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Abstract—Three-dimensional (3D) imaging remains an expen-
sive and challenging task in the THz band. In this study, a
frequency-modulated continuous-wave photonic radar system was
presented in the 300-GHz band, instead of using electronic-based
devices. The proposed system can obtain a 6-dB bandwidth of 120
GHz to achieve a range resolution of ∼1.1 mm. The frequency
sweep linearity of a laser source was calibrated with respect to the
imaging distance and range resolution, through which a maximum
detectable distance of ∼800 mm was achieved with the collimated
beam. To obtain the desired 3D information, the synthetic aperture
radar (SAR) technique was introduced to the proposed system to
achieve 3D imaging, which was not bounded by the fixed focal
distance of a focus lens. It can provide a spatial resolution of
∼1.5 mm within a 3D imaging range up to∼300 mm. The potential
and limitations of SAR imaging schemes are discussed based on the
theoretical and experimental results.

Index Terms—Frequency-modulated continuous-wave radar,
photomixing, photonic radar, synthetic aperture radar, terahertz
imaging.

I. INTRODUCTION

IN RECENT years, terahertz (THz) imaging techniques have
been widely studied for inspection applications owing to their

sub-millimeter-level resolution and transparency. A precise THz
image is crucial for a variety of applications ranging from non-
destructive testing and security to medicine, food inspection, and
agriculture [1]–[5]. Although many THz imaging systems ex-
hibit excellent performance for two-dimensional (2D) imaging
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applications [6]–[10], rich three-dimensional (3D) information,
such as layers, cavities, and adhesive joints, remains impractical
to obtain in the THz band owing to hardware limitations, such as
low output power, slow data acquisition, high cost, and limited
imaging distance. In conjunction with the rapid development of
THz devices, the improvement of 3D THz imaging techniques
is urgently required.

The fixed depth of focus (DOF) of a quasi-optic lens is a
bottleneck for imaging targets at different distances within a
3D space. Instead of using a focus lens to obtain a spatial
resolution, the synthetic aperture radar (SAR) imaging technique
is typically applied in the microwave domain [11], [12]. More-
over, it refers to the migration technique in seismic exploration
and ultrasonic imaging [11], [13]. The reflected pulse response
obtained at different observation distances and angles from dif-
ferent imaging targets can be processed with algorithms to obtain
both range and spatial resolution in a 3D space [12]. Such ad-
vantages have attracted considerable attention from researchers
in the fields of THz [14]–[18]. Owing to the aforementioned
hardware limitations, many studies have primarily focused on
using a vector network analyzer (VNA) and millimeter-wave
(MMW) multiplier to generate THz continuous wave (CW)
signals. Further, the pulse signal can be synthesized using the
stepped-frequency continuous-wave (SFCW) technique for the
enhanced power and signal-to-noise ratio compared with direct
pulse generation [19]. Such electronic-based devices can pro-
vide excellent output power and a 3D imaging range of ∼2 m
was demonstrated with a spatial resolution of ∼2 mm in the
200-GHz band [16]. However, the difficulty in achieving wider
bandwidth and higher frequencies with electronic-based devices
has increased and their extreme costs make them poorly suited
for practical applications [18].

