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Abstract—Multi-band radars can obtain more electromagnetic
scattering information of targets in complex electromagnetic en-
vironments, but they always suffer from complex configurations,
small bandwidth, or fixed waveforms. Here, we propose a dual-
band coherent microwave photonic radar, which is simple, recon-
figurable, and has a wide operational bandwidth. In the proposed
system, dual-band linear frequency modulated (LFM) signals with
arbitrary chirp rates and adjustable bandwidths are simultane-
ously generated based on polarization multiplexing, and de-chirp
processed using photonic in-phase and quadrature (I/Q) mixing.
By fusing the de-chirped signals, ranging and inverse synthetic
aperture radar (ISAR) imaging with a resolution that is propor-
tional to the sum of the instantaneous bandwidths of the two bands
is realized. In an experiment, the dual-band microwave photonic
radar is built to generate and process dual-band LFM signals
with different instantaneous bandwidths and chirp rates covering
18.1–23.1 GHz and 22.9–29.9 GHz. De-chirped signals in the two
bands are coherently fused, achieving an equivalent bandwidth of
11.8 GHz and a range resolution of 1.31 cm.

Index Terms—Dual-band radar, high range resolution, ISAR,
microwave photonics.

I. INTRODUCTION

H IGH-RESOLUTION detection of complex targets is crit-
ical to modern radars for applications such as small un-

crewed aerial vehicle (UAV) tracking, intelligent driving, and
multi-target imaging [1]. In contrast to single-band radars, dual-
band radars can obtain electromagnetic scattering information
in different frequency bands, which can provide more target
information and is of great importance in target recognition
[2], [3]. Dual-band radars also provide better anti-interference
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performance than single-band radars so that they can obtain
more reliable detection in complex electromagnetic environ-
ments. Furthermore, a dual-band radar system supports the
fusion of received signals in two different bands, which could
dramatically improve the resolution of detection [4], [5]. Lin-
coln Laboratory conducted early research on multi-band fusion
radar imaging. They completed the experiment of distinguishing
different scatterers of a reentry vehicle model after coherently
combining two sparse subbands [6]. However, traditional dual-
band radar systems usually consist of two independent radars,
significantly increasing the cost and complexity. A complex
compensation algorithm should also be applied to deal with
the incoherence of the dual-band signals induced by vibrational
time delay and phase difference between the two radars [7],
[8]. In addition, conventional electronic radar systems suffer
from limited bandwidth, so generating and processing dual-band
radar signals with high-frequency and large bandwidths are
difficult.
Microwave photonics features large instantaneous bandwidth,

parallel signal processing, and multi-dimensional multiplex-
ing, which is promising for implementing multi-band high-
resolution radars [9], [10], [11], [12]. Much research has been
conducted on generating and processing multi-band signals
based on microwave photonic technologies. Previously, mi-
crowave photonic frequency multiplying combined with po-
larization multiplexing has been used to generate dual-band
waveforms [13], [14], [15]. By applying two different radio
frequency (RF) signals and a coding signal to a dual-polarization
dual-parallel Mach-Zehnder modulator (DP-DPMZM), a dual-
band dual-chirp microwave signal in the C and X bands is
generated [15]. Other photonic methods based on optical fre-
quency combs, optoelectronic oscillators, and optical injection
in semiconductor lasers are also proposed to generate multi-band
signals [16], [17], [18], [19], showing significant advantages in
instantaneous bandwidth and reconfigurability.
By applying these multi-band signals to radars, the system

