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We demonstrate microwave photonic radar with post-bandwidth synthesis, which can realize target detection
with ultra-high range resolution using relatively small-bandwidth radio frequency (RF) frontends. In the pro-
posed radar, two temporal-overlapped linear frequency-modulated (LFM) signals with the same chirp rate and
different center frequencies are transmitted. By post-processing the de-chirped echoes in the receiver, a signal
equivalent to that de-chirped from an LFM signal with the combined bandwidth is achieved. In a proof-of-
concept experiment, two LFM signals with bandwidths of 8.4 GHz are exploited to achieve radar detection with
an equivalent bandwidth of 16 GHz, and a range resolution of 1 cm is obtained.
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High-resolution radars are highly desirable in military and
civil applications[1]. To realize the high resolution, linear
frequency-modulated (LFM) signals with large bandwidth
are used[2,3]. However, the generation and processing of
the large-bandwidth LFM signals create great challenges
for the state-of-the-art electronic technologies[4,5]. Due to
the distinct features of photonic devices, such as wide
bandwidth, low transmission loss, and electromagnetic
interference immunity, microwave photonic technologies
were proposed to enhance radar systems[6–21]. Spectral
shaping and frequency to time mapping (FTTM)[14–16] were
used to generate broadband LFM signals. However, the
time-bandwidth product (TBWP) of the LFM signal is
usually small, which is not suitable for radar applications
in long distance detection. To improve the TBWP, a
variety of microwave photonic signal generation architec-
tures were proposed. For example, a logic-operation-based
photonic digital-to-analog converter can be used to gener-
ate a wideband LFM signal with small timing jitter[17],
and photonic frequency multiplication can also be applied
to obtain large carrier frequency and bandwidth[18–21].
However, despite how broad bands the photonic ap-
proaches are with, the limited bandwidth of the radio fre-
quency (RF) frontends and antennas would hinder further
increase of the resolution.
A possible solution is to apply sparse multi-band

signals[22,23]. Unfortunately, the continuous spectral profile
of a target cannot be obtained directly, and complex algo-
rithms should be used to fill the spectral gaps[24,25]. Even so,
fake peaks in the range profile of the target may be caused,
and the huge amount of calculation is difficult to meet the
demands of fast or real-time detection. Another method is
bandwidth synthesis, in which two or more narrowband
LFM signals with different center frequencies but no spec-
tral gap can be combined as if only one broadband LFM

signal is transmitted[26–29]. Until now, lots of efforts devoted
by researchers in the electrical area have verified the fea-
sibility of bandwidth synthesis. Nevertheless, the achieved
resolution is in the order of decimeters[28].

In this Letter, we demonstrate microwave photonic ra-
dar with post-bandwidth synthesis, in which polarization
multiplexing and post-bandwidth synthesis are adopted
to achieve a large operational bandwidth with relatively
small-bandwidth RF frontends, so an ultra-high range res-
olution can be obtained. In the transmitter, photonic fre-
quency doubling of two intermediate frequency (IF)-LFM
signals with different center frequencies is implemented
to generate two temporal-overlapped broadband trans-
mitted signals, and, in the receiver, the separation and
de-chirping of the temporal-overlapped radar echoes are
implemented by photonic frequency mixing. The low-
frequency de-chirped signals can be sampled by low-speed
analog-to-digital converters (ADCs) and combined into
a signal equivalent to the result de-chirped from a syn-
thesized LFM signal with a large bandwidth by a band-
width synthesis algorithm. Therefore, ultra-high range
resolution detection can be achieved.

Figure 1 shows the schematic diagram of the microwave
photonic radar. A light from a laser diode (LD) with a
frequency of f 0 is sent to a dual-polarization Mach–
Zehnder modulator (DPol-MZM), which is an integrated
device consisting of two sub-Mach–Zehnder modulators
(MZMs), a polarization rotator (PR), and a polarization
beam combiner (PBC). Two electrical IF-LFM signals
with different frequencies are separately fed into the RF
ports of the two sub-MZMs to modulate the LD output.
The IF-LFM signals can be expressed as

