductor laser can
be expressed as [23].

fm=
1

2μL
m (1)

Where fm is the emission frequency of the mth longitudinal
mode of the semiconductor laser, m is the number of longitudinal
mode, μ is the refractive index of the active layer in the semicon-
ductor laser, which depends on the number of the charge carrier,
N, in the laser cavity, and L is the cavity length. With an optical
injection, the charge carrier density and the refractive index in
the cavity of SL changes and hence, the emission frequency
changes. The shift in emission frequency is known as redshift
in the semiconductor laser.

Compared with a single beam injection, dual-beam injection
system has more complex dynamics. The SL under dual-beam
injection can be described by the rate equations as [24]:
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Where A is the complex field amplitude at the free-running
angular frequency ω0 of SL, γc is the cavity decay rate, and
ωc is the resonance frequency of the slave laser cavity. Γ is
the confinement factor, which gives the spatial overlap between
the active gain volume and the optical mode volume, α is the
linewidth enhancement factor, g is the optical gain, and η is
the injection coupling parameter. Here, Aj = |Aj|eiϕj(t) (j = 1,2)
are the complex amplitudes of the injection field where ϕj(t) is
the phase of the injection field.Ωj is the offset angular frequency
of the injection fields compared to the angular frequency of a
free-running SL. J is the injection current density, e is the electric
charge, d is the active layer thickness, γs is the spontaneous
carrier relaxation rate, ε0 is the free-space permittivity, and ћ is
the reduced Planck’s constant.

Figure 1 illustrates the basic principle of the proposed dual-
LFM signal generation, which is based on the nonlinear dy-
namics and the redshift of the emission frequency of DFB
laser subjected to an optical injection in P1 oscillation state.
Fig. 1(a) shows the simplified block diagram of the proposed
scheme where two optical beams from MLs with different
frequencies, finj1 and finj2, are simultaneously injected to SL,
a DFB laser, with a free-running frequency, fs0. The output of
the DFB laser is passed through a photoelectric detector (PD)
for optical beating to generate the electrical signal. Fig. 1(b)
illustrates the injection of two beams to SL for microwave
signals generation. In Fig. 1(b-i), two injected beams, finj1
and finj2, are simultaneously injected to the SL with positive
frequency detuning, and optical power, P1, and P2, respectively.
In Fig. 1(b-ii), the beam, finj1, is injected to SL with positive
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Fig. 1. Basic principle of dual-beam injection to a DFB laser (a) block diagram
(b) microwave signal generation with (i) both positive and (ii) opposite frequency
detuning, and (c) dual-LFM signal generation with (i) both positive and (ii)
opposite frequency detuning.

frequency detuning, and the beam, finj2, is injected with negative
frequency detuning. Three microwave signals, f1, f2, and f3,
are generated by the optical beating of injected beams and
the redshifted mode of SL which is equivalent to frequency
detuning of finj1-fs1, finj2-fs1, and finj1-finj2, respectively. It is
worth noting that the emission frequency of SL is changed from
fs0 to fs1 with the injection of the optical beams which can be
further changed by varying the power of the injection beam.
Therefore, the generated microwave signals, f1 and f2, can be
changed by controlling the injection strength of injected beams
either finj1 or finj2, whereas the frequency f3 remains constant.
Hence, by properly controlling the power and the frequency
of finj1 and finj2, a dual-LFM waveform can be generated, as
shown in Fig. 1(c). The emission frequency, fs, can be varied
from fs0 to fs1, in a periodic saw tooth wave fashion in the time
domain by varying the power of the injected beam, finj1, where
the frequency of finj1 and finj2 are constant. Hence, a dual-LFM
signal, which contains LFM1 and LFM2, with the same periodic
sawtooth wave can be generated in the temporal-frequency
domain. By changing the sawtooth wave to another waveform,
the waveform generated by the proposed system can be changed.