performance, such as reconfigurability, range resolution, and
recognition accuracy, can be greatly enhanced [20], [21], [22],
[23], [24], [25], [26]. However, for multi-band radars, it is
a significant challenge to distinguish the echoes in different
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bands. A common approach is using electrical band-pass fil-
ters (EBPFs) to select signals in the corresponding frequency
band and perform subsequent signal processing. For example,
a photonics-based multi-band radar operating in the S and X
bands has been investigated [22], where two signals, eachhaving
a bandwidth of 18 MHz, are produced in the transmitter and
separatedby twoEBPFs in the receiver.The range resolutionwas
doubled by data fusion, equivalent to the case with a bandwidth
of 36MHz. Similarly, two EBPFs are used to separate the echoes
of two bands in a dual-band radar based on a photonic digital-
to-analog converter [24]. However, it is impossible to separate
the echoes using EBPFs when the signals in two bands have
similar or overlapping frequencies. To avoid the use of EBPFs,
in a frequency-to-time mapping (FTM) based dual-band radar
system [25], terahertz signals in two bands are distinguished
by down-converting them into the same baseband at different
time slots. Nevertheless, the time-division multiplexing method
causes low detection efficiency. Using a microwave photonic
receiver based on a dual-polarization quadrature phase shift
keying modulator [26] to receive the dual-band signals simulta-
neously, the detection efficiency is improved while the structure
is simplified. However, the system is only effective when the
linear frequency modulated (LFM) signals have different chirp
rates. If the chirp rates are equal, the de-chirped signals will
be the same, and the system would fail to work. It should be
noted that in-phase and quadrature (I/Q) demodulation is usually
required to avoid the mirror image of the target in de-chirp
receivers. In [27], a microwave photonic I/Q receiver with high
image rejection has been proposed to demodulate a dual-band
signal, but it can only handle two LFM signals with exactly
opposite chirp rates, limiting the radar’s capability to process
reconfigurable LFM signals.
In this paper, we propose and demonstrate a wideband and re-

configurable dual-band microwave photonic radar. In the trans-
mitter, dual-band coherentLFMsignalswith arbitrarychirp rates
and adjustable bandwidths are simultaneously generated based
on polarization multiplexing. In the receiver, I/Q de-chirping of
the reconfigurable dual-band LFM signals is performed. Based
on the multiplexed microwave photonic link, signals de-chirped
from the two bands are coherent. Therefore, they can be further
fused to achieve larger synthetic bandwidth. Different from our
previouswork [28], where a ranging radar using dual-bandLFM
signals with the same chirp rate has been demonstrated, high-
resolution ranging and inverse synthetic aperture radar (ISAR)
imaging has been performed using signals with variable chirp
rates.

II. PRINCIPLE

The schematic diagram of the proposed dual-band coherent
microwave photonic radar is depicted in Fig. 1. An optical carrier
with a center frequency of f0 is modulated by two LFM signals
via a dual-polarizationMach-Zehnder modulator (Dpol-MZM).
The modulator comprises a 3-dB coupler, two Mach-Zehnder
modulators (MZMs), and a polarization rotator (PR) followed
by a polarization beam combiner. The two LFM microwave
signals can be written as Vi(t) = Vmcos(2πfit+πkit2), where ki

Fig. 1. (a) Schematic of the dual-band coherent microwave photonic radar.
LD, laser diode; PC, polarization controller; MZM, Mach-Zehnder modulator;
Dpol-MZM, dual polarizationMZM; PR,polarization rotator; PBC,polarization
beamcombiner;OC,optical coupler; PD, photodetector;OBPF, optical bandpass
filter; PA: Power amplifier; LNA, low noise amplifier; Dpol-OH, dual polar-
ization optical hybrid; BPD, balanced photodetector; ADC, analog to digital
converter; DSP, digital signal processor. (b) Optical spectrum output from the
Dpol-MZM at point A. (c) Optical spectrum output from the OBPF at point B.
(d) Electrical spectrum of dual-band microwave signals generated by the PD at
point C.

is the chirp rate, fi is the center frequency, Vm is the amplitude,
and i represents the X and Y polarization. One LFM signal
is applied to the X-polarization modulator of the Dpol-MZM,
while the other is applied to the Y-polarization modulator. Both
modulators operate in the carrier-suppressed double-sideband
modulation mode. The modulated optical signals output from
the Dpol-MZM can be expressed as

Ei (t) ∝ J1 (β) ej2πf0t ej(2πfit+πkit
2) + e−j(2πfit+πkit

2)

(1)
where J1 is the 1st-order Bessel function of the first kind,
β = Vm/2Vπ is the modulation index, and Vπ is the half-wave
voltage of themodulator.EY(t) is obtained after passing through
the PR, which is perpendicular to the polarization direction of
EX(t). The optical polarization-multiplexed signal composed of
EX(t) and EY(t) is divided into two branches after an optical
coupler (OC). The upper branch is photoelectrically converted
in a photodetector (PD). Thus dual-band microwave signals are
obtained, given by