siðtÞ ¼ Vs cos½2πðf ci t þ kt2∕2Þ�; (1)
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where i ¼ 1 or 2, and Vs, f ci , and k are the amplitude, the
center frequency, and the chirp rate, respectively. The
center frequency difference between the two IF-LFM sig-
nals is Δf ¼ f c2 − f c1, and the bandwidth is B ¼ kT ,
where T is the pulse width of the LFM signal. The two
sub-MZMs are both biased at the minimum transmission
point to suppress the optical carrier, so only �1st-order
sidebands are obtained. The polarization direction of
the signal in the lower branch rotates 90° through the
PR. After passing through the PBC, a pair of orthogonally
polarized optical signals are obtained at the output of the
DPol-MZM. Then, the orthogonally polarized optical sig-
nals are sent to a polarization beam splitter (PBS)
through an optical fiber and are separated into two polari-
zation channels (X and Y) by the PBS. Each channel is
further divided into two by an optical coupler (OC).
One branch of each channel is sent to a photodetector
(PD). In the PD, the �1st-order sidebands of the optical
signal are beaten to generate a frequency-doubled LFM
signal, which can be expressed as

I iðtÞ ∝ cos½2πð2f ci t þ kt2Þ�: (2)

The frequency-doubled LFM signals are sent to the trans-
mitting antennas (TAs) for radiation after being amplified
by power amplifiers (PAs). The other branch of each chan-
nel is sent to an MZM as a reference signal for the receiver.
In the receiver, the echo signals received by the receiving

antennas (RAs) are amplified by low-noise amplifiers
(LNAs), and then used to drive the MZMs. Here, the
MZMs are biased at the quadrature transmission point,
and only the optical carrier and �1st-order sidebands
are considered. After the MZMs, a frequency pair at f 0 þ
ðf ci þ ktÞ and f 0 þ ðf ci þ ktÞ− 2kτ and another frequency

pair at f 0 − ðf ci þ ktÞ and f 0 − ðf ci þ ktÞ þ 2kτ are gener-
ated, where τ is the time delay between the radar echo and
the transmitted signal. The output of each MZM is sent to
a PD. After the PD, the desired de-chirped signal is ob-
tained. It should be noted that the LFM signal transmit-
ted by TA1 (TA2) can also be received by RA2 (RA1),
and an undesired signal will be generated. Because the fre-
quency of the signal is much higher than that of the de-
chirped signal, a low-frequency PD or an electrical filter
can remove it. The two low-frequency de-chirped signals
are then sampled by low-speed ADCs to perform signal
processing for synthesis in the digital signal processing
(DSP) unit. The de-chirped signals can be expressed as

r1ðtÞ ∝ cos½2πð2f c1τ − kτ2 þ 2kτtÞ�; (3)

r2ðtÞ ∝ cos½2πð2f c2τ − kτ2 þ 2kτtÞ�
∝ cos½2πð2f c1τ − kτ2 þ 2kτt þ 2Δf τÞ�: (4)

Delaying the signal r2ðtÞ by a time Td ¼ Δf ∕k, we have

r2ðt − TdÞ ∝ cos½2πð2f c1τ − kτ2 þ 2kτtÞ�: (5)

Comparing Eq. (3) with Eq. (5), we can see that the two
equations are exactly the same, which means that the two
de-chirped signals can be combined together to one signal
in the time domain. The combined signal is similar to a
signal de-chirped from an LFM signal with a bandwidth
of f T − f I , where f T and f I are the initial frequency and
the terminal frequency of the LFM signals, respectively.

The principle of the post-bandwidth synthesis method is
shown in Fig. 2. First, two low-frequency de-chirped sig-
nals are obtained. Then, the two low-frequency signals are
combined together to obtain a signal equivalent to that
de-chirped from an LFM signal with a large bandwidth.
It should be noted that the case of Δf < B should be sat-
isfied. If Δf ≥ B, it would generate discontinuous phases
at the joint points of the synthetic signal because the sig-
nal duration after de-chirping is less than T . The phase
error at the combination point can be reduced by ensuring
the consistency of the device in the two polarization
channels. Besides, the different distances between the
target and the antennas of the two channels may cause

Fig. 1. Schematic diagram of the proposed microwave photonic
radar. LD, laser diode; DPol-MZM, dual-polarization Mach–
Zehnder modulator; MZM, Mach–Zehnder modulator; PR,
polarization rotator; PBC, polarization beam combiner; PBS,
polarization beam splitter; OC, optical coupler; PD, photodetec-
tor; PA, power amplifier; TA, transmitting antenna; RA, receiv-
ing antenna; LNA, low-noise amplifier. Solid line, optical fiber;
dashed line, electrical cable. Yellow, channel X; red, channel Y.

