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Abstract— A simple structured photonics-based multi-chirp
piecewise linearly frequency modulated microwave (Ph-MPLFM)
waveform is proposed and demonstrated experimentally for
radar systems. The proposed technique consists of a main laser
which is injected into a typical secondary laser, distributed
feedback (DFB) laser, with a negative wavelength detuning for
the radio frequency (RF) signal generation. The frequency of
the generated RF signal is varied by implementing the redshift
phenomenon in the emission wavelength of the secondary laser.
We introduced a series of piecewise arbitrary waveform with
different amplitude-time slopes to obtain the controlled redshift
of an emission wavelength of a DFB laser. In this work, two- and
three-chirp LFM waveforms are demonstrated. The generated
Ph-MPLFMs have a total time period of 1 us with equal
sub-interval periods. The generated two-chirp Ph-MPLFM has
chirp rates of 6 GHz/us and 10 GHz/us. The chirp rate and
the number of chirps can be reconfigured by modifying the
applied piecewise arbitrary wave generator (AWG) signal to
the intensity modulator. As part of reconfigurability, two and
three-chirp PH-MPLFMs with different chirp rates, 3 GHz/us, 15
GHz/us, and 3 GHz/us; and 6 GHz/us, 15 GHz/us, and 3 GHz/us
are demonstrated. The generated Ph-MPLFM has the FWHM
and Doppler resolution of 120 ps and 0.7 MHz for three-chirp
waveforms. Hence, the proposed Ph-MPLFM radar waveform
can be used as a promising and robust radar waveform in
multi-radar environment applications.

Index Terms— Multi-chirp LFM, photonic signal generation,
photonics radar, multi-radar environment, semiconductor lasers.

I. INTRODUCTION

HOTONICS based radars have been of great interest due
to their inherent advantages over their -electronic
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counterparts in terms of bandwidth, electromagnetic
immunity, all-weather capability, and better signal processing
techniques [1]. Various transmission waveforms such
as continuous, pulse, triangular, linearly frequency
modulated (LFM) and others have been investigated for
radar purposes [2]. Among these, LFM is a widely used
waveform due to its numerous advantages such as high pulse
compression ratio, long detection range, and better range
resolution. One of these techniques relies on the baseband
waveform and the dual-band, higher-order -electro-optic
modulator [3]. Others rely on the optoelectronic oscillator
which uses highly stable notch filter and phase modulator [4].
However, these techniques are complex in structure, and have
achieved only a single chirp signal. Few researchers have
focused on the use of optical injection technology to generate
the LFM signal by utilizing the redshift phenomena in a
semiconductor laser [5], [6]. The optical injection technology
is simple in structure, flexible in reconfiguration, and provides
a high bandwidth of LFM signal. Using optical injection
technology, LFM and dual-band LFM signals with identical
and complementary LFM signals have been demonstrated
in our previous research [7], which can be used for the
photonics-based radar system for reducing the delay-Doppler
coupling effect and improving range velocity resolution [8].
These techniques of generating photonics-based waveforms
mainly focus on improving the resolution and efficiency of
radars [3], [5], [7], [8] and have not taken consideration of
the safety issues due to interferences. With an increase in the
number of radar users, radars are more prone to interferences
and intruders. Therefore, there is no guarantee of their secure
and error-free detection. Also, disturbances such as spoofing
and jamming have become critical issues and hence, need to be
resolved [9]. The most prominent and usual case of disturbance
is mutual interference when multiple radars are working in
the same environment which can degrade the effectiveness
of a radar. Also, the intentional adversaries’ disturbing and
impeding techniques to diminish the effectiveness of radar
become a usual case, which falls under spoofing in a multi-
radar environment. In both cases of mutual interference and
spoofing, the Ph-LFM signal cannot meet the requirement of
safe and secure operation, thus, affecting the signal-to-noise
ratio (SNR) and introducing a ghost signal to the radar [10].
To mitigate the interference and disruptions in the multi-
radar scenarios, several techniques have been used, such as
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changing the transmission signal by developing less detectable
waveforms [11], multiband operation [12], more robust wave-
forms [13], reconstructing and canceling the interference in
the receiver unit [14], wavelet denoising [15], and many
others. The MOSARIM research project [16] indicates that
the potential factors for mitigating the interference effect can
be classified into six domains: polarization, time, frequency,
space, coding techniques and adaptive methods. Among these,
the frequency domain and adaptive techniques are most
impressive in mitigating interference. The generation of a
robust waveform has provided wide possibilities for mitigating
interference. The generation of different types of waveforms
including step frequency hopping, continuous frequency signal
and the complementary chirp LFM signals are presented in
our previous demonstrations [7], [17], [18] but were limited
to a single chirp rate LFM generation. Mitigating interfer-
ence using a single chirp LFM is not well suited without
employing advanced signal processing techniques. Therefore,
multiple chirp rate sequence-based signals are seen as poten-
tial candidates for overcoming interference in a multi-radar
environment [19].