P (t) ∝
2

i=1

cos[2(2πfit + πkit
2)] (2)

In addition, the above operation realizes frequency doubling
of the input microwave signal. The lower branch out of OC1 is
sent to the receiver as an optical reference and further divided
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into two branches by OC2. The left branch is sent to a dual po-
larization optical hybrid (Dpol-OH) integrating two 90° optical
hybrids. The right branch is fed into an MZM after selecting one
sideband by an optical bandpass filter (OBPF) and modulated
by the echo signal. It is assumed that the delay between the echo
signal and the transmitted signal is τ . The signal output from the
MZM biased at the minimum transmission point is expressed as

ES (t) ∝ ej2π[f0−fX−kXt]t

cos 4πfX (t− τ ) + 2πkX(t− τ)2

+ ej2π[f0−fX−kXt]t cos 4πfY (t− τ ) + 2πkY(t− τ )2

+ ej2π[f0−fY−kYt]t cos 4πfX (t− τ ) + 2πkX(t− τ)2

+ ej2π[f0−fY−kYt]t cos 4πfY (t− τ ) + 2πkY(t − τ )2 (3)

The modulated optical signal is sent to the Dpol-OH, where
four 90° phase-stepped interferences are performed with the
optical reference signal in the two polarizations.
The eight output signals are sent into four balanced pho-

todetectors (BPDs) for balanced photodetection, generating two
groups of de-chirped signals, given by

Ii (t)
Qi (t)

∝ cos 2π 2kiτt− kiτ
2 + 2fiτ

sin 2π 2kiτt− kiτ
2 + 2fiτ

(4)

By effectively utilizing the signals in (4), the operation band-
width can be expanded. kiτ

2 is the residual video phase (RVP),
which can be ignored in the fusion process. When the chirp rates
of the two band signals are the same, i.e., kX = kY, the two sets
of signals IX(t) and IY(t) or QX(t) and QY(t) can be spliced into
one continuous signal in the time domain by directly time-shift
processing and discarding the duplicates. For example, if the
coherent de-chirped signal IX(t) and IY(t) are synthesized, IY(t)
should be time-shifted by (fY–fX)/kX. The signal IX(t) and IY(t)
are expressed as

IX(t)
IY(t)

∝ cos 2π 2kXτt− kXτ2 + 2fXτ
cos 2π 2kYτt− kYτ2 + 2fYτ

(5)

and IY(t-(fY–fX)/kX) is given by

IY t− fY − fX

kX

= cos 2π 2kYτ t− fY − fX

kX
− kYτ2 + 2fYτ

= cos 2π 2kXτ t− fY − fX

kX
− kXτ2 + 2fXτ

= cos 2π 2kXτ t− kXτ2 + 2fXτ (6)

Thus, IX(t) and IY(t) can be synthesized [5].
When the chirp rates are different, the fractional sampling rate

conversion must first be performed to correct the frequencies of
the de-chirped signals in the two bands [29]. There is a definite
relationship between the de-chirped frequency and the chirp rate
of the two bands, i.e., fX/fY = kX/kY. Taking one of the de-
chirped signals as a reference, the other de-chirped signal is

Fig. 2. Schematic flow chart of coherent fusion of the de-chirped signals.

interpolated or extracted for frequency correction according to
the relationship.Theprocessedsignal hasa newsequence length,
in effect corresponding to a new sampling rate. This treatment is
equivalent to the fractional sampling rate conversion. After the
frequencies of the two de-chirped signals are processed to be
consistent with each other, the signal synthesis can be performed
by the above processing method. The synthesis of the quadrature
signalsQX(t) andQY(t) can be performed in the sameway as the
synthesis of the de-chirped signals IX(t) and IY(t). IX(t) and IY(t)
are synthesized to obtain the signal I(t), while QX(t) and QY(t)
are synthesized to obtain the signal Q(t). Finally, a complex
signal s(t) = I(t)+jQ(t) is obtained.
Then, the target can be located after a fast Fourier transform

