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Abstract—We propose and experimentally demonstrate a
photonics-based technique for generating simultaneous up-down
multiple chirp-rate linear frequency modulated (SUDMC-LFM)
waveforms using a dual beam injection technique in a distributed
feedback (DFB) laser. To generate waveforms with multiple
chirps, drive waveforms of different amplitude-time slopes for
each sub-interval time are designed in an arbitrary waveform
generator (AWG) and fed into the intensity modulator, which in
turn, controls the intensity of the injected beam. Consequently, the
rate of redshift of the emission wavelength is controlled. In the
experiment, the intensity of only one beam is controlled with the
designed AWG signal. For the proof-of-concept demonstration, we
generate continuous multiple chirps (CMC), simultaneous up-
down multiple chirps (SUDMC), and simultaneous up-down
frequency hopped multiple chirps (SUDFHMC) LFM waveforms.
Furthermore, re-configurability of the generated waveforms in
terms of center frequency, bandwidth, number of chirps and
chirp-rates are obtained by either changing the wavelength of the
injected beams or by changing the parameters of the AWG signal.
In the experiment, the SUDFHMC waveform with four frequency-
hopping with sub-interval chirps of 4 GHz/ps, 1.2 GHz/ps, 2.4
GHz/ps, and 2.8 GHz/us for both the up-chirps and down-chirps,
respectively is generated. The auto-ambiguity analysis at -3 dB
full-width half maximum (FWHM) shows the time-bandwidth
product (TBWP) of >4545, and unambiguous Doppler of <0.75
MHz for CMC, SUDMC, and SUDFHMC signals with three
chirps. These results indicate that the proposed waveforms have
the potential to provide high performance in multi-radar and
multi-target applications.

Index Terms— Linear frequency modulation, multiple chirps,
dual LFM, microwave photonics, optical injection, radar

. INTRODUCTION

Today's practical radio detection and ranging (radar) systems
are mostly based on electronics and therefore suffer from
the limited bandwidth of electronic devices; the increase in
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noise level with increasing center frequency and bandwidth;
and the limited tunability of design parameters of the radar
systems. To overcome these limitations, several approaches
based on microwave photonics (MWP) have been reported.
Photonics offers several advantages which include the
generation, detection, and processing of high-bandwidth and
high-frequency signals, ranging from microwaves (MW) to
millimeter waves (mm-waves) [1-6]. One of the earliest
demonstrations of an MWP-based radar system uses coherent
beating of mode-locked laser (MLL) wavelengths [7]. The
bandwidth of such a system depends on the repetition rate of
the MLL, and therefore, a lower repetition rate resulting to poor
range resolution. Subsequently, photonics-based frequency
multiplication techniques have been demonstrated using
advanced electro-optic modulators with improved resolutions
[8, 9]. These methods are worth noting because of the simple
operation, as only one modulator is used. Nevertheless, the
frequency and bandwidth of the generated signal depend on the
radio frequency (RF) source and require a high-frequency
source. Also, there have been few research works using optical
injection in a semiconductor laser to generate radar signals [10-
14]. The optical injection technique does not require a high-
frequency RF signal sousrce or a complex configuration but can
be extended to generate different types of waveforms [10, 11].

Among different waveforms used in radar systems, linear
frequency modulated (LFM) waveform with a single chirp,
either up-chirp or down-chirp [2, 4-6, 8-14] is most commonly
used. In a single chirp LFM signal, the range-Doppler
resolution significantly degrades [15]. This degradation can be
improved by using complementary dual chirp signals [14-16],
or by using band fusion of narrowband signals [17, 18].
Additionally, the use of single chirp LFM signal without
advanced signal processing is ineffective in mitigating
interference and spoofing in radar detection, and is not well-
suited for modern day’s complex multi-radar and multi-target
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situations [19-21]. A few solutions in the electronic domain for
mitigating interference include the use of anti-interference
waveforms [22-24], adaptive noise cancellation in the receiver
[25], and an electronic hardware-based approach [26].
However, due to the bandwidth limitations of electronic
devices, photonic approaches are required for high-bandwidth
radar systems. A limited number of photonics-based
approaches have been previously demonstrated to address
interference issues for high bandwidth radar signals [27, 28],
but these demonstrations are limited to single chirp-rate
waveforms.