As suggested in several previous studies, phonics-based de-
vices have remarkable potential at higher frequencies of the THz
band [20]–[23]. The down-converted optic signal permits an
ultra-wide bandwidth, fast frequency sweep, and reduced phase
noise. Although THz pulse signal can be directly obtained with
photonics-based devices, the synthesized pulse obtained with
CW radar and/or swept-source optical coherence tomography
(SS-OCT) techniques can provide higher power with a simpler
system [1], [8], [23]. Owing to the fast frequency sweep speed
in the optic domain, the frequency-modulated continuous-wave
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(FMCW) technique is considered a promising method for fast
3D imaging systems in the THz band [24]–[28]. As reported in
[26], a THz imaging system using a photoconductive antenna
(PCA) can provide tunable frequencies ranging from 0.1 THz
to a few THz with ∼15 ms, which can be used to measure
thicknesses of a few micrometers. However, it has a limited
imaging range owing to the low output power and sensitivity
of PCA and focus lenses. In comparison, a uni-traveling-carrier
photodiode (UTC-PD) is another candidate for photonics-based
imaging systems, which can provide a higher output power of
microwatt-order in MMW/THz bands [29]. In previous studies,
a 600-GHz band SS-OCT system enabled with UTC-PD was
proposed with a range resolution of ∼0.61 mm [23]. However,
the 3D imaging range was also limited by the focus lens and the
data acquisition time was∼2 s owing to the homodyne detection
scheme of SS-OCT. Recently, we upgraded the previous system
with the FMCW technique for a reduced data acquisition time
of ∼30 ms [25]. The system exhibited a detectable distance of
∼600 mm with a collimated beam. Based on these results, the
SAR technique is expected to be introduced to achieve both
high-resolution and long-range 3D imaging.

This study demonstrates a photonics-based FMCW system
that operates in the 300-GHz band. Owing to the superior
performance of the UTC-PD and a THz detector, that is, the
Fermi-level managed barrier diode (FMBD) [30], 3D imaging
with the SAR technique was demonstrated with a small output
power of∼15μW. The potential and limitations of SAR schemes
are further discussed herein by comparing and evaluating the
SAR and real aperture imaging results obtained with the focus
lens.

The remainder of this paper is organized as follows. The
photonics-based FMCW system in the 300-GHz band is in-
troduced in Section II. The range resolution and detectable
range are experimentally investigated. In addition, the problem
of nonlinearity of the laser frequency sweep is addressed, and
a calibration method to reduce the nonlinearity is applied to
enhance the range resolution and detectable distance. The details
of the SAR imaging technique for the THz band are provided
in Section III. The resolution issue is mainly discussed with
both theoretical and experimental results. Finally, a conclusion
is provided, along with a discussion in Section IV.

II. FREQUENCY-MODULATED CONTINUOUS-WAVE (FMCW)
PHOTONIC RADAR SYSTEM

A. Experimental Configuration and System Characteristics

The FMCW radar technique has been widely applied to mi-
crowave radars, MMW radars, and LiDAR sensors. Its theory
has been extensively studied in the microwave radar society [12],
[28], as summarized in Fig. 1. When a linear chirp signal Tx

transmitted to a reflector with a distance of d, the reflected signal
Rx with a time delay 2d

c can be generated, where c is the velocity
of light. Multiple reflections with different time delays will be
separated in the frequency-time domain, as shown in Fig. 1(a).

In order to obtain the time delay information, the intermediate
frequency (IF) signal can be obtained by mixing the chirp signal

Fig. 1. Concept of the FMCW radar technique: (a) Transmitted chirp signal
Tx and two reflected signals Rx in the frequency-time domain; (b) IF signal
obtained by mixing Tx and Rx; (c) IF signal in time domain; (d) IF signal after
FFT.

Tx and Rx as follows:

s (t) = η sin

(
4πd

c
(vst+ fmin) + ϕn (t)

)
, (1)

where η is the amplitude of IF signal, which is proportional to
the reflectivity of the imaging target, fmin is the lower frequency
of linear chirp, ϕn is the phase noise caused by laser signal, and
vs is the frequency sweeping speed of the chirp signal. As it
is indicated in Fig. 1(b) and (c), the frequency component of
IF signal is the frequency difference of Tx and Rx, which is
proportional to the distance to a imaging target. It is dominant
for calculating the range information by applying the fast Fourier
transform (FFT) approach, and the targets at different distances
correspond to different IF frequencies, as shown in Fig. 1(d).
Meanwhile, the phase component of IF signals provides more
precise range information, which is vital for doppler-radar ap-
plications [28]. Notably, the complex values, phase noise ϕn,
and high-frequency components were neglected for imaging
applications in this work, and more details can be referred to
the Appendix A. This step replaced the homodyne detection of
each frequency in SFCW and SS-OCT techniques. The range
resolution of the FMCW system can be expressed as follows:

ΔR =
c

2B
, (2)

where ΔR is the range resolution, and B is the bandwidth of
the chirp signal. This indicates that the wideband chirp signal
and its mixing process are the keys to the FMCW technique
to obtaining a high resolution. Although it is already a well-
developed technique in the microwave band, wideband chirp
signals are difficult to generate and mix at higher frequencies,
as mentioned in Section I.