(FFT) is performed on the complex signal to analyze the fre-
quency of the spectrum. A simple schematic flow chart of the
processing is displayed in Fig. 2. To facilitate signal synthesis
or fusion, the frequency ranges of the two bands need to be
continuous or have a small overlap, i.e., fY–fX≤1/2/(BX+BY),
where Bi is the bandwidth of LFM signals in different bands. In
this case, complex algorithms do not need to be used to restore
the frequency vacancy.After synthesis, the equivalent bandwidth
of the system is expanded.
It should be noted that when the chirp rates of signals in two

bands are different, the phase difference of the two de-chirped
signals introduced by RVP may be large enough to affect the
fusion of the de-chirped signals. Reference signal in the system
is transmitted through optical fibers, and the reference delay
is controlled by adjusting the length of optical fibers or using
controllable optical fiber delay lines. Since a delay of τ ref can
be added to the reference signal in the proposed system, the
de-chirped signal can be represented as

ri (t) ∝ cos

2πki |τ − τref | t + 2πfi |τ − τref | − πki τ2 − τ2
ref (7)
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Fig. 3. Picture of the experimental setup.

By changing τ ref to minimize the relative delay between the
reference delay τ ref and the target echo delay τ , the RVP will
be as small as possible, which is conducive to phase correction.

III. EXPERIMENT AND DISCUSSION

Experiments based on dual-band LFM signals with the same
and different chirp rates have been carried out to verify the
feasibility of the proposed method. The picture of the exper-
imental setup is shown in Fig. 3. A narrow linewidth laser
(Teraxion PS-NLL) emits an optical carrier with a wavelength
of about 1550.12 nm, and is then divided into two paths in
the built-in coupler of the Dpol-MZM (FTM7980). Two LFM
signals generated by an arbitrary waveform generator (AWG,
Keysight M9502A) are fed into the two MZMs in the X and Y
polarizations of the Dpol-MZM to modulate the optical carrier.
Carrier-suppressed double-sideband modulated optical sig-

nals along the orthogonal polarizations are generated and then
divided into two paths by OC1. The upper path performs pho-
toelectric conversion in a 40-GHz PD (Finisar XPDV2120R),
in which the optical signals along the two polarizations beat,
respectively. Thus dual-band microwave signals with doubled
frequency andbandwidth are obtained simultaneously and trans-
mitted to the free space by a double-ridged horn antenna after
being amplified. The lower one, as the reference signal of the re-
ceiver, is further divided into two paths by OC2. One sideband of
the carrier-suppressedoptical double-sidebandmodulatedsignal
is filtered out by an OBPF (Santec OTF-980), to serve as the
optical carrier to the MZM in the receiver. The two-polarization
sidebands are jointly projected to the modulation axis of the
MZM with the same power.
Echoes from the targets are collected by the receiving antenna

and used to drive the MZM (Fujitsu FTM7938) after being
amplified by a low-noise amplifier (LNA). The echo-modulated
optical signal is sent to the optical hybrid. The optical reference
signals along the two polarizations are split by a polarization
beam splitter (PBS) integrated in the Dpol-OH (Kylia COH28).
Afterward, interferences between each split signal and the echo-
modulated optical signal are done in the two integrated optical
hybrids. Each pair of signals in theoutputs of theDpol-OHenters
a BPD (Thorlabs PDB450C) for balanced detection. Finally,
de-chirped signals of the two frequency bands are obtained along
the X and Y polarizations, respectively.

Fig. 4. Time-frequency diagrams of the LFM signals with the same chirp rate
along (a) the X polarization and (b) the Y polarization.

Fig. 5. Time-frequency diagram of the down-converted transmitted signal.