Hence, in this paper, we propose and experimentally
demonstrate a new type of robust waveform, namely,
simultaneous up-down multiple chirp-rate LFM (SUDMC-
LFM) using the dual beam injection technique in a distributed
feedback (DFB) semiconductor laser. The injection of an
external master laser (ML) beam into the DFB slave laser (SL)
causes a change in the refractive index, which leads to a redshift
of the emission wavelength of the DFB laser [29, 30]. The basic
principle of the almost linear redshift phenomenon is modified
for controlled redshift by applying a predesigned arbitrary
waveform generator (AWG) signal._ Among different
dynamical states that can be invoked with a semiconductor
laser, in the proposed scheme, Period one (P1) oscillation in a
DFB laser is achieved with two beam injections, where only the
intensity of one beam is controlled by different amplitude-time
slope signals generated through the AWG, thus, resulting in a
different rate of redshift of the emission wavelength of the DFB
laser. The power of ML is set in such a way that the SL does
not go into strong injection locking, thus preventing the
suppression of the SL and ensuring sufficient power of the RF
signal at the output. On optical beating between the redshifted

2

emission mode with different redshift rates and the injected dual
beams, simultaneous up-down multiple chirp rate LFM can be
generated. In this manuscript, three types of robust LFM
waveforms are generated: a) continuous multiple chirps
(CMC), b) simultaneous up-down multiple chirps (SUDMC),
and c) simultaneous up-down frequency-hopped multiple
chirps (SUDFHMC). As a verification of the proposed scheme,
we demonstrated a CMC waveform with a total bandwidth of
7.5 GHz (8 GHz — 15.5 GHz) with three chirp-rates of 7.5
GHz/ps, 12 GHz/ps and 3 GHz/us within a total time period of
lps. Similarly, SUDMC with 3 GHz/ps, 4 GHz/ps and 3.6
GHz/us chirp rates for both up-chirp (8 GHz — 11.5 GHz) and
down-chirp (15 GHz - 11.5 GHz) is demonstrated. Furthermore,
the SUDFHMC waveform with four LFM frequency hopping
steps and with the individual chirp-rates of 4 GHz/us, 1.2
GHz/ps, 2.4 GHz/us and 2.8 GHz/us for up-chirp (11 GHZ -
13.6 GHz) and down chirp (185 GHz — 159 GHz) is
demonstrated. It is apparent that with the above results, the
same configuration can be used to generate several types of
radar waveforms with reconfigurable parameters such as
frequency, bandwidth, number of chirps, chirp-rate and
hopping steps.

Moreover, the auto-ambiguity function analysis is performed
to evaluate the range-Doppler resolution of the three
aforementioned cases for an identical time interval of 1 us and
a bandwidth of 7 GHz. From the analysis, the -3 dB FWHM
delay and Doppler for CMC with three chirps are found to be
0.22 ns and 0.72 MHz, respectively. Furthermore, a -3 dB
FWHM delay of 0.16 ns and a Doppler of 0.72 MHz are
obtained for the SUDMC with three chirps, while a -3 dB
FWHM delay of 0.18 ns and a Doppler of 0.75 MHz are
obtained for the SUDFHMC with three chirps.
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Fig. 1 Functional block diagram of the experimental setup. Insets; (i) the generated optical spectra with two beams injections, (ii) the driving signal with
varying voltage-time slopes between each sub-intervals, and (iii) generated frequency-time waveform after O/E conversion.
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Il. EXPERIMENTAL SETUP

