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Chip-Based Microwave-Photonic Radar for

High-Resolution Imaging
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Radar is the only sensor that can realize target imaging at all time and all
weather, which would be a key technical enabler for future intelligent society.
Poor resolution and large size are the two critical issues for radar to gain
ground in civil applications. Conventional electronic radars are difficult to
address due to both issues, especially in the Ka band or lower. In this work, a
chip-based microwave-photonic radar based on silicon photonic platform,
which can implement high-resolution imaging with very small footprint, is
proposed and experimentally demonstrated. Both the wideband signal
generator and the de-chirp receiver are integrated on the chip. A broadband
microwave-photonic imaging radar occupying the full Ku band is
experimentally established. A high-precision range measurement with a
resolution of 2.7 cm and an error of less than 2.75 mm is obtained. Inverse
synthetic aperture imaging of multiple targets with complex profiles is also

Ku-band on-chip radar transceiver with a
recorded bandwidth of 1.48 GHz for UAV
application, corresponding to a range res-
olution of about 11.2 cm that is insuffi-
cient for the detection of small targets.[%]

On the other hand, photonic signal
generation and processing provides dis-
tinct features in terms of wide frequency
coverage, broad instantaneous band-
width, low frequency-dependent loss,
and immunity to electromagnetic inter-
ference, which could be a key technical
enabler for future ultrahigh resolution
and real-time imaging radar. In 2014,
Ghelfi et al. proposed a photonics-based
coherent radar by employing a mode-

implemented.

1. Introduction

With the unique capability of target imaging at all time and all
weather, imaging radar will play an increasingly important role
for future intelligent society.!! Chip-based imaging radars are
critical for miniaturized platforms such as unmanned aerial ve-
hicles (UAVs), autonomous vehicles, or even mobile devices to
navigate and sense the environment due to the great benefits on
the reductions of cost, power consumption, volume, and weight.
With the fast development of the monolithic microwave inte-
grated circuit (MMIC) technology, a number of chip-based radars
have been demonstrated.*-) For radar imaging, a waveform with
a large bandwidth is usually required to achieve a high resolu-
tion because the range resolution is inversely proportional to the
bandwidth. However, it is challenging for electronic chip-based
radars to generate and process broadband waveforms especially
in the Ka band or lower. For instance, Wang et al. reported a

Dr. S. Li, Z. Cui, X. Ye, . Feng, Y. Yang, Z. He, R. Cong, Prof. D. Zhu,
Prof. F. Zhang, Prof. S. Pan

Key Laboratory of Radar Imaging and Microwave Photonics
Ministry of Education

Nanjing University of Aeronautics and Astronautics

Nanjing 210016, China

E-mail: pans@nuaa.edu.cn

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/Ipor.201900239

DOI: 10.1002/1por.201900239

Laser Photonics Rev. 2020, 14, 1900239

1900239 (1 of 6)

locked laser (MLL) to realize both signal

generation and sampling.”] After that,

different photonic radar architectures
have been demonstrated. In the transmitter, large bandwidth lin-
ear frequency-modulated (LFM) signals were generated by optical
frequency multiplication,!®1% optical heterodyning,!'!! or pho-
tonic digital-to-analog converter.[!? In the receiver, the echoes
were handled by photonic time-stretched processing,’®!" pho-
tonic de-chirping,[®!?! or photonic balanced I/Q de-chirping.[*}!
Ultrahigh resolution radar imaging up to 1.3 cm was reported.!'*]
Application scenarios of the microwave-photonic radars have
also been investigated, such as aircraft/UAV/maritime traf-
fic detection,”#1>1° automotive sensing,'’! and landslides
monitoring.1®]

Although the existing achievements have demonstrated a sig-
nificantly improved performance and showed a great potential
of the photonic radar, all of the reported microwave-photonic
radars are constructed based on discrete optical components,
leading to a bulky system with low reliability. Thanks to the long-
standing efforts devoted to the photonic integration technologies,
chip-based microwave-photonic radar with a dramatic reduction
in the footprint is becoming possible.'”] Many integrated mi-
crowave photonic subsystems were reported previously, includ-
ing microwave photonic filter,[?°) microwave photonic true time
delay line,2! optical beamformer,??! optoelectronic oscillator,!?3]
programmable photonic signal processor,?*! and so on.

