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Abstract—Terahertz (THz) imaging techniques have attracted
significant attention and have developed rapidly in recent years.
However, despite several advances, these techniques are still not
mature, and their high cost and system complexity continue to
limit their applications. In this article, the techniques for achieving
a practical imaging system with a compact THz transceiver are
addressed, while considering the limitations of the current tech-
nique. The aim is to provide a brief review of related topics, while
also covering our recent progress, which can provide some general
perspectives and contrasting approaches for realizing a practical
THz imaging system. The continuous wave devices are mainly
focused for their flexibility of balancing the imaging resolution and
data acquisition time. The importance of transceiver integration
is also discussed and illustrated by introducing a 600-GHz band
micro-photonic interface for integrating a THz source and detector,
with a single resonant tunneling diode as a transceiver. With regard
to system issues, spatial sampling with mechanical beam-scanning
is discussed as an intermediate approach for moving stage and
array technology. The potential and limitations of this approach
are evaluated, along with an elliptical reflector as an alternative to
an f-theta lens owing to its low cost and simplicity. The combination
of integrated devices, along with the mechanical beam-scanning, is
also discussed for demonstrating our current concept of realizing
a practical THz imaging system.

Index Terms—Continuous wave imaging, integrated device,
mechanical beam-scanning, resonant tunneling diode, THz
imaging, THz transceiver.

I. INTRODUCTION

IN RECENT years, a variety of sensing applications in the
terahertz (THz) band have attracted significant attention as

these frequencies provide sub-millimeter-level resolution and
good transparency to electrical insulators such as paper, glass,
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and polymers. THz imaging techniques can image not only
the precise two-dimensional (2D)-distribution of the target of
interest but also three-dimensional (3D)-information such as
layers, cavities, and adhesive joints. The precise THz image is
crucial for a variety of applications ranging from nondestructive
testing (NDT) and security to medicine, food inspection and
agriculture [1]–[10]. However, the technical difficulties and high
costs involved in scaling up these techniques for industrial use
have restricted them to laboratory demonstrations [5], [10]. In
order to improving the THz imaging technique, many significant
works have been proposed for summarizing the related topics
from different angles such as imaging speed [7], high-resolution
imaging [1], [10], THz array integration [8], [11], [12] and spe-
cific techniques [3], [6], [13], while this article mainly focuses on
the techniques that will lead to a practical THz imaging system,
which includes a compact transceiver and cost-effective spatial
sampling method.

For imaging techniques that include the THz band, two dif-
ferent approaches are mainly applied—pulse and continuous
wave(CW) imaging. The pulse-based imaging technique, which
refers to THz time-domain spectroscopy (TDS), is mainstream
for THz sensing/imaging applications [4], [5], [7], [13]. The
pulse, with a bandwidth of a few THz, can be used to obtain the
pulse duration of picoseconds-order, which further measures the
thickness of thin layers to the nearest micrometer, and/or can be
used for precise 3D imaging with tomography techniques [14].
While the drawbacks of the pulse system include bulky source
device, complicated time-domain data acquisition and its high
cost [13].

Compared to pulse, the CW technique usually yields limited
bandwidth while it is a more flexible approach for realizing a
compact THz imaging system. THz waves can be generated
via both photonic and electronic techniques. Moreover, the
single-frequency or narrow-band THz imaging systems have
been demonstrated in real-time for security and/or inspection
applications with a sub-millimeter resolution [1], [3], [6], [10],
[15]–[18]. In terms of 3D imaging, modulated CW signals with
frequency sweep can be used with a coherent detection scheme
to generate synthetic pulses of high power [19]. This technique
is known as pulse compression [20] or optical coherence tomog-
raphy (OCT) in different societies [21]–[23].

For the prospect of flexibility and adaptivity according to the
variants of the imaging requirement, we believe that the tunable
frequency range of the CW source opens up possibilities in
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striking a balance between the imaging resolution, cost, and data
acquisition time. For example, a certain frequency bandwidth for
3D imaging can be achieved with a tunable CW technique, and
the frequency sweep speed defines the imaging resolution within
a required data acquisition time [24]. Furthermore, a compact
transceiver can greatly contribute to the practical installation of
a THz imaging system [8], [11], [12]. The limited bandwidth
makes it possible to guide the THz within the medium, which
can lead to a compact device by integrating the THz source
and detectors together. Together with the rapid development of
THz-band wireless communication techniques, compact THz
CW devices at lower THz band are becoming more efficient in
terms of performance and price [3], [8]. However, it is still an
expensive technology and it is more difficult to implement at
or above 300-GHz band with only electronic techniques [25].
Nevertheless, it is expected that the combination of electronic
and photonic technique can achieve a compact THz transceiver
at different frequency bands for different applications [3], [26].