Fig. 2. Experimental setup of dual-LFM signal generation. (TL: tunable
laser; PC: polarization controller; MZM: electro-optic Mach-Zehnder modu-
lator; AWG: arbitrary waveform generator; OC: optical coupler; DFB-Laser:
distributed feedback laser; PD: photoelectric detector; OSA: optical spectrum
analyzer; ESA: electrical spectrum analyzer).

LFM1 is generated by optical beating finj1, and fs, and LFM2 is
generated by optical beating finj2 and fs as illustrated in Fig. 1(c).
Since, both beams are injected to SL with positive frequency
detuning, the generated dual-LFM signal with identical chirp is
generated which is shown in Fig. 1(c-i). On contrary, when two
beams are injected to both sides of the emission frequency of
SL, complementary chirp dual-LFM signal, one with increasing
frequency and another with decreasing frequency, is observed as
shown in Fig. 1(c-ii). Besides the dual-LFM signal, microwave
signal with constant frequency, f3, is also generated by optical
beating two injected beams, finj1 and finj2, in both cases and
does not have any influence on generated LFM signals. The
bandwidth of the generated two LFM signals is always the same
because it is equal to the total redshift range of fs and can be
varied by changing the injection parameters.

Figure 2 shows the experimental setup of the proposed scheme
of reconfigurable identical and complementary-chirp dual-LFM
signal generation based on dual-beam injection to a semicon-
ductor laser. In the experimental setup, multi-channel tunable
laser (TL, Agilent N7714A) is used as two independent MLs
that have wavelength tunability from 1527.60 to 1565.50 nm
and optical power tunability from 5 to 16 dBm. The DFB
laser, Actech LD15DM, is used as an SL whose temperature
(Tc) and current (Ic) are controlled by a laser diode current
and temperature controller, THORLABS, ITC4001. Two optical
beams generated from MLs are simultaneously injected to the
SL through an optical coupler (OC1) and an optical circulator.
Among two injected beams, one optical beam is passed through
a polarization controller (PC1) and a Mach-Zehnder modulator
(MZM, 10 Gb/s, Lucent 2623NA), which is driven by arbitrary
waveform generator (AWG, 120 MHz, Agilent 85110A). The
injection strength of the beam is controlled by a near-saw tooth
profile control signal, which is generated by the AWG and
applied to the MZM. Another beam is injected to SL through
a coupler, OC1, and is maintained with constant power. The
output of SL is further passed through a PD with a 3 dB
bandwidth of 30 GHz for optical-to-electrical conversion to
generate the electrical signal, which is monitored by an electrical
spectrum analyzer (ESA, 50 GHz, R&S FSU50) and a real-time
oscilloscope (Keysight, 32 GHz, DSO-X 92504A), whereas the
optical spectrum before PD is measured by an optical spec-
trum analyzer (OSA, Yokogawa AQ6370C) with a resolution of
0.02 nm.
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III. EXPERIMENTAL RESULTS

A. Nonlinear Dynamics of a Semiconductor Laser Under
Dual-Beam Injection

Compared to single-beam injection, dual-beam injection to
a semiconductor laser presents more complicated nonlinear dy-
namics, especially in periodic oscillations. Normally, dual-beam
injection to a semiconductor laser exhibits three nonlinear dy-
namics scenarios [24]: (i) Scenario A, where dual-beam injection
suppresses the nonlinear dynamics caused by the separately
injected beam (dynamics 1 caused by finj1 and fs, and dynamics
2 caused by finj2 and fs). The dynamics of dual-beam injection
are not the same as dynamics 1 and dynamics 2. With the same
injection parameters, the frequency of microwave signals (f1
and f2) generated by dual-beam injection is not the same as that
of microwave signal generation under single beam injection. (ii)
Scenario B, where the dynamics of dual-beam injection is mainly
decided by the dynamics caused by one of the injected beams
under single beam injection, such as dynamics 1, meanwhile
dynamics 2 has little influence on dynamics 1. With the same
injection parameters, the frequency of microwave signal, f1,
generated by dual-beam injection is the same as that of single
beam injection, but microwave signal f2 changes because f2 is
generated by optical beating finj2 and shifted fs. It is because
the power of the injected beam finj2 has a weak influence on
the dynamics caused by finj1 and fs. (iii) Scenario C, where
dual-beam injection does not suppress the dynamics 1 and 2.
In this scenario, the power of the injected beams finj1 and finj2
are too weak to shift fs0, so it’s difficult to generate an LFM
signal.