The experimental block diagram of the proposed SUDMC-
LFM waveform generation method is shown in Fig. 1. The
experimental setup comprises a tunable laser (Agilent N7714A)
which is used as a master laser (ML), can emit light of
wavelengths in the range from 1535 nm to 1565 nm and power
in the range from 8 dBm to 16 dBm. Two output ports of this
laser unit are used as two master lasers, namely ML1 and ML2
for the generation of SUDMC and SUDFHMC signals, while
single output (ML1) is used for CMC generation. The
polarization-dependent C-band DFB laser (Actech LD15DM)
is used as an SL and is biased with a 30 mA driving current
using the low noise (0.2 pA) Thorlabs LDC205C laser driver.
The temperature in the DFB mount is maintained at 25 °C with
the temperature controller (Thorlabs TED200C) so that it is
ensured that the DFB emits with a constant wavelength. Under
these operating parameters, the DFB laser emits light at a
wavelength of 1541.96 nm with a power of -10 dBm. For the
CMC generation, ML1 is set to a wavelength of 1541.878 nm
with an emission power of 10 dBm and injected into the SL. In
the cases of SUDMC and SUDFHMC, ML1 and ML2 are
operated at the wavelengths of 1542.12 nm and 1541.86 nm
respectively. The SUDMC and SUDFHMC generation is a
result of the combined effect of both ML1 and ML2. After
maintaining the ML1 power at 10 dBm and ML2 power at 5
dBm through VOA1l and VOAZ2, respectively, for RF
generation, the ML2 power is not further adjusted. Whereas, the
output of ML1 is fed into a polarization-dependent 10 GHz
Mach-Zehnder Modulator (MZM) (Lucent 2623NA) via a
variable optical attenuator (VOA1) and polarization controller
(PC1). By varying the power of ML1 through the VOAL, a
redshift in the wavelength of the DFB laser emission can be
observed due to the change in the refractive index. The total
shift of the redshift determines the bandwidth of the generated
signal. The MZM has a half wave voltage (V) of 5V. Due to
the phase stability, linearity, and flexibility in the
reconfiguration of radar waveform parameters, external
modulation with MZM has been used instead of direct
modulation of the laser for the purpose of ML injection. The
MZM is driven by a driving signal generated by the AWG
(Agilent 85110A, 120 MHz). The desired driving signals with
different amplitude-time slopes for CMC, SUDMC, and
SUDFHMC are designed and loaded into AWG. Based upon
the designed AWG signal, the intensity of the injected beam is
varied, which is consequently used to control the redshift in the
DFB laser. The polarization controllers, PC1 and PC2, are used
to optimize the output of the MZM and to ensure that only TE-
polarized light is coupled into the SL. The circulator is used to
couple the injected beams into the DFB laser and to obtain the
controlled redshifted output signal from SL based on the AWG
driving signal. The 10% of the output signal (from the 90:10
coupler) is used to analyze the signal through a 0.02 nm
resolution optical spectrum analyzer (Yokogawa AQ6370C),
and 90% of the output signal is applied to the high-speed 40
GHz bandwidth photo-detector (PD) (u2t XPDV2120RA) for
optical-to-electrical (O/E) conversion. The MW signal
generated through the optical beating in PD is analyzed using
an electronic oscilloscope (OSC), Keysight DSO-X92504A,

and an electrical spectrum analyzer (ESA), Agilent E447A. The
data recorded by these instruments are used for further offline
signal processing. Since the generated signals have different
center frequencies, the signal received from OSC is down-
converted to baseband in frequency recovery unit using Hilbert
transform and center frequency multiplication stages generated
offline. Subsequently, the obtained signals are low-pass filtered
and used to evaluate the performance of generated waveforms
by calculating the auto-ambiguity functions.

I1l. PRINCIPLES OF OPERATION

When an external beam is injected into an SL, a P1
oscillation state is reached due to the nonlinear dynamics of the
DFB laser, which causes the red shift of the emission
wavelength in the DFB laser [29, 30]. The P1 oscillation occurs
with a period whose reciprocal is equivalent to the difference in
frequencies between the injected ML and the redshifted SL. For
SUDMC and SUDFHMC generation, two injected beams, ML1
and ML2, are used, while for CMC only a single beam ML1 is
used.

Assume that the injected wavelengths of ML1 and ML2 are
Amii, @nd Ay, and that of SLis Ag; . After injecting ML1 with
the power P,, the redshift occurs in SL and the wavelength of
SL shifts to Ag; 4. Inset (i) of Fig. 1 illustrates the effect of the
injection of MLs into an SL. Depending upon the injection of
the MLs whether with the positive or negative wavelengths
detuning with the SL, three frequency components
corresponding to the wavelength spacing of AA4,,, =
[Asp1—=Amizls Daownt = [Amrr—Aseal and Aconstr =
[Amz1—Amiz| respectively can be obtained after the O/E
conversion. Since the generated frequency component
corresponding to AA.yns1 IS NOt due to the beating of the
wavelengths of ML with SL, this component remains constant
even after varying the power of ML1. Thus, two different MW
signals corresponding to A4,,,, for up-chirp, and Adgeyn, for
down-chirp can be generated simultaneously. To generate the
MW signal with a certain bandwidth, the power of ML1 is
varied to obtain the redshift in the DFB laser. As can be seen in
Fig. 1(inset i), by varying the injection power strengths of ML1
from P, to Py, the SL emission wavelength shifts from Ag,;, to
Asiy, and as a result, frequencies corresponding to A, to
Aypn, and Algowni 0 Adgownn Can be obtained. The
wavelength spacing of the emission wavelength between A,
and Ag;; determines the starting frequency corresponding to
Adyp1- The total redshift at SL, which corresponds to
Apwup = |Aspo—Aspy|, determines the bandwidth of the
generated up-chirp signal. Similarly, the emission wavelength
spacing between A,,, and Ag, determines the starting
frequency corresponding to AAg,.n1, and the bandwidth of the
down-chirp signal will be identical to Adgy,,. It should be
noted that the injected beam 4,,,, should be injected in such a
way that the total redshift due to the change in the power of
ML1 is smaller than the wavelength detuning between A,
and Ag; ;. Otherwise, either there is no RF signal generation due
to the zero-wavelength difference between the redshifted SL
and ML1 or there is a reversal in the chirp slope due to the
position of ML or SL, i.e., the negative wavelength detuning
becomes positive wavelength detuning, as the redshifted
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wavelength becomes larger than that of ML1. In a single beam
case, based on the injected beam whether positive or negative
wavelength detuning, a down-chirp signal or an up-chirp signal,
can be obtained, respectively.