In this letter, considering interference and its impact on
the radar safety and security, we propose and experimentally
demonstrate a photonically generated robust waveform that
has multiple chirps within the same time interval, namely,
a multi-chirp piecewise linear frequency modulated microwave
(Ph-MPLFM), using a single beam injection in a semiconduc-
tor (DFB) laser. Under the injection of the external beam, the
redshift in the emission frequency of the secondary laser (SL)
can be obtained and on optical to electrical conversion, the
microwave signals with different frequencies can be gener-
ated [6]. By generating the AWG waveform with different
amplitude-time slope within the subinterval, the controlled
redshift in the emission of the semiconductor laser can be
obtained, as a result, a multi-chirp LFM signal with differ-
ent chirp rates can be generated. For the proof-of-concept
demonstration, we have generated two- and three-chirp piece-
wise LFM signals within the time interval of 1 us. The
auto-ambiguity function is used to calculate the range-doppler
resolution of the generated waveforms. Furthermore, this tech-
nique provides flexibility in changing the chirp rates and the
number of chirps by changing the AWG waveform. Therefore,
the proposed scheme is simple in structure, easy to reconfigure
the parameters of output waveform, and low cost, which
can be promising for the radars operating in the multi-radar
environment.

II. EXPERIMENTAL SETUP

The experimental setup of the proposed Ph-MPLFM wave-
form based on single beam injection into a semiconductor
laser is shown in Fig.l. For the demonstration, we used a
distributed feedback laser (DFB), (Actech LD15DM), which
is operated with a bias current of 17mA at a temperature
of 23.7°C. The temperature of the SL is stabilized through
the temperature controller (Thorlabs TED 200C), which has a
resolution of 0.01 °C with temperature stability of <0.002 °C
(for 24 hours). The DFB output power is controlled through
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Fig. 1. Experimental set-up of the proposed Ph-MPLFM waveform with a
single beam injection into a semiconductor laser.

the low noise (<0.2 pA) laser driving controller (Thorlabs
LDC 205C), which has 10 A resolution. Under these biasing
conditions, the DFB laser has an emission wavelength of
1541.96 nm with an output power of —9.7 dBm. One port
of the Agilent N7714A tunable laser, which has a wavelength
and power tuning range of 1535 nm to 1565 nm and 5 dBm
to 16 dBm, respectively, is used as the ML. The ML is
set at a wavelength of 1541.89 nm and the power is varied
from 11 dBm to 16 dBm. The optical attenuator is used
to control the optical power of the injected ML beam. The
polarization controllers, PC1 and PC2, are used to control
the polarization of the ML so that low loss is maintained in
the polarization-dependent Mach-Zehnder modulator, MZM,
(Lucent 2623NA), and only TE polarized light is injected
to the SL. The 120 MHz baseband AWG (Agilent 81150A)
generated signal is used to modulate the power of the ML
through an MZM. The output of the SL through the circu-
lator is divided into two parts through a 90:10 coupler. The
10% of the optical output is used for analyzing the output
signal through an optical spectrum analyzer (OSA, Yokogawa
AQ6370C) whereas the 90% of the output from the SL is sent
to a PD, (u2t XPDV2120RA), which has a 3-dB bandwidth
of 40 GHz, for optical to electrical conversion. Furthermore,
the microwave signal generated through the optical beating in
the PD is analyzed through an electrical oscilloscope (OSC,
Keysight DSO-X 92504A) and an electrical spectral analyzer
(Agilent E447A).