In this article, we demonstrate a chip-based microwave-
photonic imaging radar based on silicon photonic platform.
Both the photonic frequency-doubled LFM signal generator and
the photonic de-chirp receiver are integrated on a chip with a
footprint of 1.45 mm X 2.5 mm. In a proof-of-concept experi-
ment, a microwave-photonic radar with a bandwidth covering
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Figure 1. a) Schematic diagram of the proposed chip-based microwave-photonic radar. b) The picture and zoom-in view of the fabricated chip. c)
Transmission response of the micro-ring resonator (MRR). d) The spectra of the optical double sideband suppressed-carrier modulation (DSB-SC)
signal without (blue dash line) and with (red solid line) the incorporation of the MRR filter.

the full Ku-band (12-18 GHz) is established. A high-precision
distance measurement with an error of less than 2.75 mm is im-
plemented, and inverse synthetic aperture radar (ISAR) imaging
with a resolution of 2.7 cm is achieved.

2. Principle and Experiment Results

Figure 1a shows the schematic of the chip-based microwave-
photonic radar. An optical carrier with a frequency of f. from a
tunable laser source is coupled into the chip via a grating cou-
pler, which is then sent into an on-chip Mach-Zehnder modula-
tor (MZM1). MZM1 is driven by an intermediate-frequency (IF)
LFM signal with an expression of fi. () = f; + kt, where f; and k
are the initial frequency and chirp rate, and is biased at the lowest
transmission point to suppress the optical carrier. A micro-ring
resonator (MRR) filter is followed to enhance the carrier suppres-
sion. Ideally, only the + first-order sidebands with frequencies of
Sz () =1 £ (f, + kt) would be output from the MRR. Then the
optical signal is separated into two paths by a 3-dB optical coupler.
In the upper path, the optical signal is sent to a photodetector
(PD1) to generate the frequency-doubled LFM signal, of which
the frequency is expressed by f.(t) = 2f, + 2kt. The frequency-
doubled signal is amplified by an electrical amplifier and emit-
ted through an antenna to the free space. In the lower path, the
optical signal is employed as the local signal for de-chirp pro-
cessing of the received signal. The received signal is amplified
by a low noise amplifier (LNA) and sent to the radio frequency
(RF) port of a second MZM (MZM?2). For the simplest scenario
with a point target, the echo signal is a replica of the transmit-
ting signal with a time delay of 7 that can be written as f; () =
2fy + 2k(t + 7). The optical signal output from MZM2 includes
two optical carriers with frequencies of f;,\ (t) = f. % (fy + kt),
and their respective + first-order sidebands with frequencies of

fMZM2(+)(t) =fo+ (fo + kt) = (2f + 2kt + 2k7) andfMZMZ(—) t)=f—
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(fo + kt) = (2fy + 2kt + 2kz). Then, it is sent to another PD (PD2)
to obtain the de-chirped signal with a low frequency of f. i (£)
= 2kr. As aresult, the distance of the target can be calculated by!®!

cT
L= ﬁﬁle—chirp (1)

where ¢ is the velocity of light, T and B are the pulse width
and bandwidth of the generated LFM signal, respectively. Due
to the fact that low-frequency de-chirped signal can be processed
by a low-speed analog-to-digital converter (ADC), real-time ISAR
imaging for moving targets can be easily achieved. The range res-
olution of the radar is determined by the 3-dB bandwidth of the
de-chirped signal Afy4s, ie.,

cT
Lpgs = ﬁAfMB ()

For an ideal case, Afyy5 = 1/7T, so the best resolution that can
be achieved is Lyyg = ¢/2B.

