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Abstract—With the development of 5G and other technologies,
radar imaging techniques in high-frequency bands up to the tera-
hertz (THz) range have attracted considerable attention. In par-
ticular, the photonic radar technique benefits from the unique
advantages of optical devices, including an ultrawide and flexible
bandwidth of more than 100 GHz, leading to submm-order range
resolution, reduced phase noise, and flexible optical links. This
article reviews recent progress in photonic radar systems from
the millimeter wave to THz bands, including the hardware com-
ponents, imaging technology, and radar imaging applications, and
discusses the potential high-resolution imaging techniques enabled
by photonic radar systems.

Index Terms—Photomixing, photonic mixer, photonic radar,
synthetic aperture radar, terahertz imaging.

I. INTRODUCTION

IMAGING techniques using electromagnetic (EM) waves in
microwave bands have been studied for decades by electron-

ics and photonics researchers due to their unique penetration
abilities [1], [2], [3]. Compared with the established imaging
instruments and techniques, novel imaging systems in higher
frequency bands, such as the millimeter wave (MMW, 30-100
GHz), sub-terahertz (sub-THz, 0.1-0.3 THz), and THz (0.3
THz-10 THz) bands, have attracted significant attention, as these
frequencies lead to considerably improved spatial resolution due
to their higher frequencies and wider bandwidths. For example,
THz band imaging systems have demonstrated submillimeter-
level resolution and transparency for electrical insulators such
as paper, glass, and polymers [2], [3], [4], [5]. More importantly,
these frequency bands can be used for wireless communication
and industrial applications since they do not harm the human
body. Because of these advantages, these inspection techniques
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Fig. 1. Concept and example of an electronic radar imaging system:
(a) Simplified radar schematic diagram; (b) 300-GHz band radar imaging system.
A spatial resolution of ∼4 mm was achieved using a total bandwidth of ∼40
GHz. (c) Imaging result obtained with the SAR method. A bicycle∼140 m away
can be clearly imaged, including the details of the wire wheels. Reprinted with
permission from [12].

can be particularly useful in applications such as medicine [6],
[7], nondestructive testing (NDT) [8], [9], security [10], and
remote sensing [11].

Compared with 2D imaging that obtains the 2D mapping
through the obstacles, the 3D information is highly desirable
since the shape, depth, and distribution of imaging targets oc-
cluded by obstacles can be detected. In this case, the radio
detection and ranging (Radar) technology is commonly applied
to obtain the range information of the obstacles and targets for
3D imaging. In general, a radar system transmits the radar wave-
forms generated by voltage-controlled oscillators (VCOs) and
receives the reflected signals with a mixer to measure the time de-
lay to the targets. Then, the time delays at different positions are
utilized to create 2D or 3D images using synthetic aperture radar
(SAR) algorithms, as shown in Fig. 1. Electronic radar systems
with frequency multiplexing techniques have gradually obtained
higher spatial resolution over the past decades. One of the most
representative works is MIRANDA-300, an ultrawideband radar
imaging system in the 300-GHz band [12]. Notably, although
several years have passed since the publication of this work
in 2014, reproducing the results remains quite challenging, as
the advanced high-frequency radio frequency (RF) components
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utilized in the system, such as the mixers and preamplifiers, are
sophisticated pieces of equipment.

Furthermore, radar signals up to ∼1 THz with more than
100 GHz bandwidth can be generated and detected using high-
end electronic instruments, such as vector network analyzers
(VNAs), based on which a series of 3D imaging demonstra-
tions have been reported ranging from the MMW band to the
THz band [13], [14], [15], [16]. These refined techniques offer
superior bandwidth and mW-order output power. However, in
addition to the increasingly complicated structure and thus in-
creased cost at higher frequency bands, the imaging speed, which
is limited by the switching speed of frequencies in electronic
signal generators with large bandwidths [12], [17], and phase
noise, which deteriorates due to frequency multiplexing [18],
[19], are fundamental bottlenecks for electronic devices.

In addition to the multistage frequency multiplexing tech-
nique, high-frequency diode oscillators such as impact-
ionization avalanche transit time (IMPATT) diodes [20], Gunn
diodes [21], [22], and resonant tunneling diodes (RTDs) [23],
[24], [25] have been rapidly developed in recent years, with nu-
merous imaging applications reported. Although an oscillating
frequency up to ∼2 THz has been reported using an RTD [26],
the insufficiently tunable bandwidth and unstable tunability must
be addressed to enable high-resolution 3D imaging [25], [27].

Meanwhile, optics itself has a long history of imaging, but
mostly in parallel with radio frequency (RF) counterparts until
the prevalence of electro-optical and optoelectronic compo-
nents. To overcome the limitations mentioned above of purely
electronic approaches, extensive study has been devoted to
photonics-assisted methods for 3D imaging and radar appli-
cations from the MMW band to the THz band [4], [5], [19],
[28], [29], [30], [31], [32], [33], [34], [35], [36], [37], [38], [39],
[40], [41], [42], [43], [44], [45], [46], [47], [48], [49], [50], [51].
The frequency and bandwidth requirements for high-resolution
imaging in the MMW and THz bands that are too demanding
for electronics become fractional in the optical region, where
the spectral abundance can be transferred to other dimensions
for reconfigurability. Moreover, the down-conversion nature of
photonic RF generation methods addresses the phase noise
scaling issue of electrical up-conversion schemes, enabling high
spectral purity in the higher frequency bands. These intrinsic ad-
vantages of photonics-based waveform manipulation techniques
have been observed in both radar and wireless communication
applications. As these two fields share essentially the same pho-
tonic structure and key components, advantages of the photonic
techniques such as wide and flexible bandwidths, tunable phase
shifts, and reduced phase noise are experimentally demonstrated
[45], [52], [53]. Analogically, photonic-based radar technologies
offer an enhanced spatial resolution, increased acquisition speed,
and small size, weight, and power (SWaP) for target identifi-
cation. These techniques may promote new ideas for the next
generation of practical THz 3D imaging systems.