Thus, photonic techniques were adopted to realize the FMCW
radar system in the THz band. Fig. 2(a) shows a block diagram of
the proposed system and Fig. 2(b) shows a photograph of the ex-
perimental setup. A Michelson interferometer was applied using
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Fig. 2. Experimental setup of the THz FMCW system: (a) Block diagram; (b)
Photo of the experimental setup.

a beam splitter instead of a mixer and the photomixing technique
was used to generate a fast frequency-swept THz source. To
obtain the chirp signal with wide bandwidth, a UTC-PD was
applied for its ultra-wide frequency bandwidth and high output
power. Notably, the applied UTC-PD was integrated with the
metal waveguide of WR-2.8. Although it will limit the band-
width of UTC-PD, such integration is essential for future system
integration with a pre-amplifier to enhance the output power. The
frequency of the transmitted THz beam was determined by the
frequency difference between the two lasers. To generate the
chirp signal, the frequency of one laser was fixed, whereas the
frequency of the other laser was swept for a specific frequency
range. In the experiment, the wavelength of the fixed wavelength
laser was 1550.00 nm and that of the tunable laser was swept
from 1546.64 nm to 1548.40 nm. Hence, a chirp signal between
200 and 420 GHz can be generated. The tunable laser operated at
a speed of 50 nm/s, which corresponded to a frequency sweeping
speed vs of 6.25 THz/s. The data acquisition time of ∼35 ms
with the proposed system, which is the key advantage of using
the photonics-based device. The output power from the PD for a
typical measurement was approximately 15 μW. The generated
THz beam was emitted from a conventional horn antenna of 26
dB gain connected to the UTC-PD and collimated by a parabolic
mirror. The collimated beam was divided into two paths using a
pellicle beam splitter: one to the reference mirror and the other
to the object being tested. Finally, both reflected beams were
combined with the beam splitter and received by a quasi-optic
lens-integrated FMBD module as a square-low detector with
a superiority sensitivity of ∼3 MV/W in the 300-GHz band
[30]. In the previous study, such coherent detection scheme was
validated for achieving the SS-OCT application [23]; due to a
faster frequency sweep speed, the IF signal include the time

Fig. 3. The characteristics of IF signal from a mirror reflector at a distance
of 28 mm: (a) Normalized IF signal in frequency domain; (b) Envelope of time
domain signal.

delay information can be obtained with heterodyne detection
scheme using (1).

Because of the broad RF frequency bandwidth and high sen-
sitivity of FMBD, mixing of the 220-GHz bandwidth could be
achieved. To evaluate the performance of the detected signal with
the proposed system, the IF signal of a mirror reflector located at
28 mm away from the reference plane was obtained. The result
is shown in Fig. 3(a), the sinusoidal IF signal indicated that
the heterodyne scheme with the proposed system was achieved,
with a 6-dB bandwidth of∼120 GHz. The reduced bandwidth at
both sides is mainly caused by the integrated metal waveguide
of UTC-PD.

Finally, the reflected pulse signal can be obtained after the FFT
as it is shown in Fig. 3(b), which indicates a distance of 28 mm.
The full width at half-maximum (FWHM) of the reflected signal
is ∼1.1 mm, which is larger than the theoretical range resolution
expressed in (4). This is caused by the metal waveguide as earlier
addressed. Notably, the distance obtained with FFT indicates
that the distance between the transmitter and the reference mirror
was excluded. For example, the distance between the UTC-PD
and the reference mirror was ∼160 mm and the reflector mirror
was positioned at a distance of ∼188 mm from the UTC-PD
along the propagation path of the THz beam.