The proposed chip is fabricated in imec’s silicon photonics
platform (iSIPP50G). Figure 1b shows the images of the chip
captured by a camera and a microscope. The footprint of the chip-
based photonic radar is about 1.45 mm x 2.5 mm. The MRR is de-
signed as the racetrack shape with a perimeter of 996.6 pm. Fig-
ure 1c shows the measured transmission response of the MRR,
which has a free-spectral range (FSR) of 0.57 nm and an extinc-
tion ratio of 9 dB. The MZMs and PDs are extracted from the
device library of iSIPP50G. In order to monitor the optical spec-
tral response, some optical output ports are introduced. The light
is coupled into and out of the chip using a fiber array through a
grating coupler array with an interval of 127 pm. The measured
fiber to fiber insertion loss is about 10 dB.

To investigate the performance of the chip-based microwave-
photonic radar, an experiment is carried out. A continuous-wave

© 2020 Wiley-VCH GmbH
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Figure 2. The measured results of the generated frequency-doubled linear frequency-modulated signal and the de-chirped signal. a) The time-domain
waveform, b) the electrical spectrum, and c) the instantaneous frequency of transmitting signal. d) The electrical spectrum and e) the zoom-in view

around the main peak of de-chirped signal.

(CW) light with a wavelength of 1552.9 nm is coupled into the
chip via a polarization controller. An arbitrary waveform gener-
ator (Tektronix AWG70000) produces an IF-LFM signal with a
bandwidth of 3 GHz (6-9 GHz) and a pulse width of 100 ps.
The IF-LFM signal and a direct current (DC) bias signal are com-
bined by a bias-tee and then fed into a microwave probe which
is connected to the RF electrodes of MZM1. By adjusting the DC
bias and tuning the MRR’s resonator wavelength to align the op-
tical carrier, a double-sideband modulated optical signal with the
carrier suppressed is obtained. Figure 1d illustrates the spectra
of the double sideband suppressed-carrier (DSB-SC) modulation
signal without and with the incorporation of the MRR filter. The
best carrier suppression state for the on-chip MZM by adjusting
the DC bias still exhibits a strong optical carrier, shown as the
blue dashed line in Figure 1d. A possible reason is that a phase
difference between the two arms of the MZM is introduced by
the free-carrier dispersion and the thermo effects, leading to an
unideal DSB-SC modulation. When the resonator wavelength of
the MRR is tuned to filter the optical carrier, the optical carrier
is more than 5 dB lower than the sideband according to the red
solid line in Figure 1d.

The optical DSB-SC signal is then coupled out of the chip and
sentinto a PD to perform the optical-to-electrical conversion. Am-
plified by a low-noise amplifier (LNA) and filtered by an electrical
band-pass filter, the frequency-doubled LEM signal is emitted to
the free space by a horn antenna. The echo signal collected by
a second horn antenna is amplified by another LNA and then
launched to drive MZM2 on the chip. The output optical signal
is detected by another PD, and the generated electrical signal is
sampled by a real-time oscilloscope (Keysight 93304).

Figure 2 shows the experimental results of the generated
frequency-doubled LFM signal and the de-chirped signal.
The generated frequency-doubled LFM transmitting signal
is captured by the real-time oscilloscope with a sampling
rate of 80 GSa s as shown in Figure 2a. The spectrum and
time-frequency relationship are calculated using fast Fourier
transform (Figure 2b) and short-time Fourier transform (Fig-
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ure 2c), respectively. As can be seen, the transmitting signal
covers the full Ku-band (12-18 GHz) with a bandwidth of 6 GHz.
The pulse width is 100 ps. The power variation of the signal
is within +1 dB and the out-of-band spurious rejection ratio is
greater than 25 dB. The power ripple is comparable to that of
the on-chip electronic radar.[®! It should be noted that frequency
multiplication with a higher multiplication factor is also possible
if the modulation index is increased, the DC bias is properly set
and the wavelength of the MRR is carefully adjusted.?]

