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Abstract—A photonics-based time division multiplexing (TDM)
multiple-input and multiple-output (MIMO) radar is proposed
to realize high-resolution imaging. In this MIMO radar, multiple
transmitters generate time-domain orthogonal linearly frequency
modulated (LFM) signals based on microwave photonic frequency
octupling and optical TDM technique, and multiple receivers im-
plement dechirping of the multi-channel radar echoes based on
microwave photonic frequency mixing. The microwave photonic
techniques make the system capable to generate and process
broadband radar signals, and the TDM yields a high spectral
efficiency, which allows a large bandwidth in each transmitter and
receiver. Meanwhile, the TDM-MIMO ensures complete orthogo-
nality between different channels and enables good flexibility in
arranging more transmit and receive channels. Therefore, the pro-
posed photonics-based TDM-MIMO radar can achieve both high
range resolution and high angular resolution. In the experiment,
a photonics-based 4 × 8 TDM-MIMO radar is established which
has an operation bandwidth of 8 GHz in each transmit channel.
The range resolution and angular resolution are estimated to be
1.9 cm and 1.1°, respectively. A broadband back projection (BP)
imaging algorithm with both frequency and time-delay dependent
phase compensation is proposed, based on which high resolution
imaging of single and complex targets is achieved.

Index Terms—Microwave photonics, radar, linearly frequency
modulation (LFM), multiple-input and multiple-output (MIMO)
time-division-multiplexing (TDM), back projection (BP) imaging.

I. INTRODUCTION

RADAR is one of the important means for humans to
acquire the distance, azimuth, and velocity of a target

Manuscript received November 30, 2021; revised January 23, 2022; accepted
January 24, 2022. Date of publication January 31, 2022; date of current version
February 9, 2022. This work was supported in part by the National Key Research
and Development Program of China under Grant 2021YFB2800803, in part by
the National Natural Science Foundation of China under Grant 61871214, and
in part by the Jiangsu Provincial Program for High-level Talents in Six Areas
under Grant DZXX-005. (Corresponding author: Shilong Pan.)

The authors are with the Key Laboratory of Radar Imaging and Microwave
Photonics, Ministry of Education, Nanjing University of Aeronautics and As-
tronautics, Nanjing, Jiangsu 210016, China (e-mail: zhangfangzheng@nuaa.
edu.cn; sunguanqun@nuaa.edu.cn; zyw19970809@nuaa.edu.cn; ymwzgbd@
nuaa.edu.cn; pans@ieee.org).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/JSTQE.2022.3146862.

Digital Object Identifier 10.1109/JSTQE.2022.3146862

by transmitting a radio frequency signal and receiving the re-
flected echoes. In the development of radar technology, radar
imaging is a milestone that greatly enhances the information
acquisition capability and enables advanced radar functions
such as high-accuracy target recognition [1]. As the detection
environments become more and more complicated and varie-
gated, future imaging radars should have a high resolution to
acquire the fine information of targets, especially the small-size
targets such as micro aerial vehicles. Currently, improving the
range resolution of traditional radars is challenging because
of the bandwidth limitation of electronic devices and subsys-
tems [2]. Microwave photonics, which is an interdisciplinary
subject combining the microwave and photonic technologies,
provides new solutions for generation, transmission and pro-
cessing of microwave signals [3]–[6]. Taking advantage of the
high-frequency and broadband operation capability provided by
photonic devices, microwave photonic technology is promising
to significantly expand the radar frequency and bandwidth. Up
to now, a number of photonics-based broadband radars have
been proposed and successfully demonstrated [7]–[19]. The
previous investigations have verified the feasibility as well as
the advantages of photonics-based broadband radars, especially
in achieving an ultra-high range resolution that reaches several
millimeters [18], [19].