Fig. 2. The principle of the post-bandwidth synthesis. Solid line,
the transmitted LFM signals; dashed line, the received LFM
signals; dotted line, the de-chirped signals.
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additional phase errors, which might be reduced by
using an integrated antenna array or compensated by
an algorithm[30].
It is well known that the range resolution R of radar is

determined by the LFM bandwidth BL∶ R ¼ c∕2BL,
where c is the wave propagation velocity[2]. Therefore, the
proposed microwave photonic radar system can achieve an
ultra-high range resolution because the equivalent large
bandwidth can be obtained by combining the signals
de-chirped from the two LFM signals.
To investigate the performance of the proposed system,

an experiment is carried out based on the setup in Fig. 1. A
light wave at 1550.5 nm with a power of 16 dBm from
an LD is sent to a DPol-MZM (Fujitsu FTM7980) via
a polarization controller (PC). Two electrical IF-LFM
signals generated by an arbitrary waveform generator
(AWG) are applied to drive the DPol-MZM in a time-
division mode since the AWG only has one channel.
The two sub-MZMs of the DPol-MZM are biased at the
minimum transmission point. An erbium-doped fiber am-
plifier (EDFA) is used to amplify the output signal of the
DPol-MZM. To reduce the out-of-band spontaneous emis-
sion noise of the EDFA, an optical filter is used. The out-
put signal of the optical filter is sent to a PBS via a PC. By
adjusting the PC, the polarization directions of the two
orthogonally polarized optical signals are aligned with
that of the PBS, so that the two optical signals in the
orthogonal polarizations are separated. Each optical sig-
nal is divided into two branches through a 20:80 OC.
One branch of each channel is sent to a 40 GHz PD
(u2t XPDV2120RA) to generate the frequency-doubled
LFM signal. The LFM signal is amplified by an electrical
PA before being sent to a horn antenna for radiation.
The optical signal in the other branch is sent to an
MZM (Fujitsu FTM7938) as a reference signal. The echo
signal collected by the RA is amplified by an LNA and
then fed to the MZM. The output signal from the
MZM is sent to a 20 GHz PD (Cetc44 GD45216S) followed
by a band-pass filter (18–25 MHz) to generate de-chirped
signals. To ensure the consistency of the phase in the
two polarization channels, the two channels share the
same devices in the time-division mode except for the an-
tennas. In the experiment, the waveform of the electrical
signal is sampled by a real-time oscilloscope (Keysight
DSO-X92504A) and then processed by a computer.
Due to the hardware constraints, the experiment is

implemented in a time-division mode, i.e., two LFM sig-
nals are transmitted and received at different times. There
are two problems that need to be considered for system
verification in this way. One problem is that, as discussed
in the principle section, when the two LFM signals are
used at the same time, the receiver can generate high-
frequency signals, which can be removed by using a low-
frequency PD or an electrical filter. The other problem is
the crosstalk between the orthogonal polarizations. To
investigate the crosstalk between the orthogonal polariza-
tions, the signal input to one of the sub-MZMs is discon-
nected, and the output optical spectrum of the PBS is

detected, so we can know the power leakage between the
orthogonally polarized optical signals. The results are
shown in Fig. 3. As can be seen, the crosstalk between the
two polarizations is very weak and can be ignored in the
experiment.

First, two IF-LFM signals with center frequencies of
10.525 GHz and 11.475 GHz are generated by the AWG.
Both of these signals have a bandwidth of 1.05 GHz and a
pulse width of 52.5 μs. After the PD, two LFM signals with
center frequencies of 21.05 GHz and 22.95 GHz are ob-
tained at the transmitter, each of which has a bandwidth
of 2.1 GHz and a pulse width of 52.5 μs. The instantaneous
frequency-time diagrams are shown in Fig. 4. To investi-
gate the performance of the system, a distance measure-
ment experiment is implemented. Two metallic plane
targets (6.8 cm × 6.1 cm) spaced 5 cm apart are placed
on the perpendicular bisector of the antenna array to
minimize the phase error caused by different distances
between the antenna and the targets, as shown in Fig. 5.
The generated de-chirped signals are sampled by the real-
time oscilloscope with a sampling rate of 100 MSa/s.

Fig. 3. Optical spectra of the polarized optical signals at
(a) channel X and (b) channel Y.

Fig. 4. The frequency-time diagrams of the LFM signals gener-
ated in (a) channel X and (b) channel Y.