At first, we verify dual-beam injection to a DFB laser for
microwave signals generation, as shown in Fig. 3. Fig. 3(a)
shows microwave signals generation by injecting two beams
(finj1 and finj2) with similar power to a DFB laser with oppo-
site frequency detunings (one with positive and another with
negative frequency detuning). The black line in Fig. 3(a-i) is
the optical spectrum of the free-running DFB laser with an
emission frequency of fs0, under a biasing current of 30 mA
and controlling temperature of 22.45 °C. Two optical beams,
finj1 and finj2, are separately injected into the DFB laser. On
optical injection, the laser cavity forms a stable P1 oscillation
state. The blue and red lines in Fig. 3(a-i) represents the output
optical spectrum of DFB laser after optical injection by finj1
and finj2, respectively. We can see that the emission frequency
fs0 of the DFB laser shifts to fs1 and fs2, respectively. Hence,
the microwave signals with the frequency equivalent to the
frequency difference between finj1 and fs1 (f1 = finj1-fs1 =
23.22 GHz), and finj2 and fs2 (f2 = fs2-finj2 = 21.53 GHz) are
generated after optical-to-electrical conversion in PD as shown
in Fig. 3(a-ii). Further, we simultaneously inject finj1 and finj2
to the DFB laser, where the injection parameters of finj1, finj2,
and fs are same as that in Fig. 3(a-i), as shown in Fig. 3(a-iii).
Due to the nonlinear dynamics in dual-beam optical injection,
the emission frequency of the DFB laser shifts from fs0 to fs3.
Hence, the generated microwave signals, f1 = finj1-fs3 = 21.64
GHz, and f2 = fs3-finj2 = 18.57 GHz are shown in Fig. 3(a-iv)

Fig. 3. Experimental result of dual-beam injection to a DFB laser for mi-
crowave signal generation with (a) opposite and (b) both positive frequency
detuning. (i) frequency shift with a single beam, (ii) electrical signal of single
beam injection, (iii) frequency shift with dual-beam injection, and (iv) electrical
signal of dual-beam injection.

whereas f3 = finj1-finj2 = 40.21 GHz is not shown due to the
limited bandwidth of the PD. From Fig. 3(a), we observe that
with dual-beam injection, the generated microwave signals, f1
and f2, shift 1.58 GHz and 2.96 GHz, respectively compared
to that of single-beam injection. It is due to the fact that the
dynamics of dual-beam injection are different from any of the
dynamics caused by single beam injection as shown in Fig. 3(a)
and referred to as Scenario A. In this case, the microwave
signals (f1, f2) generated by dual-beam injection are different
from those generated by single beam injection. Also, the change
in the injection parameter, whether it is injected power or the
wavelength detuning of either of the injected beams, finj1or finj2,
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affects the generated microwave signals, f1 and f2, lacking the
independent tunability.