To achieve a high angular resolution and enable flexible beam
scanning, combining the photonics-based broadband radar with
array radar technology is an inevitable trend [20], [21]. For
photonics-based phased array radars, as the operation band-
width is enlarged, beam squint problem, i.e., the beam direc-
tions for different frequencies are divergent, becomes serious
[22]. To address this problem, various optical true time delay
(TTD) techniques have been intensively investigated [23]–[26].
Although an optically controlled phased array radar applying
TTD technique can perform wideband beamforming, the system
usually has a high complexity especially when the phased array
is composed of a large number of elements. More importantly,
the limited resolution of current optical TTD technique makes it
difficult for beamforming in the high frequency range because
the required time-delay step is very small, e.g., a TTD resolution
of less than 0.1 ps is required for systems that are operated at
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the 60-GHz frequency band. Recently, a new type of photonics-
based phased array radar was proposed using photonic broad-
band dechirp processing in the receiver array [27]. This method
is proved to be an effective solution for broadband beamforming
by enabling flexible digital TTD compensation and multi-beam
forming without complicated analog TTD networks. However,
a large number of array elements are still required to achieve
a high angular resolution. Multiple-input and multiple-output
(MIMO) radar provides a good solution to construct a large size
array with a small number of transmit and receive elements,
because an M × N MIMO radar that has M transmitters and N
receivers is equivalent to an array radar with MN array elements
[28]. In a MIMO radar, the signals launched by the multiple
transmitters should be orthogonal. Previously, photonics-based
frequency-division-multiplexing (FDM)-MIMO radar has been
demonstrated in which multiple transmitters launch radar signals
in different spectral ranges [29]–[32]. The main drawback of
this method is the low spectral efficiency, especially for the case
when each channel has a broad bandwidth. The low spectral
efficiency also limits the number of transmit channels, and
thus restricting the size of the equivalent array. In addition
to photonics-based FDM-MIMO radars, photonics-based code-
division-multiplexing (CDM) MIMO architecture has also been
applied to construct a fully coherent distributed radar network in
[33]. Since extra phase coding models are required in multiple
transmit channels, the system complexity is increased. What’s
more, the non-ideal orthogonality of CDM easily results in
crosstalk between different channels.

In this paper, we propose a photonics-based broadband
time-division-multiplexing (TDM)-MIMO radar and investigate
its performance for high-resolution imaging. In the proposed
photonics-based TDM-MIMO radar, the multiple transmitters
generate multi-channel orthogonal linearly-frequency modu-
lated (LFM) signals based on microwave photonic frequency
octupling and optical time division multiplexing. In the multiple
receivers, microwave photonic frequency mixing is applied to
dechirp the multiple radar echoes corresponding to different
transmit channels. Thanks to the microwave photonic signal
generation and processing techniques, the radar transceivers
can be operated in a large spectral range. Besides, the TDM
mechanism allows a high spectral efficiency, permitting a large
operation bandwidth in each transmit channel. Meanwhile, the
TDM manner ensures complete orthogonality between different
channels and good flexibility in arranging more channels. As
a result, the photonics-based TDM-MIMO radar has both high
range resolution and high angular resolution. In the experiment,
a photonics-based 4 × 8 TDM-MIMO radar is built with a
bandwidth of 8 GHz in each transmit channel. The measured
range resolution and angular resolution are 1.9 cm and 1.1°,
respectively. To implement radar imaging, a broadband back
projection (BP) imaging algorithm is proposed in which both
frequency and time-delay dependent phase compensation is
conducted, instead of time-delay dependent phase compensation
in narrowband BP imaging. With this method, high resolution
imaging of both single and complex targets is demonstrated.

This paper is organized as follows. In Section II, the principle
and experimental validation of a photonics-based monostatic

Fig. 1. The structure of the photonics-based monostatic radar.

radar are introduced, which is the foundation to construct the
TDM-MIMO radar. In Section III, the structure and principle
of the photonics-based TDM-MIMO radar are presented, and
design of the photonics-based 4 × 8 TDM-MIMO radar used
in the experiment is discussed. Then, high-resolution imaging is
demonstrated based on the photonics-based TDM-MIMO radar.
Finally, conclusions are drawn in Section IV.

II. PHOTONICS-BASED MONOSTATIC RADAR

In this section, we introduce the photonics-based broadband
monostatic radar, which is the basic element to construct the
photonics-based TDM-MIMO radar. First, operation principle
of the microwave photonic signal generation and processing in
the radar transceiver is presented. Then, experimental results
validating the feasibility and range resolution of the photonics-
based monostatic radar are provided and discussed.