B. Calibration on the Nonlinearity of the Frequency Sweep

As introduced in Section II.A, a tunable laser was applied
to generate a chirp signal. However, commercial tunable laser
devices that use the Littman-Metcalf technique for frequency
sweeps cannot preserve perfect linearity within the range of the
frequency sweep in the THz domain owing to the mechanical
movement of the scanning mirror inside the laser device [31].
For example, the frequency shift at each swept frequency can
be obtained as shown in Fig. 4(a) by comparing the acquired
IF signal of a reflector mirror at a distance of 28 mm with
its theoretical expression using (1). In addition, the random
phase noise caused by a slight environmental change reduces
the linearity of the laser. Under such conditions, the obtained IF
signal can be expressed as:

s (t)

= η sin

(
4πd

c
(vst + fmin + Ferrsin2πfmt + ϕn (t))

)
,

(3)
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Fig. 4. Calibration on the nonlinearity of the frequency sweep: (a) Frequency
shift at each swept frequency; (b) Reflected signals before/after calibration at
different distances; (c) Imaging distance of the calibrated signal.

whereFerrsin2πfm denotes the periodic frequency trend shown
in Fig. 4(a), fm is the rotation frequency of the scanning mirror
inside the laser device, andϕn is the phase noise. As indicated in
[32], [33], such nonlinear components and random phase noise
will cause sidelobes after the FFT; thus, the range resolution
and dynamic range will be reduced. In this case, corrections
on the nonlinearity of the frequency sweep are required for
FMCW systems in practice [33]. A simple calibration method
introduced in [25] was applied to the proposed system. The core
idea is to use reference data obtained with a reflector mirror
fixed at a known distance. The calibration parameters can then
be calculated by analyzing the differences between the reference
data and the numerical simulation of the IF signal with a known
distance. The calibrated results are shown in Fig. 4(b), where
the reflected signals at longer imaging distances are significantly
improved. However, such simple calibration can mainly correct

the nonlinearity caused by Ferrsin2πfm, whereas the phase
noise cannot be fully corrected. As shown in Fig. 4(a), a slight
frequency shift still exists after the calibration, causing weak
sidelobes, as shown in Fig. 4(b).

Furthermore, the applied laser sweeping speed of 50 nm/s
does not correspond to its maximum speed. However, the lin-
earity worsens for higher sweeping speeds for this equipment;
therefore, a higher sweeping speed was not used. In addition,
a dwell time of ∼200 ms between consecutive wavelength
sweeping is required for the laser employed in the experiment
to reset, which limited the imaging speed of the current system.
A more stable laser source with higher linearity and a faster
sweeping speed is the key for photonic radar imaging at a longer
imaging distance. For example, chirp signal generation based
on the principle of precisely reoccurring frequency shifting is
proposed to generate an MMW frequency-modulated signal of
up to a 40-GHz bandwidth with substantially improved linearity
[34]. The photonic sources specified for THz photonic radar
applications are expected to be developed in the future.

As demonstrated above, the reflected signals from longer
distances were severely distorted by the nonlinearity of the laser
device. However, these reflections can be partially recovered
by calibration processing. Here, the changes in reflection when
the distance of the reflector mirror was increased are shown in
Fig. 4(c). Owing to the limited experimental space, the reflected
signal up to 800 mm was detected with a 300-GHz band system
with small output power. However, such imaging distances were
achieved with careful calibration and specified for a single target.
Generally, when the target is not an ideal reflector but includes
multiple reflections, an imaging distance of ∼500 mm could
be achieved in practice. Besides, the periodic frequency trend
shown in Fig. 4(a) was stable within a data acquisition campaign
of a few hours, but another calibration was usually required after
a few days.

Although the collimated beam cannot be directly applied for
imaging applications because of the lack of spatial resolution,
it is suitable for thickness measurements where high spatial
resolution is not required. For example, we applied a collimated
beam to inspect the thickness changes of the coating material
with a thickness of ∼500 μm. A slight thickness change of ∼50
μm can be monitored with the proposed system in the 600-GHz
band and it shows adequate agreement with the measurement
results obtained using the THz pulse system [27]. This system
can be applied to inspect coating materials at large scales, such
as for ships and planes [35]. Such a long detectable distance
with a collimated beam indicates the possibility of introducing
the SAR scheme in the THz band to obtain 3D imaging.