This article highlights some recent progress and advantages
of photonic techniques in 3D imaging and radar applications
in the MMW to THz bands. The basics of the photonic radar
system, including the radar waveform, imaging techniques, and
hardware components, are summarized in Section II. Section III

Fig. 2. Concepts of pulse and CW radar systems: (a) Concept of a pulse radar
system: a pulse signal with a pulse width proportional to the range resolution
ΔR is reflected at the imaging targets, and the travel time τ can be converted
into a distance based on the speed of light c. (b) Corresponding FMCW radar
configuration. The upper figure indicates the transmitted signal and two reflected
signals (Rx) in the frequency-time domain, while the lower figure indicates the
F signal obtained by mixing Tx and Rx. A similar result to that of the pulse
radar system can be obtained using FFTs.

presents the advantages of photonic radar systems by intro-
ducing the related applications and comparing their features.
Imaging scenarios in different ranges are introduced for various
operating frequencies in the MMW to THz bands. The prospects
of related techniques, which have not yet been installed in
existing photonic radar systems, are discussed in Section IV.
Finally, the conclusions are presented in Section V. Despite
the authors best efforts, all the exciting research that has been
reported worldwide could not be covered in this article. The
topics discussed here should be understood as a representative
cross-section of recent global trends.

II. PHOTONIC RADAR SYSTEMS FROM MMW TO THZ BANDS

A. Fundamentals of Radar Imaging Systems: Pulse vs.
Continuous Wave (CW)

Radar techniques were developed to estimate target distance,
angle, and velocity information. The basic concept of radar
techniques is to measure the time delay between the transmitted
and received EM pulses, which can then be converted to range
information based on the known propagation velocity of the EM
wave, as shown in Fig. 2(a). Additionally, radar systems can be
categorized based on the pulse generation method, namely, pulse
radar and continuous-wave (CW) radar systems. The features of
both systems are summarized in Table I with details introduced
below.

A shorter pulse can improve the range resolution but requires
a wider bandwidth, which increase the complexity and the
cost of the system. Depending on the specific scenario, radar
systems can be configured to different frequency bands to obtain
the imaging distance, spatial resolution, and penetration ability
required by the given application. For example, a microwave-
band ground penetrating radar (GPR) system operating at ∼500
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TABLE I
BRIEF COMPARISON OF PULSE AND CW RADAR TECHNIQUES

MHz can penetrate a few meters into the subsurface with a
spatial resolution of cm-order [1], [54]. In addition, a THz
pulse imaging system can obtain µm-order resolution but can
only penetrate thin layers of a few millimeters [5], [34]. Both
systems directly generate short pulses and detect the time delays
of echo signals, thus categorized as pulse radar systems [55].
The key limitation of pulse radar systems is the pulse generation
technique, which can reach up to the ps-order with electronic
devices [1]. While the THz pulses emitted by femtosecond lasers
using photonic technologies can provide ultra-high resolution,
the insufficient energy of the short pulse limits its imaging
distance. This approach is commonly used in THz time-domain
spectroscopy (THz-TDS) systems, which can provide both 3D
imaging information and material characterization information
[5]. Notably, MMW-band pulse signals can be generated using
photonic technology [56]; however, the advantages of photonic
systems over electronic systems in this band have not been
illustrated.

Compared with pulse systems, in which energy is released in
periodic bursts, CW radar systems constantly emit energy into
free space. Coherent detection, which is usually realized with a
mixer, is then applied to determine the phase delay between the
transmitted and received signals. CW radar systems with a single
frequency can estimate the velocity of a target by examining the
Doppler frequency shift [55]. To obtain the range information,
signals with multiple frequencies, such as stepped-frequency
continuous waves (SFCWs) or frequency-modulated continuous
waves (FMCWs), are required [55]. In the case of the FMCW
technique shown in Fig. 2(b), a chirp signal with a bandwidth
of B is emitted, and the received echo is mixed with the local
oscillator (LO) signal, generating an intermediate frequency (IF)
known as the beat signal. Each target distance corresponds to one
unique frequency in the IF signal, which can be determined by
applying a fast Fourier transform (FFT). The maximum achiev-
able range resolution ΔR of the FMCW system is generally
expressed as:

ΔR =
c

2B
(1)

where c is the speed of the EM wave and B is the bandwidth of the
chirp signal. The above analysis indicates that a broad bandwidth
and an accurate mixing process are critical for the FMCW
technique to obtain a high resolution. These characteristics also
apply to other similar technologies, such as the SFCW radar

TABLE II
COMPARISON OF SAR AND QUASI-OPTICAL IMAGING

and optical coherence tomography (OCT) systems introduced
in [14], [48], [57].

In this case, CW radar systems use synthesized broadband
waveforms with considerably stretched temporal profiles. As
a result, the instantaneous power emitted by the radar trans-
mitter can effectively be regarded as continuous. Moreover,
radar theory suggests that these radars can achieve the exact
range resolution if the continuous waveform occupies the same
bandwidth as its pulse counterpart. However, the considerable
variation in the transmitted energy makes a large difference.
As almost all radar system components are restricted in terms
of instantaneous power, the energy radiated by a pulse radar
system is significantly less than that radiated by a CW system,
making these systems more vulnerable in high propagation loss
scenarios [1].

