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Abstract
Free-space transmission of terahertz (THz) waves opens great opportunities for wire-
less applications including sensing and communication in the 6G era and beyond.
Owing to their wider bandwidths and shorter wavelengths, the use of THz waves
enhances information capacity and spatial resolution while downsizing aperture sizes
compared to microwaves. On the other hand, the shorter wavelengths of THz waves
can involve severe path loss. To compensate for the path loss, directional transmission
based on beam steering is indispensable. In this article, we review the development of
THz beam steering, which has been a longstanding challenge as well as the genera-
tion of high-power THz waves. While the use of active or passive phased arrays is the
predominantly utilized approach to implement beam steering, other approaches based
on variable diffractive structures and frequency dispersive structures offer low-cost
alternatives. We also emphasize that application-driven system design approaches, in
which THz beam steering is tightly coupled to signal processing, have been emerging
to overcome hardware limitations.

Keywords Terahertz · Beam steering · Phased arrays · Phase shifters ·
Diffraction gratings · Distributed index lenses · Leaky-wave antennas

1 Introduction

Wireless transmission of signals in the frequency range of 0.1–1 THz, i.e., the tera-
hertz (THz) band, has been vigorously studied for a variety of applications including
nondestructive imaging, high-resolution radar, and communication in the 6G era and
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beyond. Owing to the typically wider bandwidths available in this spectrum and
shorter wavelengths, the use of THz waves enhances information capacity and spa-
tial resolution while requiring lower physical apertures (for the same gain) than at
microwave frequencies. Even for short-range transmission of an order of 1 m, the
propagation distance is much longer than the THz wavelengths, which for 300 GHz
is 1 mm. Therefore, compensation for the path loss using a highly directional link
is essential. In general, the path loss between a transmitter and a receiver (with
polarization alignment) is described based on the Friis transmission formula [1] as

Pr

Pt

=
(

λ

4πR

)2

gtgr , (1)

where Pt and Pr are the transmitted and received power, respectively, λ is the wave-
length, and R is the distance between the transmitter and receiver, each with a linear
antenna gain of gt and gr , respectively. From Eq. 1, we see that the path loss is pro-
portional to the square of λ and increases significantly as the wavelength becomes
shorter. Thus, large gt and gr are required to compensate for the path loss. When we
assume R = 10nλ and express the antenna gain in decibels using capital letters Gt

and Gr , the path loss in Eq. 1 is expressed as 20n + 22 − Gt − Gr dB. For example,
the path loss becomes 22 dB when n = 3 and Gt = Gr = 30 dB (gt = gr = 1000).
It should be mentioned here that the wireless transmission of THz waves also suf-
fers from atmospheric attenuation. Nevertheless, it can be minimized by the use of
atmospheric windows at which the attenuation becomes a few decibels per kilometer
around 300 GHz [2]. Therefore, the path loss likely far exceeds the atmospheric atten-
uation when the propagation distance is sub-kilometer. While the Friis transmission
formula in Eq. 1 describes the path loss with respect to line-of-sight transmission,
non-line-of-sight transmission is also important in practical situations. In that case,
additional reflection losses are involved.

Increasing antenna gains requires two technical considerations in size and align-
ment. Firstly, a large antenna aperture is needed because the antenna gain g is
proportional to its aperture area Ae as [1]

g = 4πAe

λ2
. (2)