In this experiment, we injected the ML power into SL via the
MZM. The output power of MZM can be controlled through
the input-driving electrical signal [31]. Thus, the change in the
injected power can be obtained using the MZM with a
modulating signal from the AWG. We biased the MZM at the
linear point of the MZM transfer function curve so that the
optimum linearity is ensured. The desired signals are written in
MATLAB and loaded in the AWG, thus, serving as the driving
signal for the MZM as shown in Fig. 1(inset ii). Through
intensity modulation, the AWG signal controls the input
injection power of ML1. For the MW signal generation with the
desired bandwidth and chirp-rate, the AWG drive signal is
designed with different amplitude-time slopes for different sub-
intervals, which result in a corresponding redshift of the DFB
emission wavelength. As a result, the amplitude-time slopes of
the driving signal map to the frequency-time slopes of the
generated MW signal after O/E conversion, as shown in Fig.
1(inset iii). In inset (iii), fi,;, and figzown COrrespond to the
redshift due to V;, whereas fy,;,, and fygown is Obtained due to
the redshift amount by V, amplitude of the AWG signal.
Similarly, the intermediate frequency values correspond to the
amplitudes of the AWG signal. The abrupt jump in the
frequency is due to the abrupt amplitude change in the AWG
signal rather than linear change while doing a transition from
one sub-interval to another. Also, due to the presence of
different amplitude-time slopes in each sub-interval, the rate of
redshift of the emission wavelength of a DFB laser for each sub-
interval will be different. Upon optical beating of the AWG-
controlled redshifted modes and the injected beams
wavelengths, multiple chirp-rate signals can be obtained.

A. Redshift phenomenon and MW generation process with
single and dual beam injections

Fig. 2 illustrates the redshift phenomena and MW generation
process with a single beam injection. Fig. 2(a) shows the optical
spectra at the output of the circulator. The dotted spectrum
shows the spectrum of SL before the injection of ML1, which
is centered at 1541.96 nm. With the injection of ML1 with a
wavelength of 1541.878 nm and a power of 11 dBm, red shift
phenomenon occurs due to the change in the refractive index,
hence, causing a shift in the emission wavelength of the SL.

The inset shows the redshift of the SL when the power of
ML1 changes from 11 dBm to 16 dBm. While changing the
power of the ML1, not only the redshift occurs but also some
power suppression of the emission mode for the SL is observed
as shown in Fig. 2(a). In Fig. 2(b), the generated MW
frequencies are shown as a function of ML1 power for different
wavelength detuning. Upon the injection of ML1 with the
negative wavelength detuning of 0.08 nm and the injection
power of 11 dBm, the emission wavelength of SL shifted from
1541.96 nm to 1542.00 nm providing MW up-chirp signal with
the starting frequency of 15.39 GHz, i.e., corresponding to the
optical beating between the shifted wavelength of the SL and
the ML1. Similarly, by changing the detuning wavelengths
from 0.08 nm to 0.07 nm and 0.06 nm, MW signals with
different starting frequencies can be generated as shown in Fig.
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Fig. 2. Redshift and MW signal generation with one beam injection.
(a) Optical spectrum. (b) Generated frequencies for different detuning
and ML1 powvers.

2(b). Thus, by choosing the proper power of ML1, the amount
of redshift can be varied, whereas by setting the wavelength
detuning, the starting frequency of the MW signal can be
reconfigured as required. Furthermore, the phase noise
associated with the presented optical injection technique with a
P1 oscillation is less than -105dBc/Hz@10 kHz, therefore, no
significant degradation is observed in the generated RF signal
[32].