Next, we inject two beams, both with positive frequency
detunings, to the DFB laser for microwave signals generation,
where the power of finj2 is about 5 dB less than finj1. The
experiment results are shown in Fig. 3(b). Similar to Fig. 3(a),
Fig. 3(b-i) and (b-ii) show the optical spectrum of single beam
injection to the DFB laser and the corresponding electrical
microwave signal. The generated microwave signals are f1 =
finj1-fs1=31.30 GHz and f2= finj2-fs2=15.79 GHz. Fig. 3(b-iii)
shows the optical spectrum when two beams are simultaneously
injected into the DFB laser, where the parameters of finj1, finj2,
and fs are the same as that in Fig. 3(b-i). The emission frequency
of the DFB laser shifts to fs3 due to the nonlinear dynamics with
dual-beam optical injection. Hence, the generated microwave
signals are f1 = finj1-fs3 = 31.54 GHz, f2 = finj2-fs3 = 22.51
GHz, and f3 = finj1-finj2 = 9.08 GHz, as shown in Fig. 3(b-iv).
Besides these, we can see multiple peaks. These multiple peaks
are the harmonics signals that are generated due to four-wave
mixing. These unwanted harmonics have much less power and
can be filtered out, and hence have no influence on the generated
microwave signals. From Fig. 3(b-ii) and 3(b-iv), we observe
that the generated signals, f1 and f2, with dual-beam injection
shift 0.24 GHz and 6.72 GHz, respectively compared to that
of single-beam injection. In this case, dual-beam injection does
not suppress the dynamics caused by single-beam injection of
the first beam finj1, but that of the second injection beam finj2
is restrained which is equivalent to Scenario B. Since, beam
finj2 has a weak influence on the periodic oscillation caused by
beam finj1 and the emission frequency of DFB laser, independent
tuning of frequency can be obtained.

On the contrary, dual-beam injection with both negative fre-
quency detunings to DFB laser is not suitable for microwave
signal generation due to the small range of redshift of mode
in SL, driving the SL into injection locking or mode hopping
state. Hence, the LFM signal generation is difficult before the
suppression of the emission frequency of the semiconductor
laser occurs [22].

B. Analysis of Redshift of the DFB Laser Subject to
Dual-Beam Injection With Variable Injection Strength of finj1
in Scenario B

Based on the analysis in part A, we verify that the generation
of multi-microwave signals with dual-beam injection to a DFB
laser, and Scenario B is suitable for generating microwave
signals with independent tuning feature. In this section, we
analyze frequency variation of the generated microwave signals
by changing the power of the main injected beam, finj1, keeping
the power of another beam, finj2, constant at 5.5 dBm. The effect
of changing the injection strength of finj1 is illustrated in Fig. 4
for both cases: dual-beam injection with opposite frequency de-
tunings and positive frequency detunings. Fig. 4(a-i) shows the
output spectrum of the DFB laser for different injection power
of finj1 when two beams are injected with opposite frequency
detunings. The power of finj1 is increased from 5.5 dBm to 13.5

Fig. 4. Optical injection with (a) opposite detuning frequencies and (b) both
positive detuning frequencies for tunable microwave signals generation. (i)
frequency shift with a change in power of finj1 (ii) electrical output frequency
shift.

dBm with an interval of 1 dBm. We observe that the frequency of
MLs, finj1, and finj2, are constant whereas the emission frequency
of the DFB laser is shifted to a lower frequency. Figure 4(a-ii)
shows the generation of dual-microwave signal with comple-
mentary frequency variations on increasing the power of the
injected beam finj1. The generated microwave signals f1 varies
from 20.24 GHz to 24.69 GHz, and f2 ranges from 15.57 GHz
to 20.03 GHz providing the frequency range (bandwidth) of
4.45 GHz and 4.46 GHz, respectively. Besides, a microwave
signal with stable frequency, f3 = finj2-finj1 = 40.1 GHz, is also
generated but is not observed in Fig. 4(a-ii) as it is out of the
bandwidth range of the PD.

Next, we inject two beams, both with positive frequency
detunings, to the DFB laser. As the power of the injected beam
of finj1 increases from 5.5 to 15.5 dBm, the emission frequency
of the DFB laser varies similar to that of Fig. 4(a-i), as shown
in Fig. 4(b-i). Fig. 4(b-ii) shows the electrical signal outputs,
f1 = finj1-fs, and f2 = fs-finj2, whose frequency increases with
approximate-linearly proportional to the power of finj1, and
a constant microwave signal (f3 = finj1-finj2). As the power
of injected beam finj1 is changed from 5.5 to 15.5 dBm, f1
and f2 are changed from 25.66 to 30.97 GHz and 16.44 to
22.01 GHz with bandwidth of 5.31 GHz and 5.57 GHz, respec-
tively.