To evaluate the wideband de-chirp processing capability of the
chip, the generated frequency-doubled LFM signal is modulated
on MZM2 directly without emitting to the free space by the trans-
mit antenna. The de-chirped signal is sampled by the real-time
oscilloscope with a sampling rate of 100 MSa s™'. Figure 2d,e
shows the spectra performed by the fast Fourier transform of the
captured data with a time window of 100 ps. A low-frequency
component at 12.5 MHz with a 3 dB bandwidth of 10.8 kHz is
achieved. According to Equation (2), the range resolution is about
2.7 cm, which is very close to the theoretical value of 2.5 cm deter-
mined by the signal bandwidth.[°! It should be noted that there is
a sidelobe with a sidelobe suppression ratio of ~6 dB, 15.5 kHz
apart from the main peak. This sidelobe should be caused by the
RF crosstalk between the probes connected to the two MZMs on
the chip, which could be suppressed by carefully designing the
RF packaging.

A measurement of the target with a varying distance to the
antennas is implemented to evaluate the range measurement ac-
curacy. The target is placed about 30 cm away from the antennas
initially and then the distance is increased to 46 cm with a step
of 2 cm. Figure 3a shows the measured results. The measured
frequency errors are kept within +1.1 kHz, corresponding to a
range error of less than 2.75 mm. Then, the ISAR imaging exper-
iment is implemented. The targets to be detected are placed on a
turntable with a speed of about 360° per second. The de-chirped
signal is sampled by the real-time oscilloscope with a sampling
rate of 50 MSa s7!. The ISAR images are constructed based on
2D Fourier transformation. First, two targets are placed on the

© 2020 Wiley-VCH GmbH
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Figure 3. a) The measured frequency of the de-chirped signal for a target moved from 30 to 46 cm with a step of 2 cm. ISAR images of b) two targets,

c) multiple targets, and d) an airplane model.

turntable with range and cross-range distances of 3 and 10 cm, re-
spectively. Figure 3b shows the obtained ISAR image. The two tar-
gets can be clearly distinguished, with the range and cross-range
distances of 3.05 and 10.45 cm that agree well with the actual
value. The image of multiple targets like a capital “A” constitute
by eight trihedral corner reflectors is shown in Figure 3¢, which
also confirms the high resolution of the chip-based microwave-
photonic radar. Finally, the ISAR image of an airplane model with
a 28 cm body and a 32 cm wingspan is also obtained, as shown
in Figure 3d.

3. Discussion

As can be seen in Figure 1b, compared with the microwave-
photonic radar constructed by discrete devices, the chip has re-
duced the volume by hundreds of times, which will also dramat-
ically lower the power consumption and cost, as well as increase
the reliability. Although silicon photonics is the most promising
solution for photonic integration technology for optical digital
systems such as optical communication and data center, its appli-
cation for microwave technology was not seen as having a bright
future in the past, which are mainly due to the limited linearity
of the silicon carrier-depletion MZM and the high insertion loss
of the optical components. The successful demonstration of on-
chip microwave-photonic radar in this work not only proposes a
feasible architecture but also shows that the devices developed
in silicon photonics can generate a broadband analog waveform
with perfect spectral flatness and spur suppression ratio, perform
analog mixing for de-chirp processing of broadband LFM signal,
and maintain sufficient stability and phase coherence for radar
imaging with high resolution. In fact, the linearity of the MZM
is not important for the radar transmitter because the input IF
LFM signal has a constant profile. For the receiver, the linear-
ity of the MZM is also sufficient for broadband radar imaging,
because the LFM signal itself would provide a large gain from
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pulse compression. In this work, the optically generated LFM
signal has a bandwidth of 6 GHz and a duration of 100 ps, lead-
ing to a pulse compression gain of 57.8 dB. Considering that the
spurious-free dynamic range of the silicon MZM can now reach
110 dB Hz?*3,12%] the equivalent dynamic range of the chip-based
microwave-photonic radar would approach 103 dB, which is fa-
vorable as compared to the electronic on-chip radars.