First, the AWG generates LFM signals with a bandwidth of
3 GHz, a pulse width of 6 µs, and a period of 10 µs, centered
at 10.55 GHz and 13.45 GHz, respectively. The time-frequency
diagram of the generated signals is shown in Fig. 4. The chirp
rateskX and kY are 0.5×1015 Hz/s.The center frequencies of the
generated signals in the two bands are 21.1 GHz and 26.9 GHz,
respectively, while their bandwidths are both 6 GHz. In the
experiment, the radar signals are down-convertedwith a 10-GHz
signal to analyze its time-frequency relationship due to the
bandwidth limitation of the oscilloscope. The time-frequency
diagram of the down-converted radar signal is shown in Fig. 5.
As can be seen, signals with frequencies of 18.1–24.1 GHz
(Band 1) and 23.9–29.9 GHz (Band 2) are generated simul-
taneously. The frequency and bandwidth of the RF signals are
doubled compared with the input LFM signals.
The pulse width and bandwidth are broadened to 11.8 µs

and 11.8 GHz after two signals with 0.2 GHz overlap are
synthesized. The equivalent operating frequency covers from
18.1 to 29.9 GHz. Fig. 6 shows the spectra of the synthetic
and single-band de-chirped signal for single-target ranging. The
ranging results based on the synthesis and two single bands are
about 1.227m, 1.222 m, and 1.227m, respectively, calculated by
the peak frequencies of 8.178MHz, 8.148MHz, and8.181MHz.
The ranging error after signal synthesis is within the subcentime-
ter level. For LFM radars, the range resolution can be estimated
by the 3 dBbandwidth of the lobe [30], [31]. The3 dBbandwidth
of the main lobe given by band 1, band 2, and the fused signal
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Fig. 6. Spectra of the synthetic and single-band de-chirped signal under single-
target ranging.Band 1covers 18.1–24.1GHz, andBand 2covers23.9–29.9GHz.

Fig. 7. Spectra of the complex signals de-chirped from dual-band and single-
band LFM signals when two targets are placed at a distance of 1.8 cm.

from the zoomed-in view is 162 kHz, 153 kHz, and 76 kHz. The
calculated range resolutions are 2.43 cm, 2.3 cm, and 1.14 cm,
respectively. With the increase of equivalent bandwidth, 3 dB
bandwidth narrows and range resolution improves. The power
difference between the two peaks of the spectra based on the
single-band signal is compensated in the synthesis. It can be
found that the power of the synthesized signal is increased due
to the coherent signal fusion. The improvement of the system
resolution is also verified in a two-target detection experiment.
Fig. 7 shows the spectra of the complex signals de-chirped from
the dual-band and single-band LFM signals when two targets
are placed with a distance of 1.8 cm. The two targets can be
easily distinguished by the synthesized de-chirped signal (the
solid blue line), but cannot be determined by the single-band
de-chirped signal (the dashed red line). The detected target
spacing is 1.86 cm after synthesis, which is close to the set
value.
Next, the imaging performance of the system is investigated.

Three corner reflectors are placed on a turntable rotating at 720
degrees per second. The set imaging angle range is 20 degrees.
The ISAR image using a single-band signal is shown inFig. 8(a),
and that by dual-band fusion is given in Fig. 8(b). After data
fusion, the images of the three targets narrow in range as com-
pared with the range-resolved profile along the dashed blue line,

Fig. 8. ISAR image based on (a) single-band detection and (b) dual-band
fusion.

Fig. 9. Time-frequency diagrams of the LFM signals with different chirp rates
loading along (a) the X polarization and (b) the Y polarization.

showing that the dual-band fusion method improves the range
resolution of ISAR imaging.
As discussed in Section II, the proposed dual-band radar

in Fig. 1 can generate two high-frequency and large-
bandwidth LFM signals with arbitrary chirp rates, featuring
anti-interference capability. Here, the AWG generates LFM
signals with a pulsewidth of 5µs and a period of 10 µs, centered
at 10.3 GHz and 13.2 GHz, respectively. The bandwidths are
2.5 GHz and 3.5 GHz. The time-frequency diagram is given in
Fig. 9. The chirp rate kX is 0.5× 1015 Hz/swhile kY is 0.7× 1015
Hz/s. After photonic frequency doubling, the center frequencies
of the transmitted signals are 20.6 GHz and 26.4 GHz, and the
bandwidths are 5 GHz and 7 GHz, respectively. Similarly, a
10-GHz single-frequency signal is used to down-converted the
transmitted radar signal in the experiment so that the oscillo-
scope can record the high-frequency signals. Fig. 10 depicts the
time-frequency diagram of the down-converted signal. It can
be confirmed that the radar system operates in the frequency

Authorized licensed use limited to: NANJING UNIVERSITY OF AERONAUTICS AND ASTRONAUTICS. Downloaded on October 09,2023 at 03:32:55 UTC from IEEE Xplore.  Restrictions apply. 