Fig. 3 illustrates the dual beam injection for generating
simultaneous up- and down-chirp MW signal. It should be
noted that in the dual beam configuration, rather than the total
sum of redshift with the individual beam, the combined effect
will be observed [14, 30]. In the experiment, two beams, ML1
and ML2, with wavelengths of 1542.12 nm and 1541.86 nm,
are injected into the SL. Fig. 3(a) shows the optical spectra at
the output of the circulator, for different injected powers. Fig.
3(b-i) provides details on the wavelengths, showing a redshift
of 0.03 nm in SL when the power of ML1 varies from 10 dBm
to 15.8 dBm, while the ML2 power is kept constant at 5 dBm.
The beating of ML1 with the shifted SL generates a down-chirp
signal with a starting frequency of 20.18 GHz, while the beating
of ML2 with the shifted SL results in an up-chirp signal with a
starting frequency of 12.61 GHz, as illustrated in Fig. 3(b-ii).
Thus, as the power increment in ML1 causes a shift in SL
wavelength, simultaneous up- and down-chirp signals can be
generated. In this approach, the wavelength selection for ML1
and ML2 determines the starting frequencies and the total
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amount of redshift determines the bandwidth of the generated
MW signal.
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Fig. 3. Redshift and MW signal generation with two beam injections.
(a) Optical spectrum at the output of the circulator. (b-i) Wavelengths

shift, and (b-ii) simultaneous generation of up-chirp and down-chirp
MW signals by beating different wavelengths.

In this experiment, we control the intensity of ML1 through
a pre-designed AWG waveform. By controlling the amplitude-
time slopes of the AWG-generated waveform, the rate of
change in the injected intensity of ML1 into the SL with time
can be controlled. This allows for the control of the redshift rate
and thus chirp-rates of the generated MW signal, i.e., the
amplitude-time slopes of the AWG waveform are mapped to
the chirp rates of the generated waveform. Therefore, the
amplitude-time slopes within the given time period of the
driving signal determine the chirp rates of the generated RF
signal, which will be verified in the following section IV with
the experimental results. Thus, with the dual beam injection,
simultaneous up-down multiple chirp-rate signal can be
generated by designing the AWG waveform with multiple
amplitude-time slopes within the given interval.

IV. RESULTS AND DISCUSSION ON THE GENERATION OF
MULTI-CHIRPED WAVEFORMS

After analyzing the redshift of the emission wavelength of
the SL, various types of AWG signals with different amplitude-
time slopes within the given interval are designed to obtain
different redshift rates. To demonstrate the control of the
redshift rate and consequently the generation of multiple chirp
rate signals, we experimentally demonstrated the generation of

CMC, SUDMC and SUDFHMC waveforms. The CMC
waveform consists of either up-chirp or down-chirp signal
whereas SUDMC and SUDFHMC waveforms consist of
simultaneous up-chirp and down-chirp signals.

A. CMC

The MLL1 is injected into SL via the MZM. To generate the
CMC signal with three chirps, a control signal with three
different amplitude-time slopes is generated through the AWG,
as shown in Fig. 4(a), and fed to the MZM. In the designed
control signal, the 1 ps interval is divided into two 0.5 pus sub-
intervals with voltage ranges of 0V -19Vand 1.9V -3.0V,
resulting in different amplitude-time slopes, leading to a
different rate of redshift in the SL. Additionally, it is noted that
the amplitude-time slope is not linear. The non-linear
amplitude-time slope is used to compensate for the non-linear
dynamics of the semiconductor laser that causes a non-linear
redshift of the emission wavelength of the SL on a linear
variation of the injected optical power. As different amplitude-
time slopes are applied, different chirp-rate LFM signals are
generated in each sub-interval after O/E conversion which is
due to the change in the redshift rate with the applied AWG
signal. The optical spectrum of the output of SL after applying
the AWG signal to the MZM is shown in Fig. 4(b). The dotted
line is a spectrum of SL before applying ML. With the
implementation of the AWG signal, as shown in Fig. 4(a),
multi-chirp signal with three sub-intervals and the chirp-rates
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Fig. 4. CMC generation with three chirps. (a) Amplitude-time AWG
signal, (b) optical spectrum of output of SL, and (c) frequency-time
diagram of the generated signal.