To implement large Ae, a feeding structure that uniformly excites the large aperture
must be realized. An aperture with large Ae can deliver a collimated beam over a cer-
tain distance. We can see that if we assume Pr/Pt = 1 and gt = gr = g in Eq. 1, and
when combined with Eq. 2, we obtain R = Ae/λ. This relation provides an estimate
of the distance over which beam collimation is maintained without wavefront diver-
gence. Also, according to the definition of the antenna gain, the following relation
holds

g = 4π

Θ1Θ2
, (3)

where Θ1 and Θ2 are the two orthogonal beamwidths in the azimuth and elevation
directions in radians. As a numerical example, when we prepare a uniform aperture
of 30 mm square (Ae = 900 mm2) for λ = 1 mm, we can generate a beam colli-
mated over a distance of about 0.9 m, and the beam begins to diverge after that with a
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beamwidth of about 2◦. In many experimental studies in the THz range, horn anten-
nas and lenses are frequently used to implement such a large aperture. To excite such
a large aperture with a point source, wavefront conversion using a tapered waveguide
or free-space diffraction is required. Since axial propagation is involved for the con-
version, increasing the aperture area without increasing its three-dimensional volume
is difficult. In the microwave range, techniques to implement a large aperture with
a low-profile have been developed such as patch antenna arrays. However, applying
such techniques directly to the THz range is challenging due to significant losses of
transmission lines comprising both conductive and dielectric losses. Hence, beam-
forming techniques that can circumvent the significant losses in the THz range need
to be developed [3].

Secondly, dynamic beam steering is required to extend the spatial coverage of sig-
nal transmission [4]. In the THz range, diffraction towards the shadow region behind
objects hardly occurs since the wavelength is much shorter than that of microwaves.
Therefore, transmitters and receivers must be linked via adaptively selected line-
of-sight and non-line-of-sight paths using beam steering. In the microwave range,
phased arrays have been established as a technique for beam steering, in which a
wavefront is artificially synthesized by an array of antennas with individually con-
trolled phases [1]. Phased arrays can be broadly classified into active and passive
types as illustrated in Fig. 1(a) and (b), respectively. In the active type, each oscilla-
tion phase of multiple oscillators is controlled individually, whereas, in the passive
type, the output of a single oscillator is distributed to multiple antennas via phase
shifters. In either case, the gain of a single antenna is multiplied by an array factor
described as

F(r̂) = a0e
j(k0r̂·d0+�φ0) + a1e

j(k0r̂·d1+�φ1) + · · · + aN−1e
j(k0 r̂·dN−1+�φN−1) (4)

where F(r̂) denotes the array factor formed in the direction of a unit vector r̂ , k0 is
the wavenumber in free-space, and an, dn, and �φn are the amplitude, displacement
vector, and phase delay of the n-th element, respectively. When the amplitude an is
uniform and the phase delay is chosen so that �φn = k0r̂0 · (d0 − dn) + �φ0 +
2πm holds, where m is an integer, constructive interference is established in the
specific direction of r̂0. The grating lobes can be suppressed when the array is dense
enough, i.e., −π < k0r̂ · (dn − dn−1) < π . Thus, beam steering can be attained
by dynamically tuning the values of �φn. With N antenna elements, the array factor
enhances the gain of a single antenna by a factor of N when mutual coupling between
adjacent elements is negligible. For example, when an isotropic antenna element with
a gain of g = 4πA/λ2 = 1 is arrayed with N = 16, the total gain becomes 12 dB.
Other beam shapes including focused beams and multi-directional beams can also be
synthesized by accordingly tuning the phase.

In the following sections, we review the recent development of THz beam steering
with an emphasis on fundamental challenges and application possibilities. Currently,
research and development of semiconductor transmitters and receivers in the THz
range are being vigorously pursued [5, 6]. Accordingly, important results on THz
phased arrays have been reported as reviewed in Section 2. Meanwhile, there are sig-
nificant challenges in implementing large-scale phased arrays mainly due to the lack
of transmission lines and phase shifters that are sufficiently low-loss and broadband.
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Fig. 1 a Active phased array. b Passive phased array. c Parallel-fed diffraction with a transmissive array.
d Parallel-fed diffraction with a reflectarray. e Serial-fed diffraction with a leaky-wave antenna

Therefore, alternative approaches have also been considered based on reconfigurable
diffraction using variable structures as reviewed in Section 3 and frequency disper-
sive structures in Section 4. Such approaches are classified into transmission-type,
reflection-type, and also guided-type (Fig. 1(c), (d), and (e)) although their beam
patterns can be commonly described by the array factor in Eq. 4. In addition to
the efforts as above, we emphasize in Section 5 that application-driven approaches
have recently been emerging. There, beam steering with dispersive structures can
be used for physical layer signal processing such as spectrum-to-space mapping,
implementing functionality with limited hardware resources.