A. Principle of the Photonics-Based Monostatic Radar

Fig. 1 shows the structure of the photonics-based monostatic
radar. In the transmitter, a broadband LFM signal is generated
by microwave photonic frequency octupling. In the receiver,
the radar echoes are dechirped based on microwave photonic
frequency mixing. As shown in Fig. 1, the continuous wave
(CW) light generated by a laser diode (LD) is modulated by a
dual-parallel Mach-Zehnder modulator (DPMZM) that is driven
by an intermediate frequency (IF)-LFM signal. The instanta-
neous frequency of the IF-LFM signal is

fIF−LFM(t) = f0 + kt(0 ≤ t ≤ T ) (1)

where f0, k and T are the initial frequency, chirp rate, and
pulse width, respectively. Before applied to drive the DPMZM,
the IF-LFM signal passes through an electrical 90° hybrid to
produce two signals having a 90° phase difference between
each other. The DPMZM is composed of two parallelly installed
Mach-Zehnder modulators (MZM-a and MZM-b), as shown in
Fig. 2. Both of the two MZMs are biased at the maximum trans-
mission points to suppress the odd-order modulation sidebands
[34]. By properly setting the amplitudes of the IF-LFM signals,
the frequency components of the optical carrier, the ±2nd-order
modulation sidebands and the ±4th-order modulation sidebands
dominate the output signals from MZM-a and MZM-b. By
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Fig. 2. Principle of the microwave photonic frequency octupling.

setting the third bias voltage of the DPMZM to let the two arms
in phase, the output signal from the DPMZM only contains the
optical carrier and ±4th-order modulation sidebands. Following
the DPMZM, an optical notch filter is applied to block the
optical carrier, outputting an optical signal composed by only
the ±4th-order modulation sidebands, which can be expressed
as

efilter(t) ∝ J4(α) exp[j2π(fc + 4f0 + 2kt)t]

+ J4(α) exp[j2π(fc − 4f0 − 2kt)t] (2)

where fc is the frequency of the CW light, α is the modulation
index, and J4(·) is the 4th-order Bessel function of the first
kind. The output signal is amplified by an erbium-doped fiber
amplifier (EDFA) before it is split into two branches using
an optical coupler. The signal in the upper branch is fed to a
photodetector (PD) to perform optical-to-electrical conversion,
generating the following electrical signal

i(t) ∝ J2
4 (α) cos[2π(8f0 + 4kt)t] (3)

The instantaneous frequency of the generated signal in Eq. (3)
is 8f0+8kt. Thus, a frequency-octupled LFM signal is generated
that has a bandwidth of 8kT. This signal is properly amplified
by a power amplifier (PA) and launched to the detection area
through a transmit antenna (Tx).

The radar echo collected by the receive antenna (Rx) is
amplified by a low noise amplifier (LNA). The obtained signal
is fed to another MZM to modulate the reference optical signal
from the lower branch of the optical coupler. The optical signal
after MZM is given as

eMZM(t) ∝ J4(α) exp[j2π(fc + 4f0 + 2kt)t]

+ J4(α) exp[j2π(fc − 4f0 − 2kt)t]

+ J4(α)J1(β) exp[j2π(fc + 4f0 + 2kt− 8kτ)t]

+ J4(α)J1(β) exp[j2π(fc − 4f0 − 2kt+ 8kτ)t]

+ · · · (4)

where β is the modulation index at the MZM and τ is the
delay time of the radar echo referenced to the transmitted LFM
signal. In obtaining Eq. (4), only the ±1st-order modulation

sidebands are considered. The optical signal from the MZM
is sent to another PD where photonic frequency mixing occurs
and dechirping of the radar echo is conducted [10]. Then, the
dechirped signal is selected by a low pass filter (LPF), which is
given as

S(t) ∝ cos[2π(8kτ)t+ϕ0] (5)

in which ϕ0 is a fixed phase term. The dechirped signal is digi-
tized by an analog-to-digital converter (ADC) and the obtained
digital signal is sent to a digital signal processing (DSP) unit.
By performing fast Fourier transformation (FFT) to the sampled
signal, the range profile along the radar line of sight can be
obtained as [27]

R(r) = {F [S(t)]}f=2kr/c (6)

where r is the distance between radar and target, c is the speed of
light and F(·) denotes the FFT operation. The range resolution
is determined by [13]

Rres =
c

2B
(7)

where B = 8kT is radar bandwidth.

