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Abstract— A photonic approach to generating a dual-chirp
microwave waveform using a single dual-parallel Mach-Zehnder
modulator (DPMZM) is proposed and experimentally demon-
strated. A dual-chirp microwave waveform can be used in a
radar system to improve its range-Doppler resolution. In the
proposed approach, a baseband single-chirp waveform is applied
to one sub-Mach-Zehnder modulator (sub-MZM) in the DPMZM
and a microwave carrier is applied to the other sub-MZM.
By biasing the two sub-MZMs at the minimum transmission
point to suppress the optical carrier, a dual-chirp microwave
waveform with a central frequency upconverted to the frequency
of the microwave carrier is generated. A theoretical analysis
is performed, which is then verified by a proof-of-concept
experiment. A dual-chirp microwave waveform at 6 GHz with a
tunable bandwidth at 200 MHz and 2 GHz is generated.

Index  Terms—Dual-chirp, linear frequency-modulated
microwave waveform, microwave photonics, radar, range-
Doppler coupling.

I. INTRODUCTION

INEAR frequency-modulated microwave waveforms,

also known as linearly chirped microwave waveforms,
have been widely used in radar systems to increase the range
resolution through pulse compression [1], [2]. A linearly
chirped microwave waveform, however, has a knife-edge-
type ambiguity function [2] with large range-Doppler
coupling, which would lead to a reduced range-Doppler
resolution [1], [3]. A dual-chirp microwave waveform, on
the other hand, has much smaller range-Doppler coupling
and has been researched for use in radar systems to increase
the range-Doppler resolution. A dual-chirp microwave
waveform consists of two complementarily chirped microwave
waveforms within the same time duration, with one having
an up-chirp and the other a down-chirp [4]-[6]. In general,
linearly chirped microwave waveforms can be generated
electronically using either analog or digital circuits [7]-[11].
However, the central frequency and the bandwidth are usually
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limited to a few GHz. On the other hand, linearly chirped
microwave waveforms can also be generated based on
photonics, with a much higher central frequency and wider
bandwidth thanks to the wide bandwidth offered by
modern photonics. Numerous approaches have been
proposed [12], [13]. For example, a linearly chirped
microwave waveform can be generated based on spectral-
shaping and wavelength-to-time mapping [12], but the chirp
rate and the center frequency are usually fixed due to the fixed
spectral response of the optical spectral shaper in the system,
or a large number of switchable optical spectral shapers
are needed at the cost of increased system complexity [13].
In addition, to reduce the range-Doppler coupling and to
increase the range-Doppler resolution, a dual-chirp microwave
waveform should be used. The generation of such a waveform
based on photonics has not yet been reported.

In this letter, we propose and experimentally
demonstrate a photonic approach to generating a dual-
chirp microwave waveform using a single dual-parallel
Mach-Zehnder modulator (DPMZM). A DPMZM has
a Mach-Zehnder interferometer (MZI) structure with one
sub-MZM (sub-MZM1) incorporated in the upper arm and
a second sub-MZM (sub-MZM?2) in the lower arm. A phase
modulator (PM) is also incorporated in the lower arm after
the sub-MZM?2. A microwave carrier and a baseband single-
chirp waveform are applied to the two sub-MZMs, and the
sub-MZMs are both biased at the minimum transmission point
to achieve carrier-suppressed modulation. The modulated
signal from sub-MZM?2 is combined with the modulated signal
from sub-MZMI1, and then applied to a photodetector (PD).
A dual-chirp microwave waveform is thus generated at the
output of the PD. The key advantage of the approach is
that two functions using a single DPMZM are implemented
simultaneously, 1) to generate two complementarily chirped
microwave waveforms, and 2) to up-convert the central
frequency of the dual-chirp microwave waveform to the
frequency of the microwave carrier. The proposed approach
is theoretically analyzed and experimentally demonstrated.
A dual-chirp microwave waveform at 6 GHz with a
bandwidth tunable at 200 MHz and 2 GHz is generated. The
use of the generated dual-chirp waveform to overcome the
range-Doppler coupling effect is also analyzed and discussed.