Due to the technical difficulties in generating ps-order pulses
and the long imaging distance requirements, CW radar tech-
niques are crucial in the MMW and sub-THz bands, which
are the prime frequency bands considered in this article. Thus,
CW techniques are addressed in the following sections. No-
tably, the combination of wireless communication and radar
systems has become an increasingly popular topic. In these
systems, other modulation techniques, including orthogonal
frequency division multiplexing (OFDM), multifrequency con-
tinuous wave (MFCW) approaches, and quadrature phase-shift
keying (QPSK), are introduced into radar applications to imple-
ment wireless communication [58], [59]. However, regardless of
the applied methods, the overall goal is to obtain a synthesized
pulse signal to determine the range information, as shown in
Fig. 2.

B. Radar Imaging Techniques: Synthetic Aperture Radar
(SAR) and Quasi-Optical Imaging

Radar signals can indicate the time delays of targets; how-
ever, a focused beam is necessary to obtain the desired spatial
resolution in imaging applications, as shown in Fig. 3. Signal
processing methods using the synthetic aperture radar (SAR)
technique and quasi-optical beam focusing can be used to obtain
high-resolution images. However, the applicable scenarios and
the frequency bands are different, as briefly summarized in
Table II.
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Fig. 3. Features of the SAR and quasi-optical imaging techniques: (a) Side-
looking SAR configuration for 2D imaging; (b) example of SAR processing
of two scatterers; (c) 3D SAR imaging configuration; (d) comparison of SAR
configuration and quasi-optical beam focusing.

Due to the wide radiation pattern below the MMW band, the
use of a lens to focus the EM waves, as in a camera, is unrealistic.
Instead of using a focusing lens to obtain the desired spatial reso-
lution, the SAR imaging technique is widely used for microwave
imaging [49], [55], [60], [61]. The SAR technique is commonly
applied in airborne SAR systems, also referred to as side-looking
SAR, because of the inclined observation angle with respect to
the imaging plane, as shown in Fig. 3(a). This configuration aims
at obtaining large-scale 2D images of far-field targets. The time
delay information of a target is sampled at different positions
along a survey line, and the radar profile is converted into a
2D image using SAR algorithms, as shown in Fig. 3(b). The
spatial resolution of the SAR image is defined by the range
and azimuth resolution, which correspond to the resolutions in
the x- and y-directions, respectively. The inclined observation
angle is used to convert the radar range resolution, expressed in
(1), to the range resolution (y-direction). In theory, the azimuth
resolution can be estimated based on half the antenna length,
which is inversely proportional to the bandwidth [61].

Alternatively, 3D images of specific regions can be acquired
with 2D spatial sampling methods instead of 1D survey lines, as
shown in Fig. 3(c). The primary aim of this 3D SAR configura-
tion is to obtain detailed target information at different depths.
This SAR configuration is mainly applied in GPR, through-wall
radar, and NDT applications. Notably, 3D SAR techniques also

include migration and tomography techniques in seismic explo-
ration and ultrasonic imaging applications [60], [62]. The range
resolution is crucial to distinguish targets with complicated lay-
ered structures. In this case, the incident angle of the antenna is
perpendicular to the target plane, thereby maximizing the range
resolution. In other words, the side-looking SAR configuration
projects the 3D depth information to the range direction on
the ground surface with an inclined observation angle. The
maximum spatial resolution of the 3D SAR configuration can
also be estimated based on the half bandwidth. Notably, spatial
resolution is affected by other factors, such as limited observa-
tion angles, the SAR algorithm, and signal-to-noise ratio (SNR).
More details can be found in [55], [60]. The most significant
feature of the 3D SAR imaging method is that high-resolution
images can be obtained at any distance using bandwidth infor-
mation instead of focusing lenses. However, a key limitation of
SAR imaging methods is that the algorithms require substantial
calculations, especially for 3D imaging scenarios.

Since the antenna radiation pattern is narrower above the
sub-THz band, quasi-optical imaging systems have been widely
applied in many THz imaging systems [4], [63], [64], [65]. The
spatial resolution Δx obtained with a focusing lens is limited by
the diffraction limit, which can be expressed as:

Δx ≈ 0.61
λF

D
, (2)

where F is the focal length, λ is the wavelength, and D is the
diameter of the lens. SAR methods and quasi-optical systems
both obtain spatial resolutions close to the half wavelength.
However, quasi-optical systems perform better in terms of
experimental results since these systems are less affected by
unnecessary reflections and the imaging algorithm than SAR
configurations. Moreover, since the energy is directly focused
on the target, quasi-optical systems also obtain better SNRs than
SAR configurations.

The fixed depth of focus (DOF) is a bottleneck for imaging
targets at different distances within a 3D space. This issue
limits the performance of existing systems when complete 3D
information is needed, as shown in Fig. 3(d). However, when
the imaging range of interest is small, such as estimating the
µm-order thickness of a coating material in the THz band, a
cm-order DOF is sufficient. In addition, an advanced lens design
can further extend the DOF while maintaining high spatial
resolution [66], [67].

Note that both techniques require spatial sampling that sat-
isfies the Nyquist sampling criterion, which indicates that the
spatial sampling interval should be less than half the wavelength.
Due to the dense spatial sampling requirements, imaging appli-
cations in higher frequency bands are typically time-consuming.
Although the SAR technique and compressed sensing can po-
tentially reduce the spatial sampling interval, an ultimate array
technique applicable across the MMW to THz bands should
be developed. A brief review and perspective of the array and
integration technique is presented in Section IV; however, the
following sections do not focus on the array technique since it
is not the main scope of this article.
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Fig. 4. Concept and categories of electronic and photonic radar systems; the
red lines indicate optical fibers, while the black lines indicate coaxial cables.