III. OPERATING PRINCIPLE AND RESULTS
A. Operating Principle

The basic principle of the proposed scheme is the change
in rate of the redshift of the emission wavelength of the
SL depending upon the applied modulating signal through
the AWG. Fig. 2 illustrates the optical and electrical spectrum
of the SL without and with the injection of the ML with a
constant wavelength detuning of 0.07 nm. Fig. 2(a) shows
the optical spectrum at the output of the SL just after the
circulator. The dotted line indicates the spectrum of the DFB
laser without the injection of the ML whereas the solid line
indicates the output spectrum after the injection of the ML with
a power of 15 dBm. With the injection of ML, we observed
the redshift of the emission wavelength of the SL, and an RF
signal of 16.2 GHz is obtained through an optical beating in
PD, which is shown in Fig. 2(b). On changing the power of the
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Fig. 2. Redshift in a semiconductor laser diode with an injection of the
external beam. (a) Optical spectrum at the output of a DFB laser without
(dotted line) and with an injection of ML (solid line), (b) electrical spectra
after the PD, (c) redshift phenomena and (d) Electrical spectrum corresponding
to (¢).

injected ML using an attenuator, the redshift of the emission
wavelength of the SL changes. Figure 2(c) shows the optical
spectra showing the change in the redshift from 1542.00 nm
to 1542.03 nm with a change in the ML’s power from 11 dBm
to 16 dBm. The corresponding shift in the electrical domain
after optical-to-electric conversion is shown in Fig. 2(d) that
generates signals with the frequencies from 13.27 GHz to
17.11 GHz at the output. The observation in Fig.2 con-
firms that the redshift can be controlled by controlling the
intensity of the injected ML. Hence, by applying a different
amplitude-time slope control signal, the rate of redshift can
be controlled, which further provides different chirp-rate LFM
waveforms in our experiment. While implementing different
amplitude-time slope control signal, one must ensure that there
is no overlap and gap at the output and consider the phase
fluctuations caused by the change in the amplitude-time slope
within the same time-interval.

B. Results

The analysis in Section III-A is used to design the mod-
ulating signal (AWG signal) that modulates the intensity
of the ML using the intensity modulator, which is further
injected into the SL. For the proof-of-demonstration experi-
ment, a total bandwidth of 8 GHz, which is obtained through
the redshift, is divided into two and three equal subintervals.
Each subinterval is modulated with the almost linear AWG
waveform with different amplitude-time slopes. The almost
linear AWG waveform, instead of linear AWG, is used to
compensate the non-linearity redshift due to the non-linear
dynamics of the semiconductor laser. As a result, LFM signals
of different chirp rates can be generated. The AWG signal
with two different amplitude-time slopes for generating two
chirps piecewise linear LFM is shown in Fig. 3(a), while the
optical output of the SL with the AWG signal is shown in
Fig. 3(b). The amplitude-time diagram of the AWG signal
shows that the amplitude of O to 3.2 V AWG signal is divided
into 0 V to 0.5 V and 0.5V to 3.2V for subinterval 1 and
subinterval 2, respectively. Since the subinterval time is same
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Fig. 3. Two-chirps piecewise LFM signal. (a) Amplitude-time diagram of
the control signal, (b) optical output of SL, (c) amplitude-time diagram at
the output, and (d) instantaneous time-frequency diagram.
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Fig. 4. Reconfigurability of the proposed scheme (a) Control signal for three
chirps, (b) corresponding frequency-time diagram of (a), (c¢) frequency-time
diagrams of three chirps with different chirp rate and starting frequencies,
(d) offline generated spectrum of the generated three chirp signal, and,
(e) autocorrelation function corresponding to (c).

but the amplitude variation within the subinterval is different,
ie.,, 0.5 V and 2.7 V, the rate of shift of the emission
wavelength will be different for each sub-interval. As a result,
the two-chirp rate signals of 6 GHz/us and 10 GHz/us are
observed at the output. The amplitude-time diagram of the
generated two chirps piecewise linear LFM signal is shown
in Fig. 3(c) whereas the frequency-time diagram is shown
in Fig. 3(d).