The experimental results illustrated in Fig. 4 verifies dual-
LFM signal with identical or complementary chirp and approxi-
mately linear variation can be obtained by controlling the optical
power of the injected beam, finj1, in Scenario B. The bandwidths
of the generated LFM signals are equal to the frequency shift of
the mode of SL.
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Fig. 5. The electrical control signal S(t) with a near-saw tooth profile for
injection-strength controller.

Fig. 6. Dual-LFM signal generation with opposite frequency detuning. (a)
temporal waveform, (b) instantaneous frequency-time diagram, and (c) autocor-
relation function.

C. Dual-LFM Waveform Generation in Scenario B

In order to generate a dual-LFM waveform, we add an
injection-strength controller to modulate the power of the in-
jected beam, finj1. The injection-strength controller is composed
of a 10-Gb/s MZM and an electrical control signal S(t) with a
near-saw tooth profile generated by a 120-MHz AWG. Fig. 5
shows the measured electrical control signal S(t) with a period
of 1.3 μs and an amplitude of 2.5 V.

Two beams, one with the injection-strength controller, finj1,
and another with constant power, finj2, are injected to the DFB
laser under two cases: (1) two beams with opposite frequency
detunings and (2) both beams with positive frequency detunings.
The another case, both beams injected with negative frequency
detunings, is not considered because of the limited periodic
oscillation state and the range of the redshift of the emission fre-
quency of SL before it is suppressed. Fig. 6 shows the experiment
result of dual-LFM signal generation by dual-beam injection
with opposite frequency detunings. The power modulation of
the injected beam finj1 through the injection-strength controller
introduces redshift on the emission frequency of SL and hence,
dual-LFM signal can be obtained, as shown in Fig. 6. The tem-
poral waveform of the generated dual-LFM signal is measured
by a real-time oscilloscope and is shown in Fig. 6(a). The period

Fig. 7. Dual-LFM signal generation with both positive frequency detunings.
(a) temporal waveform, (b) instantaneous frequency-time diagram, and (c)
autocorrelation function.

of the generated temporal waveform is 1.3 μs, which matches
that of the AWG signal, S(t). Fig. 6(b) shows the instantaneous
frequency-time diagram of the generated dual-LFM signals,
LFM1 and LFM2, with different center frequencies, 19.5 GHz
and 28.5 GHz, respectively and the bandwidth of 7 GHz (LFM1:
16.0 to 23.0 GHz, LFM2: 25.0 to 32.0 GHz). The TBWP of the
generated dual-LFM signal is calculated to be 9100. Fig. 6(c)
shows the autocorrelation function of the generated LFM signal,
which has a full width at half maximum (FWHM) of 110 ps,
indicating a pulse compression ratio as high as 11818 [25].
Hence, the theoretical value of the range resolution (r) of the
generated dual-LFM signal is r = c/2B = 2.14 cm, where c is
the velocity of dual-LFM signal in the air, and B is the bandwidth
of the generated LFM signal.

Figure 7 shows dual-LFM signal generation by dual-beam
injection to the DFB laser with both positive frequency detun-
ings. The temporal waveform and instantaneous frequency-time
diagram of the generated dual-LFM signal is shown in Fig. 7(a)
and (b), respectively. In this case, two identical LFM signals
(LFM1, LFM2) are generated with the same bandwith of 5 GHz
(LFM1: 26.5 GHz - 31.5 GHz, LFM2: 20 GHz - 25 GHz)
and different central frequencies of 29 GHz and 22.5 GHz,
respectively. The TBWP of the generated dual-LFM signal, in
this case, is calculated to be 6500. Besides two LFM signals,
some harmonics are also observed in Fig. 7(b) which are caused
by the optical beating of two injected beams, fs and optical har-
monics generated by four-wave mixing. The unwanted harmonic
signals have less power compared to desired LFM signals and
are also not intersected with dual-LFM signal. These unwanted
harmonics can be filtered out by using optical or electric filters.
The autocorrelation function of the generated dual-LFM signals
is shown in Fig. 7(c). The FWHM is calculated as 200 ps,
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Fig. 8. The tunability analysis of the generated dual-LFM signal with opposite
frequency detuning with (a) change in the optical power and (b) change in the
frequency of finj1 (c) change in the optical power and (d) change in the frequency
of finj2.

indicating a pulse compression ratio as high as 6500, and the
range resolution is about 3.0 cm.