TABLE III
RECENT RADAR IMAGING TECHNIQUES ENABLED WITH PHOTONIC

TECHNOLOGY

C. Photonic Radar Components

The core techniques of the radar system shown in Fig. 1(a) are
radar waveform generation with radar transmitters and coherent
detection of LO and RF signals with radar receivers. An ideal
photonic radar system is a radar system in which all electronic
devices are replaced with their photonic counterparts. However,
as photonic radar systems are still at the early stages of de-
velopment, it is not practical to use photonic devices across
all frequency bands. Thus, radar systems partially enabled by
photonic devices are also considered photonic radar systems.

The existing photonic radar systems can be categorized based
on different combinations of photonic radar transmitter and
receiver techniques, as shown in Fig. 4. Furthermore, existing
photonic radar imaging systems utilizing these techniques are
summarized in Table III. This table provides a general overview
linking the different devices and applicable frequency bands.

The signal generation methods used by photonic radar trans-
mitters can be divided into optically carried RF signal synthesis
and optical-to-electrical conversion (O/E) techniques. Depend-
ing on whether a wideband RF source is needed, optically
carried RF signal synthesis methods can be further categorized
into radio over photonics (ROP) and photomixing techniques.
In contrast, photonic radar receivers are categorized based on

whether electronic or photonic mixing techniques are applied.
The features of the two optically carried RF signal synthesis
technologies and the O/E devices at different frequencies are
detailed in 1), while the features of the corresponding electronic
and photonic mixers (O/E mixers) are presented in 2). In addition
to the hardware components discussed below, the advantages of
photonic radar systems and system applications are described in
Section III.

1) Photonic Radar Transmitters: As shown in Fig. 4, the
ROP method directly modulates a wideband RF signal, which
is a chirp signal for the FMCW system, into the optical domain
through electro-optical modulation (EOM) [28]. The bandwidth
and center frequency of the input can be improved by photonic
techniques such as high-order sideband filtering [29]. These
techniques also lead to a low phase noise by mixing the radar
signal in the optical domain [39], [45]. Most importantly, as the
chirping of the output RF signal originates from the electronic
input, the instantaneous frequency of the generated waveform is
completely controllable and can be fully referenced. As a result,
this type of approach is compatible with other electronic devices
used in radar systems. However, the low-efficiency nonlinear
process of EOM often limits the spectral magnification to only
single digits. As a result, the frequency and bandwidth of the
output waveform are still restricted by the electronic synthesizer
that provides the input signal. Thus, this method cannot be
applied in ultrafine resolution imaging scenarios that require
high frequencies and/or large bandwidths [45].

Another group of techniques that addresses these frequency
and bandwidth restrictions is the heterodyning of two opti-
cal tones, also referred to as photomixing [52], [53]. This
method is often realized through a pair of lasers, with the
wavelength difference set to the target RF band, and the fre-
quency of one laser scanned over the selected bandwidth. No
wideband electronics are required in this scheme, and the large
spectral operating range of the lasers essentially provides the
output waveform with “unlimited” frequency and bandwidth.
The down-conversion nature of the process also ensures the
spectral purity of the generated waveform. However, as ma-
nipulating an optical frequency over a wide range has limited
precision, the frequency accuracy of the generated waveform,
which determines the linearity of the frequency modulation,
is constrained [49], [68]. Moreover, linking the output fre-
quency to other radar modules is challenging in complicated
systems.

The choice of the O/E converter strongly depends on the
output frequency. The operating frequency versus the bandwidth
of the O/E converters is plotted in Fig. 5. The ellipses indicate
only the typical performance of each category and do not suggest
any performance restrictions.

At lower frequencies, PIN photodiodes (PDs) based on ma-
terials such as InGaAs have superior conversion efficiency,
allowing the photodetection of signals up to ∼ 50 GHz with
a maximum output power of +14 dBm [69]. The efficiency
drastically decreases as the output frequency approaches the
sub-THz region due to low-velocity hole transport [70].

This limitation can be addressed through a modified design
known as the uni-traveling-carrier photodiode (UTC-PD), which
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Fig. 5. Summary of the photonic radar components for radar waveform
generation; the color intensity quantitatively indicates the output power of
the devices. PD: photodiode; UTC-PD: uni-traveling-carrier photodiode; PCA:
photoconductive antenna; QCL: quantum cascade lasers.

utilizes only electrons as active carriers. The output spectral
range of the UTC-PD fills the “THz gap” between 0.1 and 1
THz, a region where the next generation of high-speed wireless
communication devices is expected to be developed [52]. Cur-
rently, the UTC-PD is the most promising photomixer, with a
wide bandwidth and a relatively high output power of∼1 mW at
the 300-GHz band [70]; however, this device is produced by only
a few vendors due to its sophisticated manufacturing process.

In the THz region, the dominant photomixer is the photo-
conductive antenna (PCA), which is commercially available in
many THz band imaging systems [30], [31], [32], [33]. It is
mainly designed to receive ultrashort optical pulses produced
by a femtosecond laser and transform these pulses into THz
pulses in tens of picoseconds. Thus, this technique obtains
superior spatial resolution for 3D imaging applications. The
output power and sensitivity of the PCA are the lowest among
the O/E converters described in this section; thus, a PCA is
often paired with THz lenses for better focusing. As a result,
PCA-based imaging systems are almost exclusively near-range
imaging systems [31], [33].

In addition to these O/E conversion methods, semiconductor
single-oscillator THz quantum cascade lasers (QCLs) [71], [72],
[73], [74] have been investigated for imaging applications above
the 1 THz band. QCLs have considerable integration potential
and provide relatively high-power outputs on the order of milli-
watts at frequencies above 1 THz. The operational requirement
of a low temperature limits the practical application of QCLs;
however, recent progress has been made in room-temperature
imaging with a QCL device [72].