Further, to show the flexibility of the proposed technique in
terms of the chirp rate, the number of chirps, and the operating
frequency range, three-chirp piecewise LFM signals are gen-
erated as shown in Fig.4. Fig. 4(a) shows the amplitude-time
diagram of the control signal from the AWG, which ranges
from 0 to 2.3 V and divided into three equal subintervals with
amplitude ranges from 0.3 V (0 - 0.3), 1.4 V (0.3 - 1.7),
and 0.6 V (1.7 - 2.3) providing different amplitude-time slopes.
Fig. 4(b) shows the frequency-time diagram of the three-chirp
signal with chirp rates of 3 GHz/us, 15 GHz/us, and 3 GHz/us,
and the starting-stopping frequency from 10 - 11 GHz,
11 - 16 GHz, and 16 - 17 GHz, respectively, with equal
subinterval time of 0.33 us. The change in the initial frequency
of the Ph-MPLFM can be changed by changing the wavelength
detuning. The change in the wavelength detuning can be
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Fig. 5. The normalized auto-ambiguity function of the generated three chirps
Ph-MPLFM. Inset: the 3-dB contour map of the auto-ambiguity function.

obtained by changing the wavelength of the ML, however,
it requires the modification in the AWG amplitudes range.
It should also be noted that since the range of applied AWG
voltage in Fig. 4(a) is less than that in Fig.3 (a), a 1 GHz
bandwidth decrease is observed. This is because the redshift
of the emission wavelength is dependent on the intensity of
the ML. Figure 4(c) shows the three-chirps LFM signal with
different chirp rates, 6 GHz/us, 15 GHz/us, and 3 GHzl/us,
which illustrates the reconfigurability of chirp rates, starting
frequencies, and the number of chirps. Fig. 4(d) and (e),
respectively, show the offline generated RF spectrum of the
captured signal from the oscilloscope and the autocorrelation
function of the generated Ph-MPLFM. From the autocorrela-
tion function, full-width half maximum (FWHM) of 120 ps
providing the pulse compression ratio of 8333.33 and peak to
side lobe ratio of 7.2 dB are obtained.

Next, the auto-ambiguity function of the generated
Ph-MPLFM signals is investigated as a matched filter response
for analyzing the delay and Doppler resolution. The nonzero
values of the time delay and Doppler shift variables in the
auto-ambiguity function gives the mismatches in the delay
and Doppler shift, compared to the transmitted signal. The
normalized ambiguity function of a three-chirp signal is shown
in Fig. 5, where the main lobe is observed at the origin.
The —3dB contour map of the main lobe is shown in the
inset. It has been observed that the minor side lobes for
the two- and three-chirp Ph-MPLFM waveforms are seem-
ingly decreasing whereas the main lobe is compressed in
the time domain and its amplitude is increased, resulting in
an amplitude-enhanced narrow peak. From the calculation,
a delay of 120 ps is obtained at FWHM. Similarly, a Doppler
resolution of 0.7 MHz is observed.

IV. CONCLUSION

In conclusion, we have proposed and demonstrated a
Ph-MPLFM waveform with an injection of a single beam
in the semiconductor laser. In the experiment, we modu-
late the intensity of the injected beam with the different
amplitude-time slope AWG waveform within the total time
interval to control the rate of the redshift of the emission
wavelength of the SL in subintervals. While implementing
different amplitude-time slopes control signal, overlapping
and gaps should not be observed in the output multi-chirp
LFM signal. Also phase changes and the fluctuations in the
output frequency should be considered while designing the
control signal. As a proof-of-concept demonstration, two- and
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three-chirp LFM signal is demonstrated. The flexibility in the
chirp rate, number of chirps, starting frequency, and band-
width is demonstrated through the three-chirp Ph-MPLFM.
The auto-correlation function and the auto-ambiguity function
confirm the performance of the proposed technique. The flex-
ibility of changing the parameters and the large compression
ratio of the demonstrated Ph-MPLFM assures its application
in modern radar systems, including interference mitigation
techniques.
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