From Fig. 6 and Fig. 7, we can observe that there exist
some variation on the amplitude of generated LFM signals.
It is because of the decrease in the power of the SL mode on
increasing the power of the injected beam. The power of the
injected beam can be limited to small range inorder to improve
the power flatness of the LFM signal. But, this will also limit
the amount of the redshift of fs, as a result, the bandwidth of the
generated LFM signal is limited to a small range. Hence, there is
a trade-off between the bandwidth and the power flatness of the
generated LFM signals. Also, the frequency response of PD and
the variation on the attenuation parameters with the frequency of
the electrical cables that are used in the experiment deteriorate
the power flatness of the generated LFM signals. The power
flatness of the generated LFM signal can be improved by using
a semiconductor laser with larger redshift cability or adding
an optical or electrical amplifier to compensate for the power
difference.

D. Tunability Analysis of the Center Frequency and the
Bandwidth of the Generated Dual-LFM Signal in Scenario B

In this section, we analyze the tunability of center frequency
and bandwidth of the generated dual-LFM signal in Scenario B
by varying the injection parameters: power and frequency of the
injected beams.

At first, we analyze the effect of changing the injection pa-
rameters of finj1 on the tunability of the generated dual-LFM
signal. The power and frequency of injected beam finj1 are set
as 8 dBm and 193.228 THz, respectively. Then the power finj1
is modulated by the injection-strength controller; meanwhile,
the power and frequency of the injected beams, finj2, is kept
constant at 5.5 dBm and 193.181 THz, respectively. In Fig. 8(a),

“Max” and “Min” refer to the maximum and minimum fre-
quency of the generated LFM signal, respectively. The frequency
difference between “Max” and “Min” is the bandwidth of the
LFM signal. With finj1 at 8 dBm and modulated by injection-
strength controller, the Max and Min of LFM1 and LFM2 are
recorded as (15.0 GHz and 18.5 GHz) and (28.5 GHz and
32.0 GHz), respectively as indicated by circles in Fig. 8(a),
providing the bandwidth of 3.5 GHz. On increasing the power
of the injected beam, finj1, from 8 to 13 dBm with an interval of
1 dB, the bandwidth increases from 3.5 GHz (LFM1: 15.0∼18.5
GHz, LFM2: 28.5∼32.0 GHz) to 7 GHz (LFM1: 16.0∼23.0
GHz, LFM2: 25.0∼32.0 GHz), for both LFM signals. Next,
the frequency of the injected beam, finj1, is varied maintaining
the power of finj1 at 11 dBm. In this case, the parameters of
finj2 are kept same with that in Fig. 8(a). In the experiment,
we decrease finj1 from 193.2355 THz with an interval of 3
GHz. We observe that as the frequency of the beam, finj1,
decreases, the bandwidths of both LFM signals increase from
2.5 GHz (LFM1: 22.0∼24.5 GHz, LFM2: 30.0∼32.5 GHz) to
6 GHz (LFM1: 9.5∼15.5 GHz, LFM2: 23.0∼29.0 GHz), as
shown in Fig. 8(b). From Fig. 8(a) and (b), we can see that
in Scenario B, the injection parameters of beam finj1 influ-
ences the bandwidth and center frequency of generated LFM
signals simultaneously. It is because the dynamics of finj1 and
fs is the main dynamics in dual-beam injection, hence, the
power or frequency variation of finj1 affects the redshift range
of fs.