On the other hand, since a fixed transceiver pair yields only
a single pixel, spatial sampling is another key issue for THz
imaging systems; the methods used for spatial sampling sig-
nificantly affect the size, data acquisition time, and cost of
the system. In general, both beam-focusing with quasi-optic
components and digital focusing techniques such as holography
[27], [28] or synthetic aperture radar (SAR) [1], [29]–[31] can
be applied to 2D and/or 3D imaging with sufficient spatial sam-
pling. Quasi-optic systems provide high resolution defined by
diffraction-limit [32], [33], while the imaging distance is fixed by
the focal length of the lens. Hence, they are typically combined
with a mechanical beam-scanning system 2D imaging [7], [15],
[34], [35]. In contrast, the digital focusing method can be applied
to obtain 3D images without a lens [19]. However, this technique
is more expensive on account of spatial sampling since a certain
frequency bandwidth need to be sampled simultaneously.

THz arrays are expected to offer optimal solutions for simpli-
fying the spatial sampling both imaging approaches introduced
above. However, the technical difficulties and costs involved
with this technology are prohibitive. Furthermore, most existing
THz arrays only include detectors, while an extra source is
still required [1], [7], [25], [36]–[39]. In addition to using the
array technique, a tunable THz CW transceiver with a scannable
quasi-optic system is not without its drawbacks but is a sufficient
choice for realizing a practical THz imaging system for 3D
imaging [24]. Besides, the efforts on variants of intermediate
solutions for achieving a practical THz imaging system should
be noted. It is important for users to consider the trade-off
between the spatial resolution, which means wider bandwidth,
and data acquisition time for the best fits of their requirements.

The recent advances in THz imaging using CW devices at dif-
ferent frequency bands is briefly discussed, in Section II A. Since
transceiver integration above the 300-GHz band still involves
several problems, such as large losses and limited bandwidth
of the waveguide, the concept of integrating the electronic and
photonic components is introduced as an effective approach in
this frequency band. This is illustrated by the examples of an
integrated silicon micro-photonic unit operated at the 600-GHz
band [40]. Instead of a conventional integration method, a further

integrated resonant tunneling diode (RTD) transceiver device
will also be addressed as an alternative integration technique for
reducing the system cost [41]. To arrive at a balance between
cost and data acquisition speed, systems that use mechanical
beam-scanning are mainly addressed in Section III. A simplified
quasi-optic system with only one elliptical reflector is demon-
strated together with a single RTD for realizing a cost-effective
2D imaging system [42]. The last section provides a conclu-
sion and prospects for terahertz imaging techniques for related
applications.

II. INTEGRATION OF THZ TRANSCEIVER FOR IMAGING

A. THz Sources and Detectors for Imaging System

The THz transceiver, including the source, detector, and in-
terface components, is a key constituent of the imaging system.
As mentioned in the above section, tunable CW devices at
different THz bands can contribute to such systems of different
requirements. This section focuses on CW sources and their
overall integration because they are relatively dominant in the
performance of a transceiver, where a general overview of the
devices introduced in the following are summarized in Table I.

In general, electronic and photonic devices can be configured
to generate CW signals below and above the 300-GHz band,
respectively. Multiplication of millimeter waves (MMW) is
commonly performed in THz imaging experiments; although
the equipment involved is expensive, the refined technique offers
better bandwidth and increases power output by the order of a
few milliwatts [18], [21], [23], [24], [29], [43]. A well-calibrated
system can be directly applied for 3D imaging, as an exam-
ple, a vector network analyzer operated at the 300-GHz band
demonstrated sub-millimeter resolution at a distance of ∼2 m
by lens-free digital focusing [29].

Electronic devices that can directly generate THz signals with
DC bias are cost-efficient for imaging at specific frequency
bands, making them a primary contender for large-scale ap-
plications and integration. Diodes such as impact-ionization
avalanche transit time (IMPATT) diodes [44], Gunn diodes
[45], [46], and RTDs [41], [47] have been applied for imag-
ing application. Recently, tunable THz IMPATT sources with
power ratings as high as 30 mW and frequency bandwidth of
∼30 GHz have been commercialized. It can be expected that
similar systems such as the GB-SAR [48] at the MMW band
will soon be available in lower THz band; this could provide
extraordinary spatial resolution at a stand-off distance. As men-
tioned in the previous section, significant research into THz
imaging arrays with integrated sources and detectors at the
300-GHz band has also been conducted with transistor devices
such as heterostructure bipolar transistors (HBTs), high elec-
tron mobility transistors (HEMTs), and silicon complementary
metal–oxide semiconductor (CMOS) transistors [8], [11], [25],
[38], [49]–[53]. We believe that the array technique represents
the future trend of THz imaging; however, breakthroughs are
required to reduce the cost and develop it beyond the 300-GHz
band.