of 7.5 GHz/us (8.0 GHz - 10.5 GHz), 12 GHz/us (10.5 GHz -
14.5 GHz), and 3 GHz/us (14.5 GHz - 15.5 GHz), and a total
bandwidth of 7.5 GHz (starting frequency of 8.0 GHz and an
ending frequency of 15.5 GHz) is obtained, as shown in Fig.
4(c). The captured generated RF signal in the oscilloscope is
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without employing an RF amplifier and noise reduction
technique. In Fig. 4(c), a minor jitter is observed in the first
chirp signal. This jitter may be due to the amplitude fluctuation
in the driving signal which affects the amount of redshift in the
emission wavelength of the DFB laser and consequently the
frequency at the output. Hence, this jitter can be further reduced
and removed by stabilizing the amplitude fluctuation and using
a more stable AWG-generated control signal. Furthermore, by
designing the AWG signal with multiple amplitude-time slopes
in a given interval, the CMC signal with reconfigurable chirp
rates, starting frequencies, bandwidths, and number of chirps
can be obtained which is discussed further in the following
section B.

B. SUDMC and SUDFHMC

In this case, two ML beams, ML1 and MI2, are injected into
the SL, among which only ML1 is coupled via MZM. The
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Fig. 5. SUDMC generation with (a) two chirps and (b) three chirps. (i)
Amplitude-time AWG signal, (ii) instantaneous waveform of the
generated signal, (iii) frequency-time diagram of the generated signal.

injected power and wavelength of ML1 are controlled similarly
as in the CMC case, while ML2 is kept constant as shown in
Fig. 1. To generate the SUDMC waveform with two chirp-rates
at each up/down-chirp, an amplitude-time control signal with
two different slopes in the interval of 1 us is designed and
generated by AWG, as shown in Fig. 5(a-i). The 1-us interval
is divided into two 0.5-ps subintervals with voltage ranges of 0
V-19Vand 19V -3.0V, so that the two sub-intervals have
different amplitude-time slopes, causing a different rate of
redshift in the SL. As in the CMC, the starting frequency is
determined by wavelength detuning of ML1 and MI2 with the
emission mode of SL, and the chirp-rate in each interval is
determined by the amplitude-time slope of the AWG signal for

the respective sub-interval. Fig. 5(a-ii) shows the captured
amplitude-time RF signal from the oscilloscope after O/E
conversion which is the result of applying amplitude-time
driving signal as shown in Fig. 5(a-i). The AWG signal has
dissimilar amplitude ranges (dissimilar slopes) for each sub-
interval, as depicted in Fig. 5(a-i). The change in the amplitude
-time signal not only provides redshift but also slight change in
the slave laser power. As a result, the variations in amplitude of
the generated waveform (dissimilar flatness) across the sub-
intervals is observed. Fig. 5(a-iii) shows the frequency-time
diagram of the SUDMC signal at the output of the PD, with a
bandwidth of 4 GHz for both the up-chirp (12 GHz - 14 GHz)
and the down-chirp (17.5 GHz - 15.5 GHz). Since only one
beam is controlled with the AWG signal, the chirp rate in each
sub-interval is the same for both the up- and down-chirp signals,
which are 3 GHz/us and 1 GHz/us. The up-chirp signal is in the
frequency ranges of 12 GHz - 13.5 GHz and 13.5 GHz - 14 GHz
whereas the down-chirp signal is in the frequency ranges of
17.5 GHz — 16 GHz and 16 GHz - 15.5 GHz for the first and
second sub-intervals. The generated down-chirp signal has a
lower intensity than the up-chirp signal, as shown in Fig 5(a-
iii). The low intensity may .e due to change in the power of the
SL on injecting the ML1 and ML2 that suppress the power of
SL slightly and also the power of ML2 is set to the minimum
value to prevent SL shifting into injection locking state by
suppressing the emission mode of SL.

To show the re-configurability of the generated SUDMC in
terms of the number of chirps, bandwidth, and starting
frequencies of the generated signal, a driving signal is modified
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Fig. 6. SUDFHMC generation with (a) three chirps and (b) four chirps.
(i) Amplitude-time AWG signal, (ii) instantaneous waveform of the
generated signal, (iii) frequency-time diagram of the generated signal.