The power budget among different components should be
carefully considered to ensure an acceptable sensitivity for radar
detection, as there is no mature optical amplifier in silicon pho-
tonics in the current stage. The loss of our chip includes the cou-
pling loss of ~5 dB for the grating coupler, %9 dB insertion loss
for each MZM, and about 1.5 dB loss for the MRR. In addition,
three 1 x 2 power splitters are inserted to monitor the perfor-
mance of the MZMs and the MRR, which introduced more than
9 dB additional loss. To compensate the loss, a high-power in-
put light and high-gain LNAs are used in the experiment. How-
ever, recent works have reduce the insertion loss of the silicon
MZM to 3.5 dBI*’] and the grating loss to 0.9 dB.[?®! The splitters
that are used to monitor the devices can be designed to have an
unequal splitting ratio. Therefore, the total loss would be com-
parable to the systems based on discrete components. In addi-
tion, hybrid I1I-V-on-silicon semiconductor optical amplifier was
reported,??l which may be incorporated in the system to boost the
optical power.

As the first version of chip-based microwave-photonic radar,
we have to say, our implementation does not give full play to the
advantages of photonics since only the simplest structure of the
chip-based microwave photonic radar is demonstrated. In the fu-
ture, advanced configuration of the silicon MZMs may be applied
to achieve higher frequency multiplication factor.[’! The main dif-
ference between the electrical and optical frequency multiplica-
tions is that the optical method has an intermediate state in the
optical domain, so we can remove most of the undesirable fre-
quency components by applying wideband coherent cancellation

© 2020 Wiley-VCH GmbH
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or using an optical filter. A large-bandwidth and high-frequency
waveform with low spur level can be, thus, generated.

Photonic I/Q mixing or image-reject mixing for wideband de-
chirping is another aspect to improve the performance of the
chip-based microwave-photonic radar.?%3!l Frequency mixing al-
ways generates a large number of undesired frequency compo-
nents and is easily interfered by the signals or noise at the image
frequencies. Electronic approaches apply filters to remove some
of the mixing spurs and out of band noise, which, however, re-
stricts the instantaneous bandwidth of the system. Photonic I/Q
mixing or image-reject mixing can apply wideband coherent can-
cellation to overcome this problem using optical 90° hybrid or
microwave photonic phase shifters,*3! which not only ensures
a wideband de-chirping, but also eliminates the frequency mix-
ing between radar echoes of different targets.['*]

Wavelength-division multiplexing may also be adopted for the
chip-based system, which opens the possibility for on-chip ar-
rayed radar or MIMO radar with reduced hardware resources.

Up to now, the bandwidth of a silicon MZM can reach
60 GHz,/32l and a CMOS-compatible germanium photodiodes
with a bandwidth of 67 GHz was reported.**] Therefore, a chip-
based microwave-photonic radar with a frequency up to U band
(60 GHz) can be possibly implemented. The large bandwidth
would enable a reconfigurable or multifunction on-chip mi-
crowave photonic radar.

In addition, since the fabrication of the chip is CMOS-
compatible, it is feasible to integrate both the photonic circuits
and the electrical components on the same chip, leading to
a fully integrated microwave-photonic radar with high resolu-
tion for miniaturized platforms such as UAVs and autonomous
vehicles.

4, Conclusion

In conclusion, we have proposed and experimentally demon-
strated a chip-based microwave-photonic radar based on the
silicon photonic platform. Key optical devices in the radar
transceiver are integrated on a single chip, which can generate
the frequency-multiplied LFM signal and perform the wideband
de-chirp processing required for high-resolution radar imaging.
A chip-based microwave-photonic radar covering the full Ku band
is established, which realizes a range resolution of 2.7 cm and a
measurement error of less than 2.75 mm. High-resolution ISAR
imaging of two and multiple targets and a complex-profile object
is successfully implemented.
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