The photonic method plays a major role in obtaining THz
signals at higher frequencies. Semiconductor single-oscillator
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TABLE I
OVERVIEW OF SOME COMMONLY APPLIED CW THZ SOURCES FOR IMAGING PURPOSE

THz quantum cascade lasers (QCLs) [6], [16], [39], [54]–[56]
and photomixing techniques have been investigated for imaging
applications. QCLs have the potential for integration [39], [56]
and can also provide relatively high power output on the order
of milliwatts at frequencies beyond 1 THz; they are hence
considered suitable for higher frequency bands. The operational
requirement of low temperatures does limit the practical ap-
plication of QCL; however, recent progress has been made in
room-temperature imaging with a QCL device [55].

Photomixing is one of the most promising ways to fill the
gap at the 600-GHz band for its wide bandwidth and low phase
noise, which is considered to be the next step in high-speed
THz wireless communication [3], [26], [57]–[59]. It requires two
lasers of different frequencies to be combined into a photomixer,
which then yields an output wave signal whose frequency equals
the difference between the two input frequencies. The uni-travel
carrier diode (UTC-PD) is a promising photomixer for its wide
bandwidth and relatively high output power [60]. A huge advan-
tage of CW techniques is that they provide tunable frequencies
that range from 0.1 THz to a few THz, which can be used to
measure thickness on the order of a few micrometers as THz
pulse system [16]. Owing to the high-speed sweep of the laser,
the combination of the frequency modulated continuous wave
(FMCW) technique with photomixing is a promising method
for fast 3D imaging systems in the THz band [59]. Although
the bandwidth is limited, device integration with the electronic
interface provides possibilities of combining photomixers with
electronic devices such as pre-amplifiers [60], [61]. This sug-
gests that photomixing has the potential to be a flexible imaging
transceiver and to balance the requirements of imaging resolu-
tion and data acquisition time.

There are many kinds of THz detectors available, categorized
into photon detectors and thermal detectors [36], [37]. Regarding
the data acquisition time, sensitivity, and cost, only a few of them
are considered to be mature technologies, i.e., they are developed
experimentally and have yet to be commercialized.

For thermal detectors, microbolometers and pyroelectric de-
vices are commonly used in THz imaging experiments and
commercial products [36], [38], while for photon detectors,
technologies employing silicon CMOS circuits [8], [25], [38],
[39], [49], [50], III-V HEMTs [62], [63], Schottky barrier diodes
(SBDs) [3], [43], [45], etc., are more mature and used in a variety
of integrated devices.

B. Integration of THz Transceiver

1) Integration At 600-GHz Band with Micro-photonic Inter-
face: Imaging cannot be performed with only the transmitter and

Fig. 1. Concept of simplifying a THz transceiver, Tx indicates a THz source,
Rx indicates a detector and BS refers to beam splitter; (a) indicates a quasi-optic
configuration for detecting the coherent signal from target and reference mirror;
(b) is the integration of quasi-optic within the dashed line of (a) into a 2D silicon
wafer; (c) is the idea case of transceiver integration that combines source and
detector together with a single device.

receiver—the interface that links the THz wave is also crucial. It
helps to detect the transmitted and reflected signals separately,
or to detect the coherent signal using a mixer, to obtain range
information [19]. The metallic waveguide is a mature technique
for the microwave/MMW band; its design is key for the 300-GHz
band Si-CMOS integration technique [64]. However, metals
exhibit non-negligible ohmic loss in the terahertz range. This is
exacerbated by the surface roughness of the internal conductor,
as it is challenging to accurately machine a microstrip line of
such miniature dimensions [65].

The unlimited frequency bandwidth in free space is the pri-
mary reason for the popularity of the quasi-optical configuration
in demonstrating THz imaging systems at higher frequency
bands, even though they make the systems bulky [1], [3]. A
common setup of a quasi-optic system with a THz transceiver
and a designed beam splitter is shown in Fig. 1(a). The focus lens
operates as waveguides to collimate THz beams on the spatial
domain. A reference reflector can reflect the THz beam for co-
herent detection, while it is also possible to use an absorber here
when only the direct detection of signal amplitude is required.
Such systems are usually bulky and require precise alignment,
which makes them impractical. A simplification of the THz
transceiver is, therefore, definitely required. For example, 2D
integration as it is shown in Fig. 1(b) is a straightforward way
for achieving it with silicon micro-photonic material instead of
simple metallic striplines. Fig. 1(c) represents an ideal case of
integration, where all the individual components are replaced by
a single device.
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Fig. 2. (a) Integrated 2D quasi-optic unit with beamforming functionality
of Maxwell fisheye lens and beam-splitter; (b) design of metal package for
integrated photonic unit.

Microstructured all-intrinsic-silicon photonic-crystal tech-
nology has been developed as an alternative [66]. Devices of
this sort achieve field confinement by means of the photonic
bandgap in the in-plane direction and the total reflection in
the perpendicular direction. This yields highly efficient THz
range waveguiding, but this comes at the expense of reduced
bandwidth. To address this issue, we employ the same material as
that of the aforementioned terahertz photonic crystal devices—
high-resistivity silicon—so that it has low losses. However, it is
microstructured in a different manner, rather than a photonic
crystal, to realize an effective medium. Thus, this material
change can accomplish both high efficiency and an ultra-wide
frequency bandwidth.