with three amplitude-time slopes, as shown in Fig. 5 (b-i). In
this case, three sub-interval signals with equal intervals of 0.33
us and voltage ranges of 0 V-0.3V,03V-15V,15V-23
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V are designed and applied to the MZM. Figure 5(b-ii) depicts
the amplitude-time diagram of the generated signal. By
changing the emission wavelengths of ML2 and ML1, the
initial frequencies are changed, which can be seen in the
frequency-time plot of Fig. 5 (a-iii and b-iii). The initial
frequency is changed from 12 GHz (in a-iii) to 8 GHz (in b-iii)
for up-chirp and 17.5 GHz (in a-iii) to 15 GHz (in b-iii) for
down-chirp when comparing the two-chirp and three-chirp
signals. The chirp-rates corresponding to the up-chirp signal are
3 GHz/ps (8 GHz - 9 GHz), 4 GHz/us (9 GHz-10.3 GHz), and
3.6 GHz/us (10.3 GHz - 11.5 GHz). Similarly, the chirp-rates
corresponding to the down-chirp signal are 3 GHz/ps (15 GHz
- 14 GHz), 4 GHz/us (14 GHz - 12.7 GHz), and 3.6 GHz/us
(12.7 GHz - 11.5 GHz).

Like SUDMC, the SUDFHMC also uses two beam injection
technique for the simultaneous generation of up- and down-
chirp signals. In SUDFHMC, rather than the continuation of the
frequency from one sub-interval to another, a sudden jump in
the frequency is achieved. To generate the SUDFHMC
waveform with three chirps and three frequency steps, a signal
with three amplitude-time slopes is designed, as shown in Fig.
6 (a-i). As a result, starting frequency hopping, as well as
change in the chirp-rate are achieved between the sub-intervals
at the output of the O/E converter. However, the amplitude
hopping between the subintervals is managed in such a way that
the continuity of the signal is maintained by avoiding gaps and
overlaps within the total interval of time. The designed
amplitude-time slopes ensure that even though a hopping of
start frequency is obtained in each sub-interval but no gaps and
overlap on the total time interval. In this case also, the 1-us time
interval is divided into three equal sub-intervals with different
voltage ranges of 0V - 05V and 1.6 V-3V,1V-15V,
hence, three sub-intervals have different amplitude-time slopes
which cause a different redshift rate in SL. The corresponding
amplitude-time signal of the generated SUDFHMC signal is
shown in Fig. 6 (a-ii). Fig. 6 (a-iii) shows the frequency-time
diagram of the generated SUDFHMC with the up- and down-
chirp signal with the start and stop frequencies of 10.5 GHz and
13 GHz; and 19 GHz and 16.5 GHz, respectively. The chirp
rates for up-chirp signals are 3 GHz/us, 3 GHz/us, and 1.5
GHz/us with the frequency range of 10.5 GHz - 11.5 GHz, 13
GHz - 14 GHz, and 12.5 GHz - 13 GHz, respectively. For down-
chirp, signals of 3 GHz/us, 3 GHz/ps, and 1.5 GHz/us with the
corresponding sub-interval frequency range of 19 GHz - 18
GHz, 16,5 GHz - 155 GHz, and 17 GHz - 16.5 GHz,
respectively are observed.

To illustrate the flexibility in the generation of multi-step
SUDFHMC, the control waveform is changed from three- to
four-step hopping and with different amplitude-time slopes as
shown in Fig. 6 (b-i) and applied to the MZM. As in the case of
three-step hopping, the 1-us interval is now divided into four
equal sub-intervals of 0.25 ps with voltage ranges of 0 V - 0.75
V,2V-31V,125V-19V,and 0.75 V - 1.20 V. The
amplitude-time signal of generated SUDFHMC is shown in Fig.
6(b-ii). Fig. 6(b-iii) shows the generated frequency-time signal
of the SUDFHMC which has chirp-rates of 4 GHz/us, 1.2
GHz/us, 2.4 GHz/ps, and 2.8 GHz/ps for both the up- and
down-chirp signal in their respective sub-intervals. The
frequency range for up-chip signals in four sub-intervals is 11
GHz -12 GHz, 13.3 GHz -13.6 GHz, 12.7 GHz -13.3 GHz, and

12 GHz - 12.7 GHz. Whereas for the down-chirp, the sub-
interval frequency ranges are 18.5 GHz - 17.5 GHz, 16.2 GHz
-15.9 GHz, 16.8 GHz - 16.2 GHz, and 17.5 GHz - 16.8 GHz.