Fig. 5. Picture of the antennas and targets in the experiment.
Inset, top-view of the targets.
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By applying the fast Fourier transform (FFT), the electri-
cal spectra are obtained, as shown in Figs. 6(a) and 6(b).
By combining the two de-chirped signals, the synthetic
signal is obtained, and the corresponding spectrum is
shown by the red curve in Fig. 6(c). As can be seen, two
peaks are located at 22.9474 MHz and 22.9611 MHz, while
only one peak can be observed in Figs. 6(a) and 6(b). The
frequency difference between the two peaks is 13.7 kHz,
and the calculated distance between the two targets is
5.14 cm, which shows that the two targets can be distin-
guished with an error of 0.14 cm, very close to the
real value.
Then, a real LFM signal with a center frequency of

22 GHz, a bandwidth of 4 GHz, and a pulse width of
100 μs is transmitted using one channel of the system.
Comparing the obtained waveform of the de-chirped sig-
nal with the synthetic waveform, we can see that the real
envelope is approximately the same as the synthetic
envelope, as shown in Fig. 7. Figs. 7(b), 7(c), and 7(d)
are zoom-in views of regions A (9.5–10.5 μs), B (49.5–
50.5 μs), and C (89.5–90.5 μs) in Fig. 7(a), respectively.
By performing the FFT, the spectrum of the real de-
chirped signal is obtained and shown as the blue curve
in Fig. 6(c). Again, two peaks at 22.9483 MHz and
22.9621 MHz are observed. The frequency difference be-
tween the two peaks is 13.8 kHz, and the calculated dis-
tance between the two targets is 5.18 cm. The results
further prove that the post-synthesis method is effective.
Finally, we change the two output IF-LFM signals of

the AWG to signals with bandwidths of 4.2 GHz and pulse
widths of 210 μs at center frequencies of 11.35 GHz and
15.15 GHz. The transmitter can obtain two LFM signals
with bandwidths of 8.4 GHz and pulse widths of 210 μs at

center frequencies of 22.7 GHz and 30.3 GHz. In order to
verify the high-resolution performance of the system, two
metallic planes with a spacing of 1 cm are used as the tar-
get. Two signals de-chirped from the two LFM signals are

Fig. 6. Spectra of the de-chirped signals generated in (a) channel
X and (b) channel Y when two LFM signals with bandwidths of
2.1 GHz are transmitted. (c) Comparison between the spectra
obtained by a real 4 GHz signal and the synthetic signal.

Fig. 7. (a) Comparison between the waveforms of the real and
synthetic de-chirped signals. (b), (c), (d) Zoom-in views of the
regions A, B, and C in (a).

Fig. 8. Spectra of the de-chirped signals generated at (a) channel
X and (b) channel Y when two LFM signals with bandwidths
of 8.4 GHz are transmitted. (c) The spectrum of the synthetic
de-chirped signal. (a2), (b2), (c2) The zoom-in views of (a1),
(b1), and (c1).
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combined. Figure 8 shows the spectra of the de-chirped
signals before and after synthesis. In Fig. 8(c), two peaks
located at 22.9366 MHz and 22.9395 MHz can be ob-
served, while only one peak can be seen in Figs. 8(a)
and 8(b). The frequency difference between the two peaks
is 2.9 kHz, and the calculated distance between the two
targets is 1.09 cm, which shows that the two targets
can be distinguished with an error of 0.09 cm, very close
to the real distance.
In the experiments, the target is close to the radar. In

practical application, the target is usually far away from
the radar, so the phase error at the combination point
caused by the different distances between the target
and the antennas of the two channels is small. The time
delay between the radar echo and the transmitted signal is
enlarged, the frequency of the de-chirped signal increases,
and the signal duration becomes short. The shortened sig-
nal duration results in a reduction of the synthetic band-
width. Thanks to the low transmission loss of the optical
fiber, we can introduce a large delay to the reference
optical signal, as demonstrated in Ref. [18], to reduce
the frequency of the de-chirped signal and ensure sufficient
equivalent synthetic bandwidth.
In conclusion, we have demonstrated a microwave pho-

tonic radar with post-bandwidth synthesis, aiming to
achieve ultra-high range resolution detection using RF
frontends and antennas with relatively small bandwidth.
Because only one laser is used and polarization multiplex-
ing is introduced, the proposed system is compact and cost
effective. In the proof-of-concept experiment, two signals
de-chirped from two LFM signals with a bandwidth of
8.4 GHz were combined into one signal as if de-chirped
from an LFM signal with a bandwidth of 16 GHz, and
a range resolution of 1 cm was obtained.
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