2 Phased Arrays

In this section, we start with reviewing the recent development of THz phased arrays.
Whether active or passive, electronic or optical, the phased arrays incorporate mul-
tiple antenna elements to emulate a large aperture antenna with the capability of
directing the beam into specific directions (Fig. 1(a) and (b)). The enhancement of
antenna gain using the phased arrays is important for not only transmitters but also
receivers as understood from Eq. 1.

2.1 Overview of the THz GenerationMethods

As shown in Fig. 2(a), candidates of THz power generation at the low THz fre-
quencies mainly include silicon technologies such as complementary metal-oxide
semiconductors (CMOS), SiGe, III-IV semiconductor-based heterojunction bipolar
transistors (HBTs), high electron mobility transistors (HEMTs), Schottky barrier
diodes (SBDs), resonant tunneling diodes (RTDs), and quantum cascaded lasers
(QCLs) [5]. For every technology, the reported THz power generation has shown sig-
nificant evolution from 2008 to 2018 as summarized in Fig. 2(b). Transistor-based
methods are advantageous at the low THz frequencies owing to their efficiency and
compatibility with well-developed CMOS processes for large-scale integration. For
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Fig. 2 a General trends of THz power generation across different technological substrates and frequency
ranges [7]. Copyright 2020, IEEE. b Evolution of the reported THz power generation in integrated
electronics and photonic systems from 2008 to 2018 [5]. Copyright 2018, Springer Nature

transistor-based THz power generation, a Johnson’s figure of merit serves as a per-
formance metric. Another indicator for high-frequency operation is the maximum
frequency of operation (fmax), which is the frequency where the unilateral gain
becomes unity. This limit is determined by several different device parameters includ-
ing intrinsic gain, on-chip metal losses at terminals, parasitic capacitance, breakdown
voltage, and carrier mobility. As an example, an InP/GaAsSb double heterojunction
bipolar transistor (DHBT) with an fmax of 1.2 THz has been reported [8]. For general
CMOS/SiGe technologies, an fmax close to 250/500 GHz can be expected. Addi-
tional losses attributed to on-chip passive devices could also reduce the efficiency
of high-frequency operation. Silicon-based THz sources above 300 GHz were first
demonstrated in 2008 by Huang et al. [9] and Seok et al. [10]. The first THz beam-
scanning array operating at 280 GHz was demonstrated in CMOS with +9.4 dBm
effective isotropic radiated power (EIRP) in [11–13]. Since then, the community has
made significant advancements (as shown in Fig. 2(b)) with THz frequency genera-
tion in CMOS stretching up to 1.4 THz (at −13 dBm EIRP) [14]. In [15], a 1-THz
oscillator array was demonstrated with an EIRP of 13 dBm and a DC-to-RF effi-
ciency of 0.73 × 10−4. The efficiency and fmax of silicon-based devices, particularly
SiGe, is expected to increase as the fabrication processes improve. As an example,
to enhance the total radiated power and directivity, a non-tunable 2D array for power
combining has been developed to deliver 1 mW of radiated power at 0.53 THz, where
synchronization between antenna elements is realized with a zigzag daisy chain [16].
Beam steering has gained increasing attention also for other THz generation meth-
ods such as RTDs and QCLs. RTDs have shown oscillation frequency close to 2
THz at room temperature [17]. Phase control of an injection locked RTD at around
380 GHz has been investigated with an aim for array extension [18]. QCLs typically
show higher efficiencies at higher frequencies, but it requires operation at low tem-
peratures. An efficiency of 2% has been reported at 3.3 THz at 70 K [19]. Phase
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locking of QCLs has been considered through serially connected laser ridges [20]
and evanescent coupling [21].