V. PERFORMANCE ANALYSIS USING AUTO-AMBIGUITY
FUNCTION

The normalized auto-ambiguity function is calculated to
assess the delay-Doppler resolution of the generated CMC,
SUDMC, and SUDFHMC signals. All the signals being
evaluated have the same design specifications, which include a
1 ps time interval and a bandwidth of 7.0 GHz. Fig. 7(a) shows
the plot of the auto-ambiguity function for a generated four-step
SUDFHMC signal. Due to the presence of four sub-intervals
(chirps) in a 1-us interval, a considerable amount of sidelobes
is observed, which can be filtered out with a low pass filter.
However, a high degree of complexity in signal processing can
arise while suppressing the undesired side-lobes if the signal
has to be generated with a large number of chirps. Fig. 7(b) and
7(c) depict the zero Doppler cut and the zero delay cut values
for four-step hoping with four chirps SUDFHMC signal. It is
observed that the signal is compressed to 0.18 ns at -3 dB
FWHM, leading to a high time-bandwidth product (TBWP) of
5555. Similarly, an unambiguous Doppler of 0.72 MHz is
obtained at the zero-delay cut.
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Fig. 7. Auto-ambiguity analysis of four step SUDFHMC. (a) Auto-
ambiguity function, (b) and (c) ambiguity function at zero-Doppler cut,
and zero delay cut.

A similar analysis was performed for the cases of two- and
three-chirp CMC, SUDMC and SUDFHMC signals. In Fig. 8,
the contour plots of the auto-ambiguity function of different
signals at -3 dB FWHM are shown. As shown in Fig. 8, the
FWHM delay of the three-chirp CMC is 0.22 ns, with two side
lobes along with the main lobe, whereas the FWHM delays of
three chirps SUDMC and SUDFHMC are 0.16 ns and 0.18 ns,
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respectively, without the side lobes. This result indicates the
simultaneous up-down chirp signals (SUDMC, SUDFHMC)
offer superior compression characteristics and better side-lobes
suppression than the continuous signal (CMC) for the identical
signal design parameters.

Table (1) illustrates the obtained results of auto-ambiguity
analysis for different types of signals. In the case of the CMC
signal with three chirps, a delay of 0.22 ns, and a Doppler of
0.72 MHz at -3 dB FWHM are obtained, resulting in a TBWP
of 4545. In the case of a three-chirp SUDMC signal, a delay of
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Fig. 8. Contour plots of auto-ambiguity function for (a) three-chirp CMC,
(b) three-chirp SUDMC and c) three-steps, three-chirp SUDFHMC signals.

0.16 ns, a Doppler of 0.72 MHz at the -3 dB FWHM, and a
TBWP of 6250 is observed. Moreover, as the number of sub-
intervals increases within the given interval of the signal, the
Doppler resolution has been slightly improved, as shown in
Table 1. This improvement can be described as in the case of
coherent pulse train waveform, as the number of pulses in the
given signal interval increases, Doppler resolution improves

[33].

TABLE |
SUMMARY OF AMBIGUITY ANALYSIS
. Delay @ FWHM Doppler @
Signal of -3 dB TBWP FWHM
types (ns) of -3dB
(MHz)
2-chirp CMC 0.22 4545 0.74
3-chirp CMC 0.22 4545 0.72
2-chirp
SUDMC 0.16 6250 0.75
3-chirp
SUDMC 0.16 6250 0.72
3-step, 3-chirp
SUDFHMC 0.18 5555 0.75
4-step, 4-chirp
SUDEHMC 0.18 5555 0.72

VI. CONCLUSION

In this paper, we presented a simple approach to generate
multiple chirp-rate LFM waveforms photonically using one and

two optical beam injection techniques. By designing the MZM
drive signal with multiple amplitude-time slopes in a given
interval, the rate of redshift in the SL is controlled. Thus,
different chirp-rate signals can be generated within a time
interval corresponding to each sub-interval redshift rate. In this
work, the continuous multiple chirp (CMC) and simultaneous
up-down multiple chirp (SUDMC, SUDFHMC) signals have
been presented. On the comparative analysis of the output
performance with identical design parameters (1-us interval
and 7.0 GHz bandwidth), the SUDMC and SUDFHMC
outperformed the CMC signals in terms of range-Doppler
resolution and side-lobes suppression. Ultra-fine, unambiguous
delay and Doppler of 0.18 ns and 0.72 MHz, respectively, are
achieved with the three-chirp, three-step hopping SUDFHMC,
compared to 0.22 ns and 0.72 MHz for CMC with three chirps.
Furthermore, the re-configurability in terms of bandwidth,
center frequency, chirp-rate and the number of chirps are
achieved by changing the wavelength spacing of the ML and
SL, and the intensity control by the MZM drive signal. Due to
the flexibility in generating and reconfiguring different
waveform parameters, the proposed scheme can play an
important role in multi-radar and multi-target applications for
ultra-fine range-Doppler resolution and interference mitigation.
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