As shown in Fig. 2(a), the integrated unit uses an unpatterned
silicon slab and monolithically integrates four half-Maxwell
fisheye lenses with a beam splitter. The lenses serve to launch the
terahertz wave into the dielectric slab in the form of a confined
beam, which is free to propagate within the 2D plane of the slab.
The wave propagation is identical to the conventional quasi-optic
configuration introduced previously, while a terminator or an
isolator can be applied instead of reference reflector or absorber
to 3D and 2D imaging, respectively.

The core idea for designing the lenses and beam splitter is
the implementation of an effective medium. This is composed
of a subwavelength through-hole array that mixes air into a
silicon slab. A terahertz wave experiences this structure as a
homogeneous medium of effective index that is mediated by the
filling factor of air in silicon; larger through-holes produce a
lower index. A Maxwell fisheye lens is a radially symmetrical
optic that maps a point source to a diametrically opposed focus,
as indicated in Fig. 2(a). This lens converts a point source at its
focus to a plane wave that is projected normally from its bisecting

line segment. As the structure is entirely passive, this operation
is bidirectional. The lens is fed by an all-dielectric waveguide
coupled directly to its focus. The concept of lens design was
previously established in [67].

The beam splitter which is also shown in Fig. 1(a) is another
important integrated 2D components. Subwavelength through-
holes are arrayed in a diagonally oriented square lattice, thereby
forming an effective medium. This produces a local discontinu-
ity in the effective index, which causes reflection within the slab.
The intended functionality of the beam splitter is to evenly divide
the incident radiation between the transmitted and reflected
waves, as this yields the highest possible signal-to-noise ratio
when used in an imaging system. The ratio between transmitted
and reflected powers can be designed by adjusting the width of
the beam splitter, period of the holes a, and diameter of holes
D. Considering Fabry–Perot interference, the width of the beam
splitter is set to 140 µm because its bandwidth is approximately
500–700 GHz, which is suitable for application to 600-GHz band
imaging systems. While a and D were optimized via simulation
for 23 and 15.6 micrometer, respectively. The details evaluation
can be found in [40], while some imaging results and the imaging
system are introduced in Section III-A.

For practical use, packaging structures are necessary to house
fragile microstructured silicon units. To this end, a metal case
was designed and fabricated. Fig. 2(b) shows the cross section
of the metal case, in which four waveguide parts are designed
to connect with the coupling spikes of the integrated unit. A
cross-shaped trench was cut into the bottom of the trench under
the portions of the silicon unit that carries terahertz waves. Thus,
the metal components are separated from the wave propagation
part by more than 2 mm; hence, these metal components have
no influence on wave propagation [68]. Metal pins and threaded
holes are incorporated onto the sides of the case to facilitate
physical coupling with hollow metallic waveguides that are
terminated with a standard UG-387/UM flange to facilitate
connection with external equipment.

2) Integration to a Single Device: As shown in Fig. 1(c), the
ultimate form of a THz transceiver comprises an integration of
the source, detector, and interface components. The integration
of devices for performing THz imaging is therefore highly
desirable as it can ultimately allow the production of convenient,
compact, and potentially mass-producible low-cost equipment
for practical applications. In addition to using the 300-GHz-band
CMOS integrated techniques that actually link the transmitter
and receiver on chip [8], [52], [64], the QCL source has been
successfully integrated with the SBD receiver monolithically for
imaging purposes [56].

As another approach, some special devices can realize
transceiver integration directly with their inherent features.
It is demonstrated that the QCL itself can be used directly
as a transceiver with its self-mixing property [6], [69]. For
electronic devices, a security application is demonstrated with
commercialized sub-harmonics mixer at the 300-GHz band as
a transceiver that uses a leaked LO signal as the THz source.
Although the output power was only a few microwatts, a hidden
weapon model could be detected at a distance of ∼8 m distance
[70].
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As introduced in Section II A, RTD is an electronic device
that can operate as both a THz source and detector at room
temperature [71]. Its oscillation at ∼2 THz has been reported in
[72], while a detailed study on RTD receivers was reported for
the 600-GHz band [73]. The RTD operation is determined by
its current–voltage (I–V) characteristics. In the negative differ-
ential conductance (NDC) region, due to the quantum tunneling
effect, oscillation occurs if the magnitude of the NDC exceeds
the positive conductance of the resonator circuit. Recently, an
RTD oscillator exhibits extraordinary sensitivity as a coherent
detector when it operates as a self-oscillating mixer. Hence, the
RTD device is applied for homodyne wireless communication
in the 300-GHz band without using an extra LO source [74].
When the RTD is biased in the NDC region, the RTD can
simultaneously provide LO signal while operating as a mixer.
Moreover, a single RTD can be employed as both transmitter
and receiver simultaneously for imaging applications. When
the RTD operates in the NDR region, a small portion of the
self-oscillating signal remains within the RTD device as the LO
signal, while most of the self-oscillating signal is transmitted and
reflected at the target, denoted as the reflected signal. Because
the transmitted and received signals are at the same frequency,
injection locking can occur, resulting in signal detection with
low phase noise [73], [75], [76].