2) Photonic Radar Receivers: Unlike transmitters, which re-
quire the use of photonic devices, the receiver of a photonic radar
can be either purely electronic or photonic. The operating fre-
quencies of the electronic and photonic signal detection methods
introduced below are plotted against the receiving bandwidth in
Fig. 6. The color of each ellipse indicates the relative sensitivity.
This plot only shows the expected performance of each category
and suggests no performance restrictions.

Fig. 6. Summary of the photonic radar components for coherent detection;
the color intensity quantitatively indicates the sensitivity of the devices. EOM:
electro-optical modulator; SLD: square-law detector; PCA: photoconductive
antenna.

The fundamental mixers that are relatively mature and widely
used in the microwave region can be applied in MMW radar
systems to complete important frequency-modulated signal re-
ceiving processes. However, mixers above the MMW band are
not typical due to fabrication difficulties and prohibitive costs
[75].

Square-law detectors (SLDs) employing silicon comple-
mentary metal–oxide–semiconductor (CMOS) circuits, III-V
high-electron-mobility transistors (HEMTs) [76], [77], Schottky
barrier diodes (SBDs) [68], [78], and Fermi-level managed
barrier diodes (FMBDs) [49], [79] are commonly used in the
sub-THz band for signal mixing. In this case, the returned
echo and the local copy of the transmitted waveform should
be combined in a coupler before being sent to the detec-
tor [4], [48], [49]. This simplified configuration is equiva-
lent to an unbalanced mixer, where both RF and LO signals
remain in the IF output. However, although this poor sig-
nal isolation is undesirable in microwave radar and wireless
communication systems, it has a relatively small effect on
high-frequency, near-range imaging applications since the RF
and LO signals are at much higher frequencies than the IF
signals.

Integrating the abovementioned detectors with other compo-
nents to produce compact receivers is still challenging due to
the bandwidth limitations and propagation losses of conven-
tional metal waveguides. Owing to the high directivity in high-
frequency bands, spatial coupling using quasi-optical lenses and
beam splitters is an alternative approach for retrieving the IF
band radar signal [4], [48], [49]. This configuration addresses
the bandwidth limitations and propagation losses; however, the
bulky size and complicated optical alignment make it unsuitable
for actual applications.

Recently, with the rapid development of THz band hardware
boosted by 6G wireless communication, new materials have
emerged for THz band waveguides. The THz band silicon wave-
guide platform is one candidate for integrating passive devices
above the sub-THz band due to its superior low loss of <0.1
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Fig. 7. Summary of the recent photonic radar imaging techniques in the MMW,
sub-THz and THz bands. Some representative results using electronic systems
are also included as references.

dB/cm [80], [81]. Integrated couplers at 0.6 and 1 THz have
been installed for THz band imaging applications [4], [16].

Photonic reception of radar signals has recently become a
popular research topic. Photonic mixing techniques based on
electro-optical modulators (EOMs) have been introduced in
many MMW band photonic radar systems. Mixing RF signals in
the optical domain has been demonstrated to have several advan-
tages over conventional electronic mixers, including ultrawide
bandwidth, reduced phase noise, and compact size [19], [39],
[82]. In addition, sub-THz and THz band photonic mixing has
been achieved using PCAs. This is a relatively mature technique,
and PCA pulse emitters have been widely used in THz pulse
systems and THz band CW systems [33], [83]. Although these
systems have large operating frequencies and wide bandwidths,
the low sensitivity and small IF bandwidth are insufficient com-
pared with electronic detectors in the sub-THz band, severely
limiting the applicability of such systems.

III. APPLICATIONS OF 3D PHOTONIC RADAR IMAGING

SYSTEMS

The advantages of photonic radar systems are summarized
in Section II. This Section introduces the imaging applications
enabled by photonic radar systems. Specifically, the advantages
of photonic systems are clarified using specific experiments and
applications. The radar imaging techniques used in different
approaches are summarized in Fig. 7, which corresponds to
Table III. Generally, photonic radar systems in the MMW band
are becoming mature technologies, and the imaging results of
such systems are competitive and even outperform those of
conventional electronic radar. The photonic radar system can
become an alternative approach in this frequency band, which
features reduced phase noise [19] or a compact system size [28].

Due to the limitations of photonic devices discussed in
Section II, sub-THz band imaging techniques for electronic
and photonic systems have only been applied in the laboratory.
Although photonic radar systems have many advantages in this
frequency band the laboratory systems’ overall performance still
needs to be improved to be compatible with high-end electronic

Fig. 8. SAR imaging using a photonic radar system operating in the Ka-band.
(a) System configuration. MZM: Mach–Zehnder modulator; DDS: direct digital
synthesizer; OF: optical filter; PD: photodetector; PA: power amplifier; TA:
transmitting antenna; OTD: optical time delayer; EDFA: erbium-doped fiber
amplifier; LPF: low-pass filter; ADC: analog-to-digital converter; LNA: low-
noise amplifier; RA: receiving antenna. (b) SAR imaging result of the Leifeng
pagoda in Hangzhou, China. Reprinted with permission from [43].

systems, such as VNAs. The photonic systems at this frequency
band are expected to become dominant with the rapid devel-
opment of photonic devices. Meanwhile, the photonic systems
become the immediate solutions for the near-range imaging
application with above ∼1 THz with a sub-mm resolution.