B. Experimental Validation

Based on the previous principle, a photonics-based monos-
tatic radar having a bandwidth of 8 GHz is established. The CW
light from an LD (TeraXion Inc.) has a wavelength of 1550.2
nm, and the DPMZM (Fujitsu FTM7962EP) used for frequency
octupling has a 3-dB bandwidth of∼22 GHz. The IF-LFM signal
generated by an arbitrary waveform generator (AWG: Keysight
8195A) has a bandwidth of 1 GHz (2.25-3.25 GHz) and a time
duration of 10 μs. After the DPMZM, an optical programmable
processer (Waveshaper 4000s Finisar Inc.) is used as the notch
filter with a stopband of 10 GHz and a depth of 30 dB. The optical
spectrum of the output signal is shown in Fig. 3(a), in which
the ±4th-order modulation sidebands are successfully generated
with the optical carrier well suppressed by over 20 dB. After
optical-to-electrical conversion at a PD (u2t XPDV2120RA;
Bandwidth: 40 GHz), an LFM signal with a bandwidth of 8
GHz (18-26 GHz) is generated. The waveform of the obtained
LFM signal is recorded by a real-time oscilloscope (Keysight
DSO-X 93204A) with a sampling rate of 80 GSa/s, as shown
in Fig. 3(b). By performing short-time Fourier transformation
(STFT) to the sampled signal, the time-frequency diagram of
the LFM signal is obtained, as shown in Fig. 3(c). As can be
seen, a frequency-octupled LFM signal covering the frequency
range of 18-26 GHz is successfully generated. Through further
spectral analysis, the in-band signal-to-noise ratio (SNR) of the
LFM signal is found to be 67 dB. The generated LFM signal
is amplified by an amplifier (SHF 806E) before launched to the
air through a K-band horn antenna (Bandwidth: 18-26.5 GHz;
Gain: 15 dBi).

To investigate the performance of photonic dechriping, de-
tection of two closely placed targets is implemented, with the
experimental scene shown in Fig. 4(a). The targets are two corner
reflectors (size: 1.3 cm × 1.3 cm × 1.3 cm) that are separated
by 1.9 cm along the radar range direction. Here, the distance
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Fig. 3. (a) The optical spectrum after optical notch filter; (b) the time domain
waveform of the generated frequency-octupled LFM signal and (c) the time-
frequency diagram of the generated frequency-octupled LFM signal.

between the two targets is chosen to validate the radar range
resolution, of which the theoretical value is 1.875 cm. The radar
echoes collected by a K-band receive antenna are amplified by
another amplifier (SHF 806E) before used to drive an MZM
(Fujitsu FTM7938; Bandwidth: ∼28 GHz). The output optical
signal is sent to a PD (CONQUER Inc; Bandwidth: 10 GHz)
to implement microwave photonic frequency mixing. An LPF
with a bandwidth of 100 MHz is applied to select the dechirped
signal, which is then sampled by an ADC with a sampling rate
of 200 MSa/s. The waveform of the dechirped signal is shown
in Fig. 4(b). Based on Eq. (6), the range profile is calculated and
shown in Fig. 4(c). As shown in Fig. 4(c), two resolvable peaks
corresponding to the two targets are observed at 1.16 m and 1.18

Fig. 4. (a) Picture of the dual-target detection scene in the experiment, (b) the
sampled waveform of the dechirped siganls, and (c) the corresponding ragne
profile.

m, respectively. The measured spacing between the two targets
is 2 cm, which is very close to the real distance. These results
can soundly validate the photonic dechriping capability as well
as the range resolution of the photonics-based monostatic radar.

III. PHOTONICS-BASED TDM-MIMO RADAR

In this section, we introduce the structure and principle of
the photonics-based TDM-MIMO radar constructed based on
the photonics-based monostatic radar. A photonics-based 4 ×
8 TDM-MIMO radar with an operation bandwidth of 8 GHz is
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Fig. 5. Schematic diagram of the photonics-based TDM-MIMO radar.

experimentally established, based on which high-resolution BP
imaging is demonstrated.