II. PRINCIPLE

The schematic of the proposed dual-chirp microwave
waveform generation system based on a single DPMZM
is shown in Fig. 1. A light wave at wgp generated by
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Fig. 1.  The schematic of the proposed dual-chirp microwave waveform
generation system based on a single DPMZM. LD: laser diode;
PC: polarization controller; LEM: linear frequency modulated; DPMZM: dual
parallel Mach-Zehnder modulator; PD: photodetector; HPF: high pass filter.

a laser diode (LD) is sent to a DPMZM via a polarization
controller (PC). The DPMZM consists of two sub-MZMs
(sub-MZM1 and sub-MZM?2) with one in the upper arm and
the other in the lower arm. A PM is also incorporated in
the lower arm. The two sub-MZMs are both biased at the
minimum transmission point to achieve carrier-suppression
modulation. In the system, a microwave carrier cos(2¢) with
a frequency at Q and a baseband single-chirp waveform
cos(kr?) with a chirp rate of k are applied to sub-MZMI and
sub-MZM2, respectively. The optical signal at the output of
the DPMZM is given by

E(t) = Eyel™" x [ejﬁl cos(Qr) . P2 cos(ki?) ,ej¢>3] (1)

where Ej is the amplitude of the optical field, f; = # V;/V,;
i = 1,2), V; is the amplitude of the signals applied to
sub-MZM;, V;; is the half-wave voltage of sub-MZM;. ¢3 is a
static phase introduced by the PM with a bias voltage V3 to the
modulated optical signal from sub-MZM?2. Under small-signal
modulation condition, by applying the Jacobi-Anger expansion
to (1) and considering the carrier-suppressed bias condition in
the sub-MZMs, we have

E() = Ji(B1)e! @D 4 Ji(Bryel
+ D ()l VREEE) Ly ()l (oniths) ()
where J,(n = 1, 2) is the nM-order Bessel function of the first

kind. By introducing the signal in (2) into a PD, the AC term
of the output electrical signal is given by

io (1) o< 27 (f1) cos (2k1%) + 277 () cos Q)
+ 4J1 (f1) J1 (B2) cos (¢3) cos (Qt + ktz)

+ 401 (B1) J1 (Ba) cos (¢r3) cos (Qt — ktz) 3)

The high-frequency term cos(2€Q¢) is eliminated due to
the bandwidth-limited nature of the PD. By removing the
low-frequency term cos(2kr?) using an electrical high-pass
filter (HPF), the output microwave current will be

io (1) o< 4J1 (B1) J1 (B2) cos (¢3)
X [cos (Qt + kt2> + cos (Qt — kt2>] “4)
As can be seen from (4), a dual-chirp microwave waveform

centered at the frequency of Q is generated. By setting the
bias V3 to make ¢3 = 0, the generated dual-chirp microwave

1411

waveform will have the largest amplitude. By tuning the
frequency Q of the microwave signal applied to sub-MZMI,
the central frequency of the dual-chirp microwave waveform
can be tuned. In addition, by tuning the value k of the base-
band single-chirp waveform cos(k?) applied to sub-MZM2,
the chirp rate and bandwidth of the dual-chirp microwave
waveform can also be tuned.

The use of a dual-chirp microwave waveform in a
radar system will increase the range-Doppler resolution.
The range-Doppler resolution is evaluated by the ambiguity
function given by [2],

+00 2

2 (6 Q)P = / i (1)i% (¢ — o)l dy 5)

o0
where 7 and Qg are the time delay and frequency shift
which represent the range of a target and its radial velocity,
respectively.
For a single-chirp microwave waveform given by

1 t : 2
: _ (Qr£kr?)
iy (1) ﬁrect (T) el 6)

1, for || <0.5
0, else

time duration, and & corresponds to an up and down-chirp
waveform. The corresponding ambiguity function is given by

s (7, Qa)I?

B (1 Irl)sin[%T(ZkriQd)(l—%)]2

» for |z|<T
T7 37 @keqq) (1-1f)

where rect (£) = [ , T is the waveform

)

This ambiguity function has a knife-edge shape, leading to
a large range-Doppler coupling with a reduced range-Doppler
resolution [1].