A. MMW Photonic Radar Systems for Long-Range Imaging

Long-range imaging applications have been achieved almost
exclusively below the 40-GHz band since key components, such
as preamplifiers and mixers, are commercially available in this
range. SAR imaging techniques are widely used in the MMW
band, where no quasi-optical lenses that restrict the imaging
range are needed.

As mentioned in Section II, high-spatial-resolution imaging is
a primary aim of photonic radar systems. Using the SAR imaging
technique, a Ka-band photonic radar system with a bandwidth
of ∼10 GHz was demonstrated using the ROP scheme and a
photonic mixer, as shown in Fig. 8 [43]. The radar waveform
was modulated to the optical domain with an MZM, while
another MZM operated as a photonic mixer at the receiving end.
After precise numerical calibration, the 10.02 GHz bandwidth
provided a range resolution of 1.68 cm. The cm-order range
resolution obtained with the SAR algorithm provides informa-
tion about detailed structures on the top of the Leifeng pagoda
in Hangzhou, China. The moving radar platform was located a
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Fig. 9. Comparison of FMCW radar systems using photonic and electronic
sources at 92 GHz. The systems measured back-reflection data from a building
at a distance of ∼207 m using either the existing 92 GHz CMOS synthesizer of
the radar or a photonic source. Phase noise fringes are significantly suppressed
when using the low-noise photonics-based source. Reprinted with permission
from [19].

distance of ∼230 m from the tower at an elevation angle of 13
degrees. Notably, although the imaging results are 2D images,
the system can also be used for 3D imaging, as discussed in
Section II-B.

The low phase noise is another advantage of photonic radar
systems, as discussed in Section II-C. A recent MMW band
photonic radar system operating at 94 GHz obtained better
sensing results than a CMOS radar signal transmitter [19]. The
proposed technique used a photonic source, which generated
RF signals using a pair of distributed feedback lasers. Although
the proposed system did not include a photonic mixer, the radar
performance was considerably enhanced, as shown in Fig. 9.
This finding highlights the potential of hybrid photonic radar
systems with only photonic sources.

Mounting radar imaging systems on small platforms such as
commercial drones can be advantageous in a variety of practical
scenarios. In 2021, our group demonstrated an on-drone MMW
radar system for inspecting pavement in a ∼100 m chimney
[28]. The photonic radar system used the ROP scheme, with
an optical fiber link between the radar module and the photonic
source, as shown in Fig. 10. An ultrawide bandwidth of∼26 GHz
was achieved using an intensity modulator and the high-order
sideband signal produced by the MMW synthesizer. The bulky
RF signal source and modulators are connected to the ∼900-g
on-drone radar module using an optical fiber. The thickness of
the pavement could be monitored in real time at an imaging
distance of 1.4 m, as shown in Fig. 10(c). Compared with
other on-drone radar imaging techniques enabled by electronic
devices, this photonic radar system was demonstrated to be
superior in terms of both the bandwidth and the weight of the
radar module [28].

In addition to the wider bandwidth and lighter weight, fre-
quency reconfigurability and band scalability can be obtained
with photonic radar systems. Flexible waveform generation
ranges from high frequencies to the Ka-band can be obtained
with a cross-band bandwidth of up to 16 GHz, and multiband

Fig. 10. Demonstration of an on-drone photonic radar system with an ultra-
wide bandwidth of 26 GHz. (a) System configuration. PD: photodetector; PA:
power amplifier; EDFA: erbium-doped fiber amplifier; ADC: analog-to-digital
converter. (b) Data acquisition inside the chimney. (c) Radar signal obtained at a
height of∼3 m; the thickness of the pavement can be monitored with the system.

system-level detection experiments have been carried out to
verify the excellent ability of such systems [42].

B. Sub-THz Radar Imaging at Standoff Distances

Some applications in this frequency band are security screen-
ing and quality control of production lines due to the mm-order
resolution and standoff imaging distance [9], [65]. Both the 300
GHz and 600 GHz band security systems at standoff distances
have been demonstrated with electronic radar systems and the
quasi-optical beam focusing technique [20], [65]. However, due
to the insufficient output power and limited focal depth using
lenses, bandwidth information was mainly used to enhance the
SNR rather than obtain 3D information.

Furthermore, these imaging distances are more challenging
with photonic radar systems, which require a high-power source
of at least mW-order and a preamplifier. Currently, some research
groups, including ours, are developing photonic radar systems
in this frequency band due to their large bandwidth and fast
response times [4], [29], [48], [49], [50], [51].

As discussed in Section II, photonic sources using laser
pairs are suitable for generating ultrawide bandwidths above 40
GHz. The large bandwidth in the optical domain enables large
frequency sweeps in the THz domain. In [50], a laser system
capable of doing a 200-GHz sweep within 30 ms was used to
achieve a range resolution of∼0.5 mm. Small thickness changes
of ∼50 µm in the coating materials of a metallic surface were
detected and validated by comparing these changes with the
results obtained by a commercial THz pulse system. However,
due to the insufficient output power, this photonics-based 3D
imaging system in the sub-THz band has only been applied in
near-range applications using quasi-optical systems.

The above system was also investigated for SAR imaging
applications with a minor output power of ∼0.1 mW in the
300-GHz band, as shown in Fig. 11(a) [49]. Due to the superior
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Fig. 11. 3D imaging using a photonic radar system in the 300-GHz band.
(a) System configuration; (b) three distributed metal rods with 2 mm diameters
as the imaging target; (c) SAR imaging result of the metal rods.

sensitivity of the THz detector [79] and the frequency-time
calibration of the radar waveform, a metal plate at ∼1 m could
be detected with a collimated beam with a range resolution of
∼ 1 mm. Furthermore, 3D images of distributed metal wires
with 2 mm diameters were obtained with the SAR-based sys-
tem, as shown in Fig. 11(b) and (c). Since the UTC-PD was
integrated within the metallic waveguide, the present system
can be combined with a recently commercialized preamplifier
in the 300-GHz band. The presumable extended imaging range
and the proven superior range resolution can potentially exceed
those of the electronic radar system shown in Fig. 1, leading to
many new possibilities and applications.