7700609 IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 29, NO. 6, NOVEMBER/DECEMBER 2023

Fig. 10. Time-frequency diagram of the down-converted transmitted radar
signal.

range of 18.1–23.1 GHz (Band 1) and 22.9–29.9 GHz (Band 2),
simultaneously.
Because of the different chirp rates, there is a difference

between the center frequencies of the de-chirped signals. There-
fore, the de-chirped signals cannot be simply synthesized as
those in the aforementioned experiments, and a frequency cor-
rection should be performed. To do so, the frequency of the
de-chirped signal in Band 1 is used as a reference to calibrate
the frequency of the de-chirped signal in Band 2 according to
the relationship between the frequency and chirp rate of the
two signals. The de-chirped signal of Band 2 is interpolated
to achieve the fractional sampling rate conversion. Then, the
frequency of Band 2 is equal to that of Band 1, so the synthesis
algorithm can be used to fuse the signals in the two bands. The
bandwidths of the transmitted signals in Band 1 and Band 2 are
5GHz and 7GHz, respectively, while the bandwidth of the fused
signal is 11.8 GHz. Experimental results based on single-band
detection, dual-band fusion, and an actual wideband signal with
the equivalent operating frequency range (18.1 GHz–29.9 GHz)
are analyzed. In the comparative investigation, the experimental
equipment and structure of the aforementioned experiments are
used.
After performing FFT on the de-chirped signals and correct-

ing the reference delay in the link, the spectrograms shown
in Fig. 11(a) are obtained. The peak in the spectrum of the
de-chirped signal in Band 1 is located at 8.174 MHz, corre-
sponding to the target position of 1.226 m. The spectrum of
the de-chirped signal in Band 2 presents a peak frequency of
11.4 MHz, which is 1.4 times that of the de-chirped signal in
Band 1 because the chirp rate of the signal in Band 2 is 1.4
times that of the signal in Band 1. The calculated distance of the
target is 1.221 m. The solid blue line results from the fusion of
the signals in the two bands, showing a peak frequency of 8.16
MHz, which corresponds to a target distance of 1.224 m. The 3
dB bandwidth of the main lobe given by the fused signal from
the zoomed-in view is 87.5 kHz, which is significantly smaller
than that of the other two curves. According to the figures, the
range resolutions for the systems using the signals in Band 1,
Band 2, and both bands are 2.7 cm, 1.94 cm, and 1.31 cm,
respectively. In Fig. 11(b), the spectra obtained by the fusion
of the signals in the two bands (the solid blue line) and by the
actual wideband signal (the dashed red line) are compared. The

Fig. 11. (a) Spectra of the de-chirped signal with single-band detection and
dual-band fusion for single-target ranging. (b) Spectra of the fused and actual
wideband de-chirped signal for single-target detection. Band 1 covers 18.1–23.1
GHz, and Band 2 covers 22.9–29.9 GHz.

center frequency in the dashed red line is found to be 8.17MHz,
and the calculated target distance is 1.226 m. The consistency
between the fused and actual detection verifies the feasibility
of the coherent fusion method for signals in different frequency
bands.
In addition, several sets of experiments have also been carried

out to validate the fusion method, such as the two-target detec-
tion experiment when the two targets are separated by 1.8 cm. It
is apparent from Fig. 12 that the fused signal detection system
can discriminate the two targets, whereas the relatively large
bandwidth of the 7-GHz single-band signal cannot distinguish
them. The frequencies of the two peaks in the spectra are found
to be 6.754 MHz and 6.877 MHz, corresponding to the calcu-
lated target spacing of 1.845 cm with a measurement error of
0.045 cm.
The proposed system is also capable of performing ISAR

imaging. The rotation speed of the turntable where the targets
are placed is set to 720 degrees per second. The imaging angle
range is 15 degrees. A picture of “V” consisting of five corner
reflectors is shown in Fig. 13(a). The ISAR image of the target
“V” detected by Band 1 and Band 2 are shown in Fig. 13(b)
and (c), respectively. Fig. 13(d) shows the imaging result of the
dual-band fusion. With the increase of the equivalent detection
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Fig. 12. Spectra of the fused dual-band signal with an equivalent bandwidth
of 11.8 GHz and a single-band signal with a bandwidth of 7 GHz when two
targets are separated by 1.8 cm.