III. SYNTHETIC APERTURE IMAGING IN THE THZ BAND

A. Real and Synthetic Aperture Imaging

To obtain the imaging results from the radiated THz beam, a
real aperture system with quasi-optic components or the SAR
imaging technique is necessary, as shown in Fig. 5. The real
aperture imaging system, which consists of quasi-optic lenses,
is widely applied in many existing THz imaging systems [6]–[9].
Real aperture imaging can be achieved using an extra parabolic
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Fig. 5. Concept of real and synthetic aperture imaging configuration: (a)
Real aperture imaging using a focus lens; (b) SAR imaging configuration;
(c) Corresponding radar profile of a single target as shown in (b); (d) Ground
truth/SAR imaging result.

mirror based on the proposed system, as shown in Fig. 2. The
spatial resolution obtained with a focus lens is limited by the
diffraction limit, which can be expressed as follows:

Δx ≈ 0.61
λF

D
, (4)

where Δx indicates the spatial resolution, λ is the wavelength,
F is the focal length, and D is the aperture of the lens. Owing to
the narrow THz beam from the horn antenna, the effective beam
width was much smaller than the mirror aperture, which resulted
in a reduced spatial resolution compared to that calculated using
(4). This also occurs in many quasi-optic-based THz imaging
systems [6], [7], [9]. Practically, a spatial resolution of ∼1 mm
can be obtained in the 300-GHz band. However, owing to the
fixed focal length as shown in Fig. 5(a), real aperture imaging is
not suitable for 3D imaging when the imaging planes are distant
from the focus point. Although advanced lens design tech-
niques can improve the DOF to increase the 3D imaging range,
real 3D imaging is difficult to be achieved with a fixed focal
distance [36].

In contrast, SAR image processing was widely used for
medical imaging, seismic exploration, and microwave imaging
[12], [13]. It has many variations depending on the imaging
targets and the data domain. For example, microwave air-born
radars focus on far-field targets and are usually applied in the
frequency domain, where the range and the spatial resolution are
considered to be independent [12]; however, the back projection
or diffraction stacking migration for ultrasonic imaging mainly
operates in the time domain [13]. This method considers the
spherical wavefront in the Fresnel region, where the range and

spatial resolution are related as follows:

Δx ≈ cZ

4BL
, (5)

where Z is the distance between the target plane and THz
transceiver, as shown in Fig. 5(b), and L is the aperture length
of the moving THz transceiver or array sensors. Notably, the
radiation pattern of the THz antenna determines the effective
aperture; hence, the spatial resolution is also influenced. As
suggested in (4) and (5), the SAR imaging approach is more
suitable for 3D imaging since it can provide a stable imaging
resolution at different imaging distances [11], [13], [37]. Practi-
cally, the spatial resolution of the SAR imaging system needs to
be evaluated using experimental results, which are introduced
in Section III.B.

The time-domain SAR algorithm was applied because it can
intuitively observe the imaging procedure [11], [13]. Depending
on the observation of a radar profile, as shown in Fig. 5(c), a
proper imaging area can be selected to reduce the calculation
cost for 3D imaging by considering the effective aperture and
target position. Besides, the physical meaning of time domain
SAR algorithm is straightforward, as shown in Fig. 5(b), (c),
and (d). Every imaging point is assumed to be a potential
target, and by calculating the hyperbolic travel time in the data
domain, we can sum all the amplitudes along this trajectory onto
the imaging point. When the imaging point coincides with an
existing scatter target, the summing energy can be enhanced to
image the target. The 2D diffraction stacking algorithm can be
expressed as follows:

m (x, z) =

∫∫
d (t, xa) · δ(t − T ) · e2πfminT dtdxa, (6)

T =
2
√
z2 + (x − xa)

2

c
, (7)

where x and z are the imaging points, xa is the position of the
THz transceiver, and T is the two-way travel time between the
THz transceiver and the target. Notably, phase compensation is
required with e2πfminT to ensure the coherency of IF signals
at different traces. Although the sampling interval between
THz transceivers is still limited by the Nyquist criterion with
conventional methods expressed in (6), the sparse array theory
can reduce the sampling data or sensor number of a THz array
[37], [38].