A. Principle of the Photonics-Based TDM-MIMO Radar

Fig. 5 shows the schematic diagram of a photonics-based M
× N TDM-MIMO radar which contains M transmitters and N
receivers. The microwave photonic frequency octupling mod-
ule generates an optical frequency octupling modulation signal
based on the principle in Section II. In this module, the pulsed
IF-LFM signal has a pulse width of T0 and a repetition rate
of frep. The obtained optical signal is split into M channels by
an optical splitter. An optical time delay of ΔT is introduced
to adjacent channels using multiple fiber delay lines, which
completes the time-division multiplexing. Each delayed optical
signal is divided into two branches by an optical coupler. The
signals in the upper branches are sent to multiple PDs to generate
M frequency octupled LFM signals that are mutually orthogonal
in time domain. The generated LFM signals have the same
pulse width and duty cycle as those of the IF-LFM signal, as
shown in Fig. 6(a), in which the temporal period of each transmit
channel is T = 1/ frep. These signals are amplified by multiple
power amplifiers before launched to the detection area through M
transmit antennas. At the same time, the multiple optical signals
from the lower branches of the optical couplers are combined by
an optical combiner and then split into N branches by an optical
splitter. The signal in each branch is used as the optical reference
signal for dechirp processing in the N receivers.

The radar echoes collected by each receive antenna are ampli-
fied before sent to the microwave photonic dechirping module
together with the reference optical signal. The basic principle
of dechirping is the same as the single channel dechiping intro-
duced in Session II, except that the dechirping of radar echoes

Fig. 6. (a) Sequential relationship of the transmitted TDM signals, (b) illus-
tration of the dechirping in Rx1.

corresponding to different transmitters is implemented in a TDM
manner. To show this clearly, the dechirping process in the
first receiver (Rx1) is shown in Fig. 6(b), where the sequential
relationships of the reference and echo are illustrated. After
N-channel analog-to-digital conversions, the dechirped signals
corresponding to multiple orthogonal transmit channels can be
easily separated in time domain. This way, MN dechirped signals
(Sij) corresponding to the ith transmitter and the jth receiver (i =
1, 2, 3 …M; j = 1, 2, 3 …N) are obtained, based on which target
detection and imaging can be implemented in the DSP unit.

To ensure that the radar echoes corresponding to the M
transmit antennas can be separated without aliasing and well
dechirped by the reference signal, the following equations
should be satisfied

2T0 < ΔT ≤ T/M

Rmax < T0c/2 (9)

where Rmax is the maximum detection range of the radar. Ac-
cording to Eq. (9), the parameters of the signal, including the
duty cycle of each channel and the time delay between adjacent
channels can be designed, and the maximum detection range of
the radar can be estimated. In applications of specific occasions,
other factors should be considered in addition to Eq. (9), e.g.,
the detection of a fast-moving target prefers a small ΔT and a
large frep.

An M × N MIMO array is equivalent to an array with one
transmit antenna and MN receive antennas. In this paper, a linear
array shown in Fig. 7 is adopted in which the spacing between
adjacent receive antennas is d and the spacing between adjacent
transmit antennas is Nd. According to the spatial convolution
principle [35], the equivalent receiving array is a uniform linear
array (ULA) that contains MN antennas with an element spacing
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Fig. 7. Configuration of the photonics-based M × N TDM-MIMO radar array.

Fig. 8. Picture of the MIMO radar array and a conner reflector as the target.

of d. For the photonics-based TDM-MIMO radar, the range res-
olution is still determined by Eq. (7), and the angular resolution
is determined by [36]

θres =
λc

πD
· 180◦ (8)

where D is the size of the equivalent receiving array and λc is
the central wavelength of the radar signal.

B. Experimental Parameters and Multi-Channel Dechirping

A photonics-based 4 × 8 TDM-MIMO radar is established
in the experiment. The LFM signal generated by microwave
photonic frequency ocpuling has a bandwidth of 8 GHz (18-26
GHz) and a pulse width of 10 μs. The repetition rate is 12.5
kHz and the pulse duty cycle is 12.5%. A time delay of 20 μs
is introduced between adjacent transmit channels using optical
delay lines. Four PDs are used to implement optical-to-electrical
conversions, generating four time-division-multiplexed LFM
signals. Due to the hardware constraints, the eight receive an-
tennas use the same receiver to collect the radar echoes in a
time-division manner, and the receiver has the same parameters
as those demonstrated in Section II.