Considering the hardware limitations, the generation of a
waveform with a very large frequency bandwidth above 100
GHz is another challenging task. The sweeping frequency speed
and the linearity of the frequency sweep can both influence the
radar imaging results. Advanced photonic waveform generation
techniques are expected to be introduced in these frequency
bands, and these approaches are discussed further in Section IV.

C. Near-Range THz 3D Imaging Systems

The THz pulse imaging systems used for THz-TDS applica-
tions have the same energy limitations as the systems discussed
in Section II. Short pulse signals with sufficient energy are more
challenging to obtain than CW signals. Most existing THz pulse
systems use quasi-optical lenses, and the imaging distance is
usually less than the order of cm. In this case, precise inspection
in the near range is a critical application.

Compared with MMW and sub-THz photonic imaging sys-
tems, THz pulse imaging systems have long been the dominant
technology for near-range imaging since they can be uniquely
achieved with photonic technologies. The THz pulse systems
and THz-TDS technique were comprehensively reviewed in [5],

Fig. 12. (a) Photograph of a sensor mounted on an industrial robot beneath
an automotive car part. (b) Upper: Surface thickness map (in µm) of a primer-
covered automotive paint sample measured by the sensor. A defect in the paint
can be clearly identified in the upper right corner; Bottom: Measured distance (in
µm) between the sensor head and the car part after robot alignment, indicating
the curvature of the sample. Reprinted with permission from [34].

showing numerous successful industrial applications, including
defect inspection of polymers, woods, and card boxes, environ-
mental sensing of gases, and inspections of coating materials,
as discussed in [5], [9], [84].

Among these applications, the automotive industry is con-
sidered one of the biggest potential customers, and research
related to this industry has attracted significant attention [34],
[85], [86]. For example, the material properties of drying paints
on automotive bodies were determined using a THz pulse system
in [34]. The combination of a THz pulse system and robotic arms
is an alternative approach for obtaining precise measurements at
different positions. As shown in Fig. 12, a ∼20 µm deep defect
that was ∼3 mm in size was clearly detected by a 2D inspection
system over a small region using the robotic arm platform.
Another 3D imaging system using the THz pulse is demonstrated
in [88], in which the 3D distribution of multilayered automotive
paints was clearly distinguished using the THz pulse system.

The long acquisition time is another limitation of THz pulse
systems. Recent works have attempted to replace the conven-
tional mechanical delay stage with compact femtosecond fiber
lasers [5], [17]. This replacement allows commercialized THz
pulse systems to obtain fast sampling speeds of ∼200 Hz per
pixel [87]. However, due to the dense spatial sampling in the THz
band, 3D data acquisition is an expensive task. For example, the
3D data in the region of 80 by 300 mm were acquired over ∼3
hours [88]. The sensor array is still urgently needed to enhance
the imaging speed for the near-range imaging applications.

Notably, an FMCW configuration with an ultrawide band-
width of ∼4 THz enabled by PCAs has been reported, which
obtains a superior range resolution of ∼50 µm which is compat-
ible with THz pulse techniques [33]. The purely photonic radar
system has a simplified configuration, and PCAs are used as both
the transmitter and receiver. Fig. 13 shows that the reflections
from the upper and lower boundaries of the 42 µm paint layer
can be clearly distinguished. CW radar systems enabled by
PCAs have great application potential due to their unlimited
bandwidth, highly integrative design, and convenient interfaces
with optical fibers. In addition, enhanced imaging speeds with
THz pulse systems can be obtained due to the fast frequency
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Fig. 13. FMCW radar system with a∼4 THz bandwidth: (a) system configura-
tion; Tx and Rx represent the PCAs. EDFA: erbium-doped fiber amplifier; TIA:
Transimpedance amplifier; ADC: analog-to-digital converter. (b) 1D inspection
results of a three-layer model. Reprinted with permission from [33].

sweeping speed of the laser. However, the lack of an interface
with electronic devices, such as a preamplifier, is the primary
limitation of this configuration.

IV. DISCUSSIONS & FUTURE WORK

A. Novel Photonic Radar Components

In future work, the performance of photonic THz 3D imaging
systems can be readily enhanced by exploiting some recent
progress in related research fields. For frequency-modulated op-
tical carriers, in addition to the large bandwidth coverage and fast
sweeping rate, which have been the primary focus of photonic
approaches, high linearity, flat power roll-off and large SNR are
the higher-order parameters that determine the spatial resolution.
A novel optical carrier generator based on a recirculating optical
frequency-shifting loop was developed to synthesize SFCWs
with bandwidths of over 20 GHz and sweeping rates faster than
1 GHz/µs [89]. Moreover, as frequency sweeping is accumulated
from a low-frequency microwave reference, the linearity reaches
1e-7. The application of such optical carriers to photonic THz
3D imaging may remove the time-frequency calibration require-
ment mentioned in Section III-B, enabling the spatial resolution
to reach the submillimeter regime.

In terms of frequency band scalability, there are a couple
of candidates that may overcome the hurdles challenging the
conventional approaches and provide high-quality optically car-
ried THz tones. With the development of integrated photonic
systems, micro-ring resonators with fundamental mode spacings
ranging from tens of GHz to several THz offer an upgrade to the
electro-optic combs with better power efficiency [90]. A low-
noise multitone fiber laser based on stimulated Brillouin scat-
tering [91], [92] has demonstrated high wavelength flexibility,
high intercarrier coherence and extremely low frequency drift,
supporting photonically generated THz carriers whose phase

noise does not scale with the output frequency. These results
may inspire new photonic radar signal generation methods in
addition to those discussed in Section II-C.