B. Synthetic Aperture Imaging Experiments

The configuration of the proposed photonic radar system
for SAR imaging is shown in Fig. 6, which is considerably
simplified compared to real aperture imaging system shown in
Fig. 2. The same UTC-PD with an output power of ∼15 μW
and FMBD were used as that of the 300-GHz system introduced
in Section II.A. The operating frequency ranged from 200 to
420 GHz, which provided a range resolution of ∼1.1 mm,
as shown in Fig. 3(b). Although the beam collimation is not
required, the reflected signal from the targets and reference
mirror combined with a beam splitter and the FMBD operates as
a mixer to generate the IF signal. The transmitter and receiver are
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Fig. 6. Experimental configuration for SAR imaging.

Fig. 7. SAR imaging results of a pair of metal rods: (a) Configuration of the
metal rods target; (b) Radar data of the metal rods at a distance of ∼170 mm
with a gap of 3 mm in between; (c) SAR imaging result for the configuration
of (b); (d) SAR imaging result with a reduced gap of 1.5 mm; (e) SAR imaging
result with an increased distance of ∼250 mm without linearity calibration; (f)
SAR imaging result with an increased distance of ∼250 mm.

installed at the same distance of 30 mm from the beam splitter
for obtaining the coherency of reference and reflected signal,
and such a zero-offset configuration is known as a monostatic
system for the SAR system.

Two metal rods with a diameter of 2 mm and separated by a
small gap of 3 mm were fixed as the imaging target, as shown
in Fig. 7(a). Furthermore, the cross-section data with a 100-mm
aperture length were obtained by sampling across the two rods
with a spatial sampling interval of 0.5 mm. The imaging distance
to the metal rods was∼170 mm. The radar profiles after linearity
calibration and FFT are shown in Fig. 7(b). Data were processed
with conventional time-domain SAR processing introduced in
Section III.C, and the imaging result is shown in Fig. 7(c).
The hyperbolic curvature indicates that such imaging conditions
are not perfect for far-field assumptions and time-domain pro-
cessing is more suitable than the conventional air-born SAR

Fig. 8. SAR imaging result of the 3D distributed rods: (a) Imaging model; (b)
Top view of the 3D imaging result; (c) Side view of the 3D imaging result.

processing [13]. The minimum distance of 1.5 mm between the
two rods can be separated at the same imaging distance as that of
Fig. 7(d). The spatial resolution was slightly reduced compared
to real aperture imaging. This reduction is caused by the band-
width and effective aperture of SAR processing, as indicated
in (7). Although the effective aperture of the transceiver pair is
difficult to analyze owing to the differences in the horn antenna
and lens installed with FMBD, it can be observed from Fig. 7(b)
that the effective aperture is ∼30 mm, which is much smaller
than the full aperture length of 100 mm. The targets were also
evaluated at different imaging distances; the 1.5-mm gap can be
recognized at a maximum distance of ∼250 mm, as shown in
Fig. 7(e) and (f). The reduction in the imaging distance is caused
by the un-collimated beam and the calibration process, which is
explained in Section II.B.

To present the 3D imaging ability of the proposed system,
three metal rods with a diameter of 2 mm are distributed at
different angles within a range of 100 mm, as shown in Fig. 8(a).
The imaging distances of the three rods are∼50 mm,∼110 mm,
and ∼150 mm. The model was mounted on a two-axis moving
stage to obtain a 2D scanning region of 100 mm× 100 mm, with
a spatial interval of 0.5 mm. Approximately 1 h was required
for data acquisition, limited by the acquisition speed bottleneck
described in Section II.B. The 3D imaging results at different
angles are shown in Fig. 8(b) and (c). As observed, the spatial res-
olution did not reduce with the increasing imaging distance and
all the rods were imaged clearly, as described in Section III.B.
However, owing to the increasing imaging distance, the rods at
longer distances become weak owing to the un-collimated beam.