The reflected signal acquires a constant phase shift of 2πf 2d
c

during propagation, where d is the distance to the target, f is the
oscillating frequency of the RTD, and c is the speed of light. If the
high-frequency components of the detected signal are removed,
the remaining detected voltage VLPF can be expressed as (1),
and a similar result can also be obtained by considering the
mechanism of the external feedback property of the RTD [77].

VLPF (t) ∝ Acos

(
4πfd

c

)
(1)

Equation (1) indicates that when the oscillation frequency is
swept or the distance to the target is linearly varied, the detected
signal becomes a cosine function that can provide accurate range
information.

For confirmation, we performed ranging measurements to
demonstrate the capability of the RTD transceiver sensor. The
experimental setup of the imaging experiment employing the
RTD transceiver module is shown in Fig. 3(a). The applied
RTD is integrated within a hollow waveguide with a standard
UG-387/UM flange and its concept is shown in Fig. 3(b). The
output power was ∼50 µW, and the oscillating frequency was
∼278 GHz with a bias voltage of 0.71 V. The schematic diagram
of the system is shown in Fig. 3(c). The transmitted signal was
spatially modulated by an optical chopper with a frequency of
1 kHz and then transmitted to a mirror at a distance of 32.5 cm.
The reflected signal was output via the bias tee and a lock-in
amplifier, and an analog/digital (A/D) converter was used to
digitalize the signals. A mirror reflector mounted on the moving
stage was moved toward the RTD module, and the detected
phase differences were evaluated. When the mirror reflector
shifted 3.5 mm, and a clear periodical signal can be obtained,
as shown in Fig. 3(d). The wavelength was 0.54 mm, which
corresponds to the oscillation frequency of the RTD. Owing to

Fig. 3. Demonstration of a single RTD transceiver for imaging application;
(a) Experiment setup; (b) concept of the waveguide integrated RTD (b) block
diagram of experiment setup; (c) coherence signal obtained by moving the
reflector; (d) imaging result of a 100-yen coin, ∼ 1 mm spatial resolution can
be obtained.
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Fig. 4. Methods of spatial sampling for THz imaging, T/Rx indicates a
transceiver; (a) indicates spatial sampling by moving a transceiver; (b) represents
array concept which requires multiple transceivers; (c) indicates the mechanical
beam-scanning approach by changing the beam direction.

the low phase noise of such a configuration, a resolution of less
than 4 µm can be realized by detecting the voltage variation of the
detected signal without using an extra amplifier. Furthermore, a
100-yen coin inside the envelope (the envelope was not included
in Fig. 3(a) for recognizing the position target) was imaged at
a distance of ∼20 cm with the conventional quasi-optic setup
shown in Fig. 3(a) and a 2D moving stage. The spatial resolution
of ∼1 mm was measured experimentally by using knife edge
method [42]. The text on the surface of the coin could be imaged
clearly as it is shown in Fig. 3(e).

Such simplified integration devices can greatly reduce the
system cost and have the potential for specific applications. As
reported in [41], similar experiments have also demonstrated
with a RTD integrated with micro-photonic interface. On the
other hand, narrow bandwidth of∼ 20 GHz can also be obtained
by changing the bias voltage of RTD oscillating at 300-GHz
band, although such operation is still not stable, it opens the
possibility for 3D imaging. Besides, the RTD transceiver can
further be applied for holographic imaging [27] or Doppler
detection [78], which do not require large bandwidth.

III. SPATIAL SAMPLING FOR A PRACTICAL IMAGING SYSTEM

A. Approaches for Achieving Efficient Spatial Sampling

As described in Section I, spatial sampling is a key aspect in
THz imaging systems. The spatial sampling by using moving
stage which is shown in Fig. 4(a) is a straightforward and
convenient way for experimental studies which requires only
one transceiver device. However, a spatial sampling interval of
at least half a wavelength is required according to the Nyquist
sampling criterion, which means a 0.5-mm sampling interval is
required for the 300-GHz case. Under such conditions, the RTD

imaging of the 40 × 40 mm area shown in Fig. 3(d) required
a few minutes for data acquisition. Extra efforts are necessary
to handle such dense data sampling in a short time to realize
real-time THz imaging.

For consideration of research and future trends, it is evident
that the array system together with beam-forming technique
which is shown in Fig. 4(b) can finally lead to a real-time imaging
system [7]. Since there are always limitations for mechanical
operation, performing digital processing with multiple sensors
is still the final objective for solving the problem of spatial data
sampling. As it is discussed in Section II-A, although integrated
transceiver array systems are limited at the 300-GHz band, THz
detector arrays, which are also defined as THz cameras, are based
on relatively mature techniques [7], [45], [62], [79]. Owing to the
high cost and limitation of the directional THz beam, the current
devices can only image a small area, hence the combination of
a linear array with a quasi-optic system is also an effective way
to further enhance the imaging speed while achieving a larger
survey area [37], [45], [79].