On the receiver side, progress with electro-optic mechanisms
and materials has enabled optical fields modulated by RF signals
ranging from the MMW to the lower THz range [93]. Analogous
to the microwave counterpart [43], receiving THz signals in the
optical domain may allow a variety of waveform manipulation
methods based on photonic techniques to be applied, such as
reconfigurable photonic filtering, ultrawideband photonic chan-
nelization and optical analog-to-digital conversion [35]. These
novel methods may enable the transition of the photonic radar
receivers summarized in Section II-C toward fully photonic and
highly integrated systems.

B. THz Band Integration and Array Systems

Integration and array techniques are the new trend in hardware
technology for both photonic and electronic systems due to the
small SWaP feature of the high-frequency components. They are
also crucially important for realizing compact and lightweight
imaging systems and achieving real-time imaging speeds, as
discussed in Section II-B.

Significant research on integrated electronic radar trans-
ceivers in the THz band has been conducted with transis-
tor devices such as heterostructure bipolar transistors (HBTs),
HEMTs, and silicon CMOS transistors [94], [95], [96], [97].
However, breakthroughs are required to reduce costs and de-
velop devices beyond the 200-GHz band.

Photonic technologies have also shown great potential for
integration with array radar configurations [98]. Compact in-
tegrated photonic radar systems have already been developed,
as demonstrated in [19], [38]. Photonic radar systems have
many advantages, including their immunity to EM interference,
multichannel signal manipulation using optical wavelength-
division multiplexing (WDM) techniques, and ultrawideband
phase shifting. These are unique features that can only be
achieved with photonic technologies. However, the existing
array radar systems operate below the MMW band, where
many advantages of photonic radar systems cannot be fully
demonstrated. For example, optical fibers are lossless and easy
to set up for array systems, but electronic switches and multiple
PD devices using expensive and lossy coaxial cables or metal
waveguides are still needed.

Another exciting technique is the high-power photonic source
enabled with the UTC-PD array [99], [100]. As mentioned in
Section III-B, the existing photonic sources in the sub-THz
bands suffer from insufficient output power. Moreover, combin-
ing these sources with electronic amplifiers limits the bandwidth
in this frequency band. The UTC-PD array, which aims to
achieve mW-order output power by combining multiple UTC-
PDs [99], is expected to be the ultimate approach for enhancing
both wireless communication and radar imaging applications
with improved output power and beam-steering ability [100].

To address these limitations, electronic and photonic devices
have been efficiently integrated, demonstrating the advantages
of both technologies [101]. We believe that the array technique
represents the future trend of THz imaging.
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C. Future Applications

The radar imaging technique is one of the most important tools
for remote sensing applications, as higher imaging resolution is
always necessary to meet different application demands [2], [9].
Photonic radar systems in the MMW band have been rapidly
developed in recent years, and many photonic radar systems have
been used in remote sensing applications instead of conventional
electronic radar devices, as discussed in Section III.

Sub-THz band photonic radar systems with large bandwidths
of more than 100 GHz, which offer millimeter-order resolution,
have great potential as next-generation remote sensing tools,
which was validated by laboratory experiments [12], [15], [49].
However, due to the low output power, the existing photonic
radar imaging systems in the sub-THz band need to be improved.
Integrated systems with electronic and photonic devices may be
an alternative method for improving sub-THz band photonic
radar techniques [101]. For example, photonic devices with
electronic interfaces, such as UTC-PDs, allow photomixers to be
combined with electronic preamplifiers, although the bandwidth
may be limited [70], [102].

In comparison, a powerful photonic source, such as the UTC-
PDs array introduced in Section IV-B, is still urgently needed to
demonstrate the true potential of photonic devices. Furthermore,
long-range imaging applications can be realized due to the
superior resolution of sub-THz band photonic radar systems.
Despite security and production line inspection applications,
automotive radar systems can be further improved using sub-
THz technologies [103]. Furthermore, as noted by researchers
in the remote sensing field, THz band remote sensing techniques
may inspire new applications and scientific questions in research
fields such as agriculture [104], ice cloud monitoring, and space
exploration [105].

Another interesting research direction is the evolution of
wireless technologies toward 6G and beyond. New research
fields, such as integrated communication and sensing (ICS),
have been extensively investigated. Many studies have examined
photonic THz wireless communication systems with hundreds
of Gbit/s and even Tbit/s data rates in various atmospheric
windows [53]. Sharing almost identical system architectures,
data transmission processes and 3D imaging schemes across
different millimeter and/or THz bands may be possible with
single photonic platforms that obtain both fast communication
speeds and higher imaging resolution [59].

V. CONCLUSION

This article briefly reviewed the existing photonic radar tech-
niques for imaging up to the THz band. The advantages of
photonic radar systems in the MMW band were discussed.
Photonic radar systems are the only method enabling near-range
imaging with ultra-high resolution in the order of µm. In compar-
ison, high-resolution imaging applications in the sub-THz band
remain at the laboratory stage, enabled by photonic techniques
and high-end electronic instruments. These frequency bands will
be explored extensively in future works with the development
of wireless communication toward 6G and beyond. Many new
technologies and applications using photonic techniques have

been proposed in recent works, as discussed in Section IV.
This progress suggests that 3D imaging systems enabled by
photonic technologies will soon move out of the laboratory
toward real-world industrial applications.
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