For a dual-chirp microwave waveform, given by

ig () = QiRect (i) [ej(Q’“Lk’z) + ej(Q’_ktz)] (8)

2 JT T
Its ambiguity function is given by
xa (7, Q)I?

1 (1 |T|)sin[%T(2kr+Qd)(1_|L)]
= X -

T
T7 reke+a) (1-5)

+(1 ) ﬂ) sin [47 @ke-Qq) (1- )] ’
T) drekean(1-5) |
for |t| =T ©)

As can be seen, the ambiguity function is a combination
of two Sinc functions with the peaks of the functions located
at the origin, while the sidelobes at different locations. The
mainlobe at the origin is maintained unchanged while the
sidelobes are decreased by 4 times, which would lead to a
decrease in the —3-dB contour of the ambiguity function [2].
Thus, the range-Doppler coupling is reduced and the
range-Doppler resolution is improved.
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Fig. 2. (a) The generated dual-chirp microwave waveform with a 200-MHz
bandwidth centered at 6 GHz, (b) the electrical spectrum with a 20-GHz
span, (c) the electrical spectrum with a 2-GHz span, and (d) the instantaneous
frequency-time diagram of the generated dual-chirp microwave waveform.

III. EXPERIMENTAL RESULTS AND DISSCUSSION

An experiment based on the setup shown in Fig. 1 is carried
out. A light wave at 1550 nm from the LD (Agilent N7714A)
is sent to the DPMZM (JDSU 470661H) through the PC.
The DPMZM has a bandwidth of 10 GHz. The microwave
carrier and the baseband chirped waveform applied to
sub-MZM1 and sub-MZM?2 are generated by a microwave
signal generator (Agilent E8254A) and an arbitrary waveform
generator (AWG, Tektronix AWG7102, 10 GS/s), respectively.
The optical signal from the DPMZM is sent to the
PD (NEWFOCUS 10058B) which has a bandwidth of 20 GHz.
The detected signal is sent to the electrical BPF with a
bandwidth of 4 GHz from 4 to 8 GHz to filter out the lower
frequency term. The electrical spectrum of the generated
dual-chirp microwave waveform is observed by an electrical
spectrum analyzer (Agilent E4448A). The temporal
waveform is monitored by a digital storage oscilloscope
(Agilent DSO-X 93204A). In the experiment, a 10-dBm
6-GHz microwave signal is applied to sub-MZMI, and a
baseband chirp signal with time duration of 1 us is applied
to sub-MZM2. The bias voltages to sub-MZM1, sub-MZM?2
and the PM are set at 7.2 V, 6.5 V and 1.2 V, respectively.

A dual-chip microwave waveform is then generated. Note
the value k in the baseband chirped waveform is set
at 7 x 10" s72. The waveform generated by the electrical
AWG in our experiment is periodic. The generated dual-
chirp waveform is also periodic. The temporal waveform
(one period) and its spectrum (with a span from 0 to 20 GHz)
are shown in Fig. 2(a) and (b), respectively. Fig. 2(c) provides
a zoom-in view of the spectrum at around 6 GHz. As can
be seen a dual-chirp microwave waveform with time duration
of 1 us and bandwidth of 200 MHz centered at 6 GHz
is generated. The instantaneous frequency-time diagram for
the waveform is shown in Fig. 2(d), which confirms that a
dual-chirp microwave waveform consisting of an up-chirp
(with an instantaneous frequency from 5.9 to 6.1 GHz) and
a down-chirp waveform (with an instantaneous frequency
from 6.1 to 5.9 GHz) is realized.

Fig. 3(a) and (b) shows the ambiguity function of the
generated dual-chirp microwave waveform and the
corresponding contour map. As a comparison, the ambiguity
functions for a simulated single up- and down-chirp
microwave waveform with the same bandwidth of 200 MHz
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Fig. 3. (a) The ambiguity function and (b) the corresponding contour map
for the generated dual-chirp microwave waveform with a 200-MHz bandwidth
centered at 6 GHz, Inset: the —3-dB contour map.
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Fig. 4. (a) The ambiguity function and (b) the —3-dB contour map for the
simulated single down-chirp microwave waveform with a 200-MHz bandwidth
centered at 6 GHz; (c) the ambiguity function and (d) the —3-dB counter
map for the simulated single up-chirp microwave waveform with a 200-MHz
bandwidth centered at 6 GHz.

and central frequency of 6 GHz are shown in Fig. 4.
As can be seen, both the ambiguity functions for a single
up- and down-chirp microwave waveform have a knife-edge
ambiguity function [1], and the —3-dB contour maps, shown
in Fig. 4(b) and (d), are much greater than that shown in
the insert of Fig. 3(b). Thus, it is verified that the use of a
dual-chirp microwave waveform will increase the range-
Doppler resolution in a radar system.