2.2 Active Phased Arrays

To enable intelligent THz sensing and communication in the 6G era and beyond, the
adoption of phased arrays is in the middle of the spotlight owing to its beamforming
capability in the spatial domain. One of the critical challenges in realizing large-
scale arrays is the signal distribution and synchronization between array elements for
coherent power combining. As illustrated in Fig. 3(a) and (b), popular methods for
synchronization include an H-tree distribution network of a local oscillator (LO) sig-
nal and an array of mutually coupled oscillators. Examples of the respective methods
are shown in Fig. 3(c) [11] and (d) [22]. The H-tree distribution network consists of
a fractal tree structure typically fabricated with transmission lines. As a result, the
LO signal reaching every cell has an equal amount of delay, resulting in a uniform
frequency, amplitude, and phase. Each cell can contain a frequency multiplier and a
phase shifter so that the radiation wavefront can be tilted. A drawback in this method
is that the LO signal is severely attenuated on the network and needs to be compen-
sated by broadband amplifiers. This comes at a cost of complexity, high DC power
consumption, and potential mismatches due to process variations. Furthermore, the
presence of a dense LO network can involve unintentional wave coupling that dete-
riorates the radiation performance. Meanwhile, in the coupled oscillator network as
shown in Fig. 3(b), adjacent oscillators connected in a mesh are mutually locked. This
approach significantly simplifies the design of the coupling network, but the phase
tuning range in the coupled oscillators is typically limited by the phase-locking range
of the oscillators. It should be noted that while the abovementioned array architec-
tures are useful as a transmitter, it is significantly more challenging to use them as a
receiver.

Fig. 3 Array synchronization strategies using a H-tree distribution network and b coupled oscillator net-
work. c Example of an H-tree based phased array at 280 GHz [11]. Copyright 2012, IEEE. d Example of
a coupled oscillator–based phased array at 338 GHz [22]. Copyright 2015, IEEE
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An H-tree LO distribution network requires phase shifting for each radiator.
Such phase shifting can be in principle implemented with vector-sum phase shifters
consisting of two variable gain amplifiers. However, its implementation at THz fre-
quencies is challenging due to the absence of amplifier gain. Thus, several other
phase-shifting schemes have been proposed including RF/LO phase shifting, inter-
mediate frequency phase-shifting, and digital phase-shifting in fully digital arrays.
Digital arrays, while being the most flexible and programmable in their operation,
require a full transceiver chain and an ADC at each element. Minimizing power con-
sumption of the digitizers operating at high-speed for practical, efficient, and scalable
digital array architectures is an ongoing research challenge. The challenge of interme-
diate frequency (IF) is that the spatial interferers are not rejected before the frequency
down-conversion and the inter-modulation products can be detrimental to the array
operation. Li et al. proposed a 140-GHz phased array transmitter based on a scheme
with high IF phase-shifting where an IF frequency of 11.5 GHz is used, and the
IQ phase component is generated through a polyphase filter [23] (Fig. 4(a)). Abdo
et al. demonstrated an image-rejection transceiver operating at 300 GHz through
bi-directional outphasing and Hartley architecture as shown in Fig. 4(b). The work
achieves a TX and an RX data rate of 26 Gbaud and 18 Gbaud, respectively [24].