Finally, the 3D imaging results were evaluated and compared
with the real aperture imaging results using a simple layer model,
as shown in Fig. 9. A blade and a coin were fixed between each
layer of 2-mm-thick acrylic plates. Real aperture imaging can
be obtained by introducing an extra parabolic mirror, as shown
in Fig. 2(a). As introduced in Section III.A, a trade-off exists
between the spatial resolution and the DOF for the 3D imaging



YI et al.: ULTRA-WIDEBAND FREQUENCY MODULATED CONTINUOUS WAVE PHOTONIC RADAR SYSTEM 6725

Fig. 9. Real and synthetic aperture imaging results with a layer model: (a)
Targets inside the layer model; (b) 3D structure of the layer model; (c) Real
aperture imaging results at imaging planes with a blade and a coin; (d) Raw data
obtained at imaging planes with a blade and a coin using the SAR scheme; (e)
SAR imaging results at imaging planes with a blade and a coin.

case [36]. Here, a hyperbolic mirror with a focal length of 5 cm,
mirror aperture of 15 cm, and DOF of ∼1 cm was installed to
cover the 3D imaging region within a thickness of ∼1 cm. To
obtain clear imaging results, the 30 mm × 50 mm imaging was
sampled with spatial intervals of 0.25 mm. The layers including
the blade and the coin are shown in Fig. 9(c), where numbers
“1” and “0” printed on the coin could be distinguished with a
spatial resolution of ∼1 mm.

In contrast, the imaging distance for the SAR scheme is
150 mm to obtain a larger effective aperture. Data were obtained
with a spatial interval of 0.5 mm, which is larger than that of
the real aperture imaging case. The spatial resolution of SAR
imaging does not rely on dense spatial sampling; therefore, the
sparse sampling scheme can be a key advantage of using the
SAR imaging scheme [37], [38]. The raw data shown in Fig. 9(d)
indicates an effective aperture of ∼30 mm, where the shapes of
both targets are entirely blurred. The imaging results after SAR
processing are shown in Fig. 9(e). Consequently, both targets
were restored to their original shapes. However, the letters on
the coin are less clear than those obtained with the real aper-
ture system, owing to the weak reflections and reduced spatial
resolution. As earlier addressed, the limited effective aperture

can be the main reason for the reduced spatial resolution. A
specific antenna design with a wider beamwidth is required
for SAR imaging instead of a conventional horn antenna. In
addition, the numerical calculations and imaging algorithms
can change the spatial resolution; more complicated algorithms,
such as compressed sensing and deconvolution techniques can
be introduced to THz imaging to enhance the spatial resolution
[37]–[40].

IV. CONCLUSION AND DISCUSSION

A THz FMCW system enabled with photonics techniques
is proposed for the 300-GHz band. The maximum detectable
distance of up to 800 mm with a range resolution of∼1.1 mm was
achieved with a collimated THz beam. Moreover, the possibility
of realizing the photonics-based SAR imaging scheme with a
photonics-based system in THz bands was highlighted.

The combination of UTC-PD and FMBD enabled the long
imaging distance with a small output power of ∼15 μW and
was the key to achieving SAR imaging. Notably, numerical
calibration was required for the targets at an imaging distance
longer than∼400 mm owing to the frequency sweep nonlinearity
of the tunable laser. However, because the nonlinearity cannot be
ideally removed, only the simple imaging targets can be detected
at the maximum imaging distance. Hence, a specific sweeping
laser source with enhanced frequency sweep linearity is urgently
required. Some photonics-based MMW generation techniques
can be extended to the THz band to enhance both the frequency
sweep speed and linearity [21], [34].