In addition, some other novel techniques from the MMW
society and the optic society have also been applied for fast
THz imaging. A leaky wave antenna was recently introduced to
the THz band, which uses an antenna device for steering THz
beams at different frequencies. It also demonstrated that the SAR
technique can be applied for vital signal detection in a specific
direction [18]. Similarly, the metasurface technique has been
introduced for the THz band for beam steering with a single
THz transceiver [80], [81]. The single-pixel imaging based on
compressed sensing has also been demonstrated for realizing
the real-time THz imaging [7], [82], [83]. The 2D image can be
directly obtained with a single THz transceiver without spatial
sampling, while additional masks are necessary to obtain the
spatial information of the target. Similar to the device integration
techniques introduced in Section II-B.2, these novel techniques
provide insights for achieving faster imaging or reducing the
cost of the system.

It is also worth noting that the conventional moving stages
are slow for acquiring THz images, while combining them with
the SAR technique allows for a relatively large survey area to be
covered in a short time. An impressive 300-GHz SAR system
was presented in [19] by moving a transceiver mounted on a
vehicle. Such digital imaging techniques without quasi-optic
systems require a considerable amount of output power or pre-
amplifiers, which currently limits their applicability; however,
these techniques can perform 3D imaging without the limitation
caused by the focal length of the optical lens. Owing to the
small size of THz devices and simple integration techniques,
it is possible to use micro-drones to obtain spatial sampling
at the required distance and imaging region. Although these
techniques are not mature for practical applications, they provide
more possibilities for widening the application of THz imaging
techniques.

In order to keep the low cost of using single transceiver while
enhancing the imaging speed, an alternative way is to reduce
the spatial movement of a transceiver by introducing rotating a
reflector, then using a scannable quasi-optic component to guide
the THz beam for fast spatial sampling, as it is shown in Fig.
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4(c). At current stage, it is not without its drawbacks but is a
sufficient choice for achieving a practical THz imaging system
with a single transceiver.

B. Methods for Mechanical Beam-Scanning

1) Combination of F-Θlens with Integrated Optical Unit: As
it is discussed in previous section, mechanical beam-scanning
is still a cost-efficient method at the current stage. The use
of focusing elements such as an f-theta lens and/or a concave
mirror, along with a galvano mirror, has been introduced in
many THz imaging systems [46], [54], [84]. This method is
suitable for inspection applications when the targets are moving
on a conveyor belt, while the imaging speed along the moving
direction of the conveyor belt is usually limited to less than
1 m/s owing to the limitation of the rotating speed of the
galvano mirror. By introducing a polygon mirror, the scanning
speed can be further enhanced [15], [35]. Moreover, 2D imaging
of a small region can be obtained with a 2D galvano mirror
system and it has been demonstrated with a THz reader [85].
Additionally, a compact imaging system for imaging a small
region of ∼8 cm has been reported with using a photomixing
source [86]. Besides, the integrated optical unit introduced in
Section II-B.1 was constructed by combining the f-theta lens
and the galvano mirror for achieving wideband low-coherence
imaging at the 600-GHz band.

Fig. 5(a) shows the block diagram of the imaging system that
uses an integrated unit. At the transmitter side, a low-coherence
signal source is generated by photomixing of 600-GHz carrier
signal and amplified spontaneous emission noise of ∼70 GHz
bandwidth with an UTC-PD [21]. The use of low-coherence
signals can reduce imaging artifacts that arise due to interference
effects and improve the quality of the imaging results. On the
receiver side, the terahertz signal is detected by an SBD and
measured using lock-in detection. The signal in the waste port
is radiated to free space by a horn antenna and absorbed by an
absorber. The signal that is interfaced with the sample under
test is radiated from a horn antenna, collimated by a parabolic
mirror, scanned by a galvano mirror, and concentrated by an
f-theta lens. Here, the sample under test is moving in a direc-
tion perpendicular to the scanning direction. Fig. 5(b) shows a
photograph of the imaging system using the integrated unit. It
can be observed that the system is much more compact than
the conventional quasi-optic lens and beam splitter. Fig. 5(c)
shows the imaging result. An envelope made of paper was
used as the sample, and a wrench and clip were placed inside
the envelope. The choice of sample employed in the imaging
experiment is intended to represent a prospective application and
the detection of foreign materials. The imaging system employs
terahertz waves in the 600-GHz band, exhibiting sub-millimeter
resolution and transparency to paper. The wrench and clip,
whose widths are approximately 1 mm, can be detected through
the paper envelope. It should be noted that the low-coherence
imaging technique effectively suppresses artifacts caused by
the interference. The broad bandwidth of the integrated unit is
beneficial in this regard, thus allowing us to clearly distinguish
the wrench and clip in the envelope.