Fig. 13. Picture of (a) target and ISAR image detected by (b) 5 GHz signal in
Band 1, (c) 7 GHz signal in Band 2, and (d) 11.8 GHz signal after fusion.

Fig. 14. (a) The range-resolved profile and (b) the azimuth-resolved profile of
the brightest point in Fig. 13(d).

bandwidth, the ISAR image of the target becomes clearer, veri-
fying that the dual-band fusedmicrowave photonic radar system
transmitting high-frequency and large-bandwidth LFM signals
with arbitrary chirp rates has the capability of high-resolution
target detection and imaging. In Fig. 14, the range-resolved
profile and azimuth-resolved profile of the brightest point in
Fig. 13(d) are given. The range resolution and azimuth resolution
of each 3 dB lobe bandwidth are also marked. A hamming
window is used in the process of radar imaging, thus the 3 dB

Fig. 15. Optical spectra of the signals along (a) the X polarization and
(b) the Y polarization and their leakages.

bandwidth is expanded by a factor of 1.3 [32]. The theoretical
range resolution is calculated according to the formula 1.3c/2B,
which is 1.65 cm. The experimentally measured value is 1.7 cm
as can be seen in Fig. 13(a). The theoretical azimuth resolution
is calculated according to the formula 1.3λ/2∆θ, in which λ is
the center wavelength of the transmitted signal and ∆θ is the
accumulation angle used for imaging. The theoretical azimuth
resolution is 3.1 cm while the experimentally measured value is
3.23 cm.
Dual polarization is used to distinguish signals of different

bands, so only dual bands are supported in this paper. At last, we
discuss the crosstalk between the two orthogonal polarizations.
To do so, the LFM signal input to one of the MZMs in the
Dpol-MZM is disconnected, and the corresponding output opti-
cal spectrum of the integrated 90° optical hybrid is detected by
an optical spectrum analyzer (YOKOGAWA AQ6370C). From
the optical spectra shown in Fig. 15(a) and (b), the power leakage
between the orthogonally polarized reference signals can be
measured. The rejection ratio has reached 34.8 dB. The crosstalk
between the two polarizations is sufficiently weak to be ignored
in the experiments. Moreover, the sideband carrier suppression
ratio of the optical signal from the Dpol-MZM exceeds 20 dB,
as illustrated in Fig. 15.

IV. CONCLUSION

In summary, a dual-band coherent microwave photonic radar
realizing the generation and de-chirp processing of wideband

Authorized licensed use limited to: NANJING UNIVERSITY OF AERONAUTICS AND ASTRONAUTICS. Downloaded on October 09,2023 at 03:32:55 UTC from IEEE Xplore.  Restrictions apply. 



7700609 IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 29, NO. 6, NOVEMBER/DECEMBER 2023

LFM signals with arbitrary chirp rates in two frequency bands
is proposed. Based on the polarization multiplexing, the signals
in the two frequency bands can be manipulated simultaneously
with a compact structure. In addition, through the fusion of
the dual-band LFM signals, the range resolution of the radar
system is improved compared to the systems using only a single
frequency band, enhancing the radar detection and imaging per-
formance.An equivalent operating frequency rangeof18.1–29.9
GHz is achieved by fusing the signals covering 18.1–23.1 GHz
and 22.9–29.9 GHz. A range resolution of 1.31 cm is realized.
The proposed radar also features a simple configuration, flexi-
ble operation, and good anti-jamming capability, which would
provide a promising sensor for small UAV tracking, intelligent
driving, and multi-target imaging.
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