The antenna array used in the experiment is shown in Fig. 8.
Limited by the size of the horn antennas, the spacing between
adjacent receive antennas (d) is set to 2.42 cm, which is 1.78

times the central wavelength. The spacing between adjacent
transmit antennas (Nd) is set to 19.36 cm. The 4 × 8 MIMO
array is equivalent to a receiving ULA with 32 elements. The
element spacing of the equivalent ULA is 2.42 cm and the total
aperture size is 75.02 cm. The beam divergence angle of each
antenna is over 60°, which ensure a large irradiation area in
azimuth direction.

To show the multi-channel dechirping capability of the
photonics-based TDM-MIMO radar, detection of a single corner
reflector is demonstrated. The corner reflector is placed at a
distance of about 1.6 m away from the MIMO array, as shown
in Fig. 8. Based on the 32 dechirped signals, the range profiles
can be calculated, among which the normalized range profiles
corresponding to S11, S21, S31, and S41 are selected, as shown
in Figs. 9(a)-(d), respectively. As shown in Fig. 9, a single peak
corresponding to the position of the corner reflector is observed
in all the four range profiles, verifying that dechirping and sepa-
ration of the radar echoes of multiple channels are successfully
conducted. The target distance measured by different channels
is also shown in Fig. 9. It should be noted that, because of the
different observation angles, the measured distances in Fig. 9
are slightly different.

C. Photonics-Based TDM-MIMO Radar Imaging

Thanks to the broad bandwidth and large equivalent aperture
size, the photonics-based TDM-MIMO radar has the capability
of imaging with both a high range resolution and a high angular
resolution. However, as the range resolution is remarkably im-
proved, the target distance measured by different channels would
easily fall in different range resolution cells, i.e., the distance
variation is larger than the radar range resolution, as indicated
by the results in Fig. 9. This problem is similar with the range mi-
gration effect in synthetic aperture radar imaging, which causes
de-focusing when using typical frequency-domain algorithms to
construct the image [37]. To deal with this problem, we adopt
the BP imaging method, which is a time-domain radar imaging
method using the time-delay information to avoid the influence
of range migration [38], [39].

The basic principle of BP imaging with the photonics-based
TDM-MIMO radar is as follows. First, multi-channel data ar-
rangement is carried out to let the MN dechirped signals be
matched to the equivalent ULA. Then, MN range profiles are
calculated according to Eq. (6), and all the range profiles are
mapped to the desired imaging pixels through interpolation, ob-
taining MN coarse images [40]. At last, all the coarse images are
accumulated coherently to get a 2D image. For narrow-band BP
imaging, a time-delay related phase term should be compensated
to realize coherent accumulation [41]. The amplitude of the pixel
at the coordinate of (xi, yj) is obtained by

A(xi, yj) =

M×N∑

l=1

Rl(tij) exp(j2πfcotij) (10)

where tij is the round-trip time delay between the lth equivalent
array element (l = 1, 2, …, MN) and the pixel at (xi, yj), and
fco is the center frequency of the radar signal. However, for
the photonics-based TDM-MIMO radar that has a very broad
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Fig. 9. (a) The range profile of S11, (b) the range profile of S21, (c) the range
profile of S31, and (d) the range profile of S41.

bandwidth, a given time delay corresponds to different phases
for different frequencies. Thus, both frequency and time-delay
dependent phase compensation is required in the coherent accu-
mulation process. To this end, the center position of the desired
imaging area is selected as the reference point, and the round-trip
time delay between the lth equivalent array element and the
reference point is denoted by tref. In addition to the phase term
in Eq. (10), an extra phase of Δϕij should also be compensated,

Fig. 10. Signal processing flow of the photonics-based broadband TDM-
MIMO radar imaging.

and Δϕij is determined by

Δϕij = 2π ·Δτijk
′ · tij (11)

in whichΔτ ij = tij-tref, and k’ is the chirp rate of the radar signal
(k’ = 8k). In this case, the amplitude of the pixel at (xi, yj) is
obtained by

Aco(xi, yj) =
M×N∑

l=1

Rl(tij) exp(j2πfcotij) exp(jΔϕij)