Similarly, we analyze the influence of finj2 on the tunability
of the generated dual-LFM signal by changing the injection
parameters of finj2. First, we vary the power of the injected beam,
finj2, from 5 to 10 dBm with an interval of 1 dB, and the frequency
is kept constant at 193.181 THz; the power and frequency of finj1
are kept constant at 11 dBm and 193.2285 THz, respectively.
From Fig. 8(c) we can see that with an increase in the power
of finj2, there is no significant change with the bandwidths
of two LFM signals and remain constant at 4.5 GHz (LFM1:
15∼19.5 GHz, LFM2: 28.0∼32.5 GHz) but change in the center
frequencies of 1 GHz (LFM1: 17 GHz to 16 GHz; LFM2: 30.5
GHz to 31.5 GHz) for both LFM signals. Second, the frequency
of the injected beam, finj2, is increased from 193.232 THz with
an interval of 3 GHz maintaining the constant power of injected
beam finj2 at 5.5 dBm. In this case, the injected parameters of
finj1 are kept same with that in Fig. 8(c). Fig. 8(d) shows change
in the frequency of finj2 has no effect on the bandwidth and
the center frequencies of the LFM1 because the change in the
power of finj2 has less influence on the redshift of fs. Whereas,
the center frequencies of LFM2 decreases from 30 to 15 GHz
with a constant bandwidth of 5 GHz. The change in the center
frequency of LFM2 is inevitable because the frequency of finj2
is changed. It is because that in Scenario B, finj2 is weak to
affect the dynamics caused by finj1 and fs. Hence, as the power
of finj2 is increased, the bandwidths of the LFM1 and LFM2
are not changed until the power of finj2 is high enough to be in
Scenario A. Similarly, as the frequency of finj2 is increased, it
has no influence on the dynamics caused by finj1 and fs. Thus,
the range of redshift of fs, which is equal to the bandwidth, is
stable.
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From Fig. 8, we observe that with the change in the injection
parameters of finj1, both the central frequencies and bandwidths
of two LFM signals change. In contrast change in the injection
parameters of finj2 has little influence on the center frequency
and the bandwidth of LFM1 but effects on the center frequency
of LFM2. Hence, a dual-LFM signal with independent tunable
center frequency and bandwidth can be achieved by controlling
the injection parameters of the injected beams. Further, the
injected beams with both positive frequency detunings show
similar tunability characteristics as that of two beams injected
with opposite frequency detunings and hence the results are not
illustrated here.

IV. CONCLUSION

In this paper, we propose and experimentally demonstrate
a reconfigurable identical and complementary chirp dual-LFM
signal generation using dual-beam injection to a DFB laser.
At first, we analyze microwave signals generated with the
dual-beam injection to the DFB laser with both positive and
opposite frequency detunings, respectively. The semiconductor
laser dynamics with dual-beam injection is different from that
of single beam injection. Three scenarios are considered with
dual-beam injection, among which Scenario B is more preferable
for dual-LFM generation and shows the ability to generate an
independently tunable dual-LFM signal. By adding an AWG on
the main injected beam for controlling injection strength, and an-
other injected beam with constant injection parameters, identical
and complementary chirp dual-LFM signals are generated. It is
worth noting that the dual-LFM signal generation with negative
frequency detunings to both injected beams is difficult to attain
because of the limited periodic oscillation state and the limited
small range of the redshift of SL. The generated dual-LFM signal
has a bandwidth of 7 GHz in the time period of 1.3 μs and the
TBWP of 9100. We calculate the autocorrelation function of the
dual-LFM signals and the FWHM is found to be 110 ps. The
center frequency and the bandwidth of the generated dual-LFM
can be varied by changing the power and the frequency of
injected beams. We observed that in Scenario B, by changing
the power and the frequency of the main injected beam, finj1,
the bandwidth and the center frequency of generated dual-LFM
can be varied whereas the change in that of finj2 effects only
on the center frequency of LFM2. Therefore, with the proposed
scheme, the reconfigurability and the independent tunability in
center frequency, bandwidth and different IEEE bands of the
generated LFM signals can be achieved. Thus, the proposed
scheme of identical and complementary chirp dual-LFM signal
generation has enormous potential for the modern radar system.
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