As demonstrated in Section III.B, the SAR technique can be
used to realize 3D imaging. Although the SAR imaging results
provided a reduced spatial resolution of ∼1.5 mm owing to the
resolution dependency on the bandwidth and the insufficient
aperture length, the high spatial resolution can be simultane-
ously obtained at different imaging distances. To further im-
prove the resolution, an accurate design of the THz antenna
and/or observation schemes was required for SAR imaging. In
addition, numerical algorithms could also enhance the spatial
resolution, as reported in [39]–[41]. Furthermore, the sparse
array concept with a multistatic scheme would be an alternative
approach to phased array systems to realize the real-time THz
array 3D imaging system, where complicated phase modulation
is not required and the number of THz sensor elements can
be reduced [38]. In conjunction with the rapid development
of THz hardware, the proposed system shows remarkable po-
tential for next-generation remote sensing applications in the
THz band, including high-resolution imaging, monitoring, and
classification [42].

APPENDIX A
PHASE NOISE IN IF SIGNAL AND IMAGING RESULT

In this section, the phase noise neglected in (1) will be further
discussed. It is clarified that the phase information is coherently
obtained by self-mixing the transmitted and received THz chirp
signal, while a phase noise component remains with sufficient
coherent length. Its effect on ranging and imaging applications
is also discussed quantitatively.
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As introduced in Section II.A, the transmitted THz chirp
signal Tx is generated with the photomixing technique, which
can be expressed with:

Tx (t) = At sin

(
2πt

(
fmin +

vst

2

)
+ ϕi + ϕn (t)

)
, (8)

where At is the amplitude of the transmitted signal, fmin is
the lower frequency of linear chirp, and vs is the frequency
sweeping speed of the tunable laser. The initial phase of the THz
chirp signal is ϕi, which is the phase difference of two laser
signal. Notably, it is challenging to lock the phases of a laser
precisely, especially for the tunable laser. In this case, a phase
noise component ϕn is included with the THz chirp signal.

When the transmitted THz linear chirp signal Tx propagate to
a reflector at a distance d, the reflected signal Rx with a delay
time τ can be expressed as follows:

Rx (t) = AtAr sin

(
2π (t− τ)

(
fmin +

vs (t − τ)

2

)

+ ϕi + ϕn (t)) , (9)

where

τ =
2d

c
, (10)

Ar is the amplitude of the received signal. Since the imaging
targets in this work are located within a few meters, which is
smaller than the coherence length of laser signal, the coherent
IF signal s can be obtained by mixing the chirp signal Tx and
Rxwith a square-law detector as follows:

s (t) =
AtAr

2
sin

(
4πd

c
(vst+ fmin) + ϕn (t)

)
, (11)

which is equivalent to (1) by replacing AtAr

2 to η, which is
proportional to At and Ar. The high frequency component
of THz signal is neglected by using a low-pass filter, and the
initial phase of THz chirp signal ϕi will be canceled during
the mixing calculation. Notably, the frequency component of IF
signal 4πd

c vs is mainly used to calculate the distances between
the antenna and targets with FFT; while the phase component of
IF signal 4πd

c fmin is also target-dependent but less accurate due
to the phase noise ϕn. Although the phase noise is propagated
from the optic signal to the THz carrier signal, and then to the low
frequency IF signal, it is mostly generated within a short period
of τ , which is nanosecond-order for the targets within a few
meters. Although the quantitative evaluation of the coherence
length with the tunable laser is not included, it can be observed
from Fig. 7(b) that the phase of the reflected pulses from the
metal rods is continuous, which indicates that the IF signals are
coherently obtained. However, some of the discontinuities can
also be observed in Fig. 7(b), indicating that a small amount
of the phase noise still exists and may reduce the dynamic
range of the reflected signal [43]. Since the phase information
is also target-dependent, the influence of the phase noise is not
critical for imaging applications with complicated targets such
as GPR and near-range MMW imaging [19], [39]. The polluted
IF signal with phase noise usually results in reduced imaging

resolution and imaging artifacts [44]. Meanwhile, phase infor-
mation becomes essential for advanced radar techniques such
as polarization analysis. In this case, observations with different
polarization properties and phase calibration are required [45].
In the future, phase calibration will also be introduced to the
proposed system to enhance the imaging resolution and/or to
obtain doppler information [28], [44].
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