Fig. 5. (a) Block diagram of imaging system using integrated optic unit;
(b) experimental setup by introducing integrated unit; (c) imaging result of an
envelope with a wrench and clip inside.

2) Simplified Elliptical Reflector for Mechanical Beam-
Scanning: For practical applications, the dielectric lens for the
THz band is still expensive, especially for larger imaging areas,
while the metal reflector can be a better choice for reducing the
cost and reflection loss. An elliptical reflector was introduced
for the 600-GHz band imaging for security applications, and a
25-m imaging distance was achieved by using a well-calibrated
beam-scanning system, while the spatial resolution was∼10 mm
due to the long-distance and limited bandwidth [87]. Similar
systems at 300-GHz band were reported and summarized in
[88], for a achieving faster data acquisition speed. Although
multiple reflectors are applied for covering the reduced spatial
resolution caused by the beam-scanning, most of the results ob-
tained the spatial resolution as much as 5-10 times the operating
wavelength. Another method of using an elliptical reflector is
to combine with digital focusing, which is proposed in [89],
[90] for security applications. This reflector focuses the beam in
only one direction while signal processing is used for focusing
the beam in the perpendicular direction. It shows a better spatial
resolution of ∼4 mm at the 200-GHz band, which is about 2
times its wavelength. Recently, another strategy is proposed for
designing an alternated elliptical reflector that can focus the
beam in both directions without extra signal processing. It is
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Fig. 6. (a) Propagation path simulation of designed system; (b) surface of the
designed elliptical reflector; (c) simulation results of focused beam at different
rotation angle with proposed elliptical reflector; (d) simulation results of focused
beam at different rotation angle with conventional elliptical reflector.

featured for its simplicity as only one reflector is required for
achieving a spatial resolution of ∼0.7 mm at the 600-GHz band.

Fig. 6(a) shows the beam propagation configuration with
designed reflector. The source is placed at a specific location
away from the focal point of elliptical plane for achieving a bal-
ance between spatial resolution and linearity of beam-scanning.
The concept of the proposed reflector is illustrated in Fig. 6(b)
indicates that the designed concave mirror is shaped as an
anamorphic surface, wherein the elliptical plane and hyperbolic
plane are designed and merged at perpendicular directions. Such
surfaces can be mathematically defined as

z =
x2/Rx+y2/Ry

1+
√

1−( Kx+1)x2/R2
x−( Ky+1)y2/R2

y

, (2)

where x, y, and z are the surface coordinates; Kx and Ky are
the conic constants in the x and y directions, and Rx and Ry

are the curvature radii in the x and y directions, respectively.
The conic constant defines the shape of the surface; for example,
when 0 < K < 1, the surface shape becomes an elliptical plane,
and when K < −1, the surface shape becomes a hyperbolic
plane. When the source is away from the focal point, beam
steering can be achieved by changing the beam direction with a
galvano mirror [91]. However, a trade-off exists between spatial
resolution and scanning region [87]. Then, the elliptical plane
was first adopted for the horizontal axis, and the shape of the
vertical axis was adjusted to a hyperbola. The designed surface
was optimized using numerical simulation, and the parameters
were selected as Kx = − 3.6, Ky = 0.55, Rx = 328 mm,
and Ry = 472 mm. Fig. 6(c) and (d) compare the simulation
results of the focused beam at different reflection angles with
the designed elliptical reflector and a conventional elliptical
reflector. The source points for both mirrors were placed away
from the focal point for scanning. It is seen that the focused

Fig. 7. Combination of designed elliptical reflector and RTD transceiver for
2D imaging; (a) block diagram of the imaging system (b) experiment setup of the
system;(c) imaging target of a T shape absorber attached on a mirror reflector;
(d) imaging result.

beam size of the designed concave mirror is much smaller than
that of the conventional ellipsoid mirror, which corresponds to
the experimental results of horizontal and vertical resolutions
of ∼2 and ∼0.7 mm, respectively [42]. The designed elliptical
reflector supports an imaging speed of 0.1 m/s with an imaging
width of ∼12 cm.

By combining the designed reflector with the RTD transceiver
introduced in the previous section, a simplified imaging system
is presented in Fig. 7. The system configuration is shown in
Fig. 7(a), the setup of the transceiver side is similar to that shown
in Fig. 3(b). An extra galvano mirror is applied for the mechani-
cal beam-scanning together with the proposed elliptical reflector.
The system is experimentally installed, as shown in Fig. 7(b);
its components are very simple, and it can be redesigned to
be a compact imaging system by reducing the imaging range.
As shown in Fig. 7(c) and (d), a simple T-shaped absorber can
be imaged clearly by moving the target perpendicular to the
beam-scanning direction.