The bandwidth of the dual-chirp waveform can be tuned by
tuning the chirp rate of the baseband single-chirp waveform.
In the experiment, by setting the value k in the baseband
chirp waveform to be 7 x 1019572 a dual-chirp microwave
waveform with a bandwidth of 2 GHz is generated. The
temporal waveform and the electrical spectrum are shown
in Fig. 5(a) and (b). Fig. 5(c) is a zoom-in view of the spectrum
around 6 GHz. As can be seen a dual-chirp microwave
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Fig. 5. (a) The waveform, (b) the electrical spectrum with 20-GHz span
and (c) 2-GHz span, and (d) the instantaneous frequency-time diagram of the
generated dual-chirp microwave waveform with 2-GHz bandwidth centered
at 6 GHz.
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Fig. 6. The ambiguity function of the generated 1-us dual-chirp microwave
waveform with a 2-GHz bandwidth centered at 6 GHz. Inset: the —3-dB
contour map of the ambiguity function.

waveform with time duration of 1 us and a bandwidth
of 2 GHz centered at 6 GHz is generated. The instanta-
neous frequency-time diagram for the waveform is shown
in Fig. 5(d), which confirms that a dual-chirp microwave
waveform consisting of an up-chirp (with an instantaneous
frequency from 5 to 7 GHz) and a down-chirp microwave
waveform (with an instantaneous frequency from 7 to 5 GHz)
is realized.

The ambiguity function of the generated dual-chirp
microwave waveform with a 2-GHz bandwidth is also
analyzed, with the results shown in Fig. 6. As can be seen,
the main-to-sidelobe ratio is improved and the —3-dB contour
is significantly decreased. By comparing the —3-dB contour
map with that for the waveform with a 200-MHz bandwidth,
we can see that the value of the point of the —3-dB contour
map located on the axis of the time delay is decreased
by 10 times, while that located on the axis of the
Doppler frequency keeps the same, thus the —3-dB contour
map is decreased by 10 times for the waveform with a 2-GHz
bandwidth, which indicates that a wider bandwidth will have
a better range-Doppler resolution.

IV. DISCUSSION AND CONCLUSION

Because of the limited bandwidth of the DPMZM used in
the experiment, the generated dual-chirp microwave waveform
had a central frequency of 6 GHz and a maximum bandwidth
of 2 GHz. If a DPMZM and a PD with a wider bandwidth
are used, the generated dual-chirp microwave waveform would
have a much higher central frequency and wider bandwidth.
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Of course, the maximum bandwidth and central frequency
is also determined by the electrical AWG used to generate
the baseband single-chirp waveform. In addition, the temporal
duration of the baseband waveform can be controlled long,
thus a dual-chirp microwave waveform with a large time
bandwidth product (TBWP) can be generated.

In conclusion, we have proposed and experimentally demon-
strated a photonic approach to generating a dual-chirp
microwave waveform using a single DPMZM. The key con-
tribution of the work is the use of a single DPMZM to
perform two functions simultaneously, to generate a dual-chirp
microwave waveform and to up-convert the central frequency
of the dual-chirp waveform to that of the microwave carrier.
The proposed technique was experimentally evaluated. A dual-
chirp microwave waveform centered at 6 GHz with a temporal
duration of 1 us and a bandwidth of 200 MHz and 2 GHz was
generated. Compared with a single-chirp microwave wave-
form, the range-Doppler resolution was significantly increased.
Since the dual-chirp microwave waveform was generated in
the optical domain, the technique can be used in a distributed
radar system in which microwave waveforms are distributed
over optical fibers to take advantage of the ultra-broad band-
width and low loss of modern photonics technology [14], [15].
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