(12)
The detailed processing flow of the proposed broadband BP

imaging is shown in Fig. 10.
To investigate the imaging performance of the photonics-

based 4 × 8 TDM-MIMO radar, the imaging of a single corner
reflector shown in Fig. 8 is performed. As a comparison, we also
construct the image obtained by a 1 ×8 array radar, aiming to
show the influence of the array size on the imaging results. In the
experiment, the 1× 8 array radar is composed by Tx3 and all the
eight receivers, of which the total receiving aperture size is 16.94
cm. When constructing the images, the proposed broadband
BP imaging shown in Fig. 10 is applied. To get clean images
without interference from the environment, background removal
is implemented by subtracting the image without the target. The
imaging results obtained by the 1 × 8 array radar and the 4 ×
8 MIMO radar are shown in Fig. 11(a) and (b), respectively. It
should be noted that, since the element spacing of the equivalent
array is larger than half of the central wavelength, the grating
lobe effect leads to the appearance of multiple image spots in
different azimuths. Here, only the image spot corresponding to
the actual azimuth is shown and investigated. In each of the two
images shown in Fig. 11, a well-focused bright spot at the target
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Fig. 11. (a) The image obtained by the 1 × 8 array radar and (b) the image
obtained by the 4 × 8 MIMO radar.

position is observed, indicating the radar imaging is successfully
implemented. By analyzing the peak widths of the range and
azimuth profiles of the two bright image spots, the approximate
range resolution and angular resolution of the two array radars
can be acquired. Specifically, the range resolutions for the two
conditions are both 1.9 cm. The angular resolution is calculated
to be 4.8° and 1.1°, for the 1× 8 array radar and the 4× 8 MIMO
radar, respectively. According to Eq. (8), the theoretical angular
resolution of the two radars is 4.61° and 1.04°, respectively, both
of which are close to the measured values. By comparing the
images in Figs. 11(a) and (b), the capability of the MIMO radar
in achieving a much higher angular resolution can be confirmed.

To further evaluate the radar imaging performance, a com-
plex target is tested, which contains fifteen corner reflectors
composing a “W” shape (size of each reflector: 2 cm × 2
cm × 2 cm), as shown in Fig. 12(a). Fig. 12(b) shows the
constructed image with the 1× 8 array radar. As can be seen, due
to the relatively low angular resolution, the multiple reflectors

Fig. 12. (a) The complex target with a “W” shape, (b) the image obtained by
the 1 × 8 array radar and (c) the image obtained by the 4 × 8 MIMO radar.

are overlapped and cannot be distinguished in the final image.
When the 4 × 8 MIMO radar is applied, the obtained image is
shown in Fig. 12(c). Thanks to the high resolutions in both the
range and azimuth directions, the corner reflectors can be easily
distinguished in the image constructed by the photonics-based
4 × 8 TDM-MIMO radar, and the shape of “W” can be clearly
observed. Therefore, the complex target imaging result is a solid
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proof showing the high-resolution imaging capability of the
photonics-based TDM-MIMO radar.

IV. CONCLUSION

In conclusion, we have proposed a photonics-based TDM-
MIMO radar and demonstrated its application in high-resolution
imaging. The proposed radar uses microwave photonic fre-
quency octupling together with TDM technique to generate
broadband orthogonal LFM signals in the transmitters and uses
microwave photonic frequency mixing for dechirping the multi-
channel radar echoes. Compared with the previously reported
photonics-based MIMO radar applying FDM and CDM mech-
anisms, the proposed photonics-based TDM-MIMO radar has
a high spectral efficiency and a good orthogonality between
different channels. This property makes the radar have a large
operation bandwidth to achieve a high range resolution, and also
enables a large number of channels or a large equivalent aperture
size to achieve a high angular resolution. A photonics-based 4
× 8 MIMO radar with a bandwidth of 8 GHz in each channel is
established, of which the range resolution and angular resolution
are estimated to be 1.9 cm and is 1.1°, respectively. A BP imaging
algorithm is proposed considering both frequency and time-
delay dependent phase compensation, instead of time-delay
dependent phase compensation in narrowband BP imaging.
Based on the established MIMO radar and the proposed BP
imaging method, imaging of both single and complex targets is
demonstrated, through which the high resolution capability is
verified.
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