As mentioned in the Introduction section, 3D imaging is
always required for THz imaging. However, there is cur-
rently a gap between time-consuming 3D data acquisition
with the TDS technique and real-time 2D CW imaging tech-
niques. For some specific cases, only millimeter-thick-layer
targets need to be imaged separately, such as for the inspec-
tion of packaged electronic devices. The combination of CW
frequency sweeps with a scannable reflector can be a cost-
efficient approach. Previously, such systems were realized with
electronic radar techniques, where only the centimeter order
range resolution were achieved due to the limited bandwidth
[24], [87], [89].
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With the advances of accessing wider bandwidth for 3D
imaging, some applications was demonstrated with the designed
elliptical reflector [42]. A THz tag consists of two-dimensional
photonic crystal slabs placed in a matrix, where each slab has
its own absorption frequency [85]. By applying the frequency
sweep from 450 to 750 GHz along each pixel on the THz tag, the
2D tag information can be obtained corresponding to both spatial
distribution and frequency absorption distribution of a specific
tag. With the same configuration, thickness measurement of a
1 mm-thick acrylic plate is demonstrated with a range resolution
of ∼1.4 mm. Currently, MMW multiplier is applied as THz
source, hence the acquisition time is slow owing to the limitation
of the sweep time when using the synthesizer. The combination
of a beam-scanning system with a photonic-based CW sweep
is our next objective for advancement in fast 3D imaging with
sub-millimeter resolution.

IV. CONCLUSION AND OUTLOOK

THz imaging technology is developing rapidly, but it is still
not a mature technology and difficult for large-scale production.
Although many applications have been successfully demon-
strated with various THz devices and techniques, the high cost
and system complexity continue to limit the popularization of
THz applications. Among all features of THz imaging tech-
niques, the fast 3D imaging with sub-millimeter resolution is the
most significant. However, the trade-offs between the imaging
resolution and data acquisition time are the main concerns in
designing a practical imaging system. A tunable CW source
approach is more flexible and can handle different applications
than obtaining micrometer-order resolution with THz pulse.
Based on current techniques for real-time 2D imaging with a
single frequency, the enhancement of frequency sweep speed
within a certain data acquisition time is a steady approach for
realizing a real-time 3D imaging system. Photomixing with the
CW technique can potentially balance the imaging quality with
cost in various manners, such as that observed in low-coherence
imaging [21] or by obtaining pulse signals with FMCW for fast
3D imaging [3].

From the perspective of a compact device requirement, the
integration of the THz transceiver is a key aspect in realizing a
practical imaging system. This is also the first step for imple-
mentation of on-chip integrated THz arrays. The THz transceiver
array in the band below 300 GHz is being developed rapidly
using the CMOS-LSI technique. However, at frequency bands
above 600-GHz band, pure electronic techniques face many
problems, such as difficulty in signal generation, significant
loss in waveguides, and a lack of interface components, such
as couplers/dividers. For this purpose, we present a compact
photonic unit that aims to integrate electronic components with
the photonic interface. As stated in [3], [26], [56], the combi-
nation of the photonic and electronic techniques is crucial for
further development of THz techniques. Although many issues
of electronic devices remained to be solved such as limited oscil-
lating frequency and bandwidth, they are potential for realizing
the large-scale production of 3D imaging system with low-cost.

In contrast, although photomixing devices have been integrated
with waveguide [60], additional fiber links to the laser device
are still required. The further integrated device that includes a
semiconductor laser is essential.

To further reduce the cost, some special devices exhibit the
potential for integration without the need for separate sources
and detectors, and the coherent signal can be obtained directly.
Both the QCL and RTD exhibit such properties, and easily
facilitate further simplification of the THz imaging system.
Despite the bandwidth issue mentioned above, the mechanism
of such properties has not yet been clearly explained. The
physical exploration of such devices is still underway [73],
[92], [93] for generalizing their applications. We believe that
a compact transceiver is the key feature of THz device, which
make it possible for mounting in different devices such as phones
and micro-drone for widening the application of THz imaging
techniques.

Because THz arrays are currently difficult to obtain and are
expensive, the mechanical beam-scanning is an intermediate
method for obtaining THz images in real-time. As mentioned
at the end of Section III-A, 3D imaging can be achieved through
combination with a fast frequency sweep THz source, and we
believe it can be a practical solution for frequency bands beyond
600-GHz by combining with photomixing techniques, which is
still difficult for array techniques. Although scannable quasi-
optic components, such as f-theta lenses and elliptical reflectors,
have been applied and discussed in many studies, problems,
such as insufficient spatial resolution, still remain [35], [87].
A major reason for such unresolved problems may be the fact
that THz beam can neither be easily collimated nor radiated
widely as microwave radiation. Combined with the improve-
ments of the theoretical analyzation of THz propagation and
optical component design, the combination of signal analysis
and processing techniques can be another solution [94] to such
problems. Furthermore, as stated in the previous section, the
use of a THz array, in combination with other novel techniques,
such as the sparse array concept [95], or combining arrays with
a mechanical beam-scanning system for higher data acquisition
speed with lower cost, can also be a future trend for solving
spatial sampling issues.
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