For coupled oscillator arrays, beamforming is typically realized by changing the
bias voltage of the oscillators so that the relative phase of the injection current and the
oscillation current is shifted, that in turn changes the phase of the oscillator relative
to the neighboring element. This implies a strong tuning range dependence on the
locking range of coupled oscillators. A locking range of approximately 8 GHz was
reported at 200 GHz using a mutual coupling array [26, 27]. Another implementation
of a mutually coupled resonator network can be found in [22], where each of the cells
is locked to its neighbors through transmission line–based coupling networks with
varactors. Any phase tuning at the fundamental frequency gets directly translated

Fig. 4 a Eight-element 140-GHz phased array based on IF beamforming with 5-bit phase and 4-bit gain
control at the IF band of 9–14 GHz [23]. Copyright 2021, IEEE. b 300-GHz image-rejection phased array
transceiver based on a bi-directional outphasing and Hartley architecture [24]. Copyright 2021, IEEE
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with a multiplicative factor at the harmonically radiated THz signal. For instance,
a W-band signal with a tuning phase of 0–90◦ will be expanded into 0–360◦ when
multiplied by a quadrupler to THz. Therefore, a single-ended phase shifter can suffice
in many cases [28]. One significant challenge in this architecture is that the locking
range can be small, and this can result in the system going out of synchronization
with process variations and mismatches. To improve the network’s locking range,
Saeidi et al. proposed a network architecture that removes the individual oscillation
ability of each element as shown in Fig. 5, and creates a condition of a collective
oscillation of the 2D array as the only stable solution. This increases the locking
range from 10 to 53 GHz [25, 29]. Furthermore, this architecture also enhances the
locking phase angle, allowing the phase of each unit to be adjusted within a larger
range for beamforming.

In addition to the works mentioned above, a comparatively large tuning beam
angle of ±40◦ in both the E and H plane [11] has been demonstrated at 280 GHz
with an array size of 4×4. A ±64◦/±26◦ tuning has been demonstrated at 344 GHz
with an array size of 2×2 [30]. A high DC-to-RF efficiency of 0.91% was reported
in [31] with an array size of 1×4 and a scanning angle of ±12◦ in the E plane, in
which a reflective-type phase shifter is used to reduce insertion loss. In [32], a phased
array on a glass module has been demonstrated to improve the radiation efficiency of
on-chip antennas at the D-band, with a simulated steering angle of ±20◦.

Apart from the approaches to steer continuous THz waves as above, attempts to
steer short THz pulses have also been considered. For example, digital-to-impulse
radiating arrays have been developed based on SiGe BiCMOS, which achieves a
peak EIRP of 30 dBm with a pulse width of 5.4 ps and a jitter of 270 fs by
combining signals from 8 elements with a programmable delay [33]. Using bulk
CMOS, a peak EIRP of 17 dBm with a pulse width of 14 ps and a jitter of
230 fs has been achieved by combining signals from 16 elements [34]. In [35–
37], radiated programmable THz waveforms with dynamic waveform shaping were

Fig. 5 416-GHz mutually coupled oscillators through transmission lines [25]. Copyright 2020, IEEE
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demonstrated with the capability of generating pico-second pulses and continuous
wave frequencies in a reconfigurable fashion.

2.3 THz Power Detection and Beam-Scanning Receivers

Array architectures are also important for the receiver front-ends to improve signal
levels and spatial interference rejection while facilitating beam steering. Convention-
ally, incoherent power detection has been popular in the THz range. Examples of
such detectors include Golay cells with typical noise equivalent power (NEP) in the
range of 1000 pW/

√
Hz [38]. Another commonly used methodology is bolometers

with typical NEP in the range of 100 pW/
√

Hz [39, 40]. While these methods are still
often used for calibration, it is hard to miniaturize and scale them into large arrays.
Integrated technologies using CMOS, SBD, III-IV, and HBT devices have been
demonstrated with THz power detection abilities that satisfy many of the intended
applications including the scalability for large arrays. Prior works have demonstrated
CMOS/SiGe-based detectors with NEP of 10–100 pW/

√
Hz [41, 42] in the 100–300

GHz range. A detector array developed with a 0.13-μm SiGe process and a CMOS-
based source array operating in the 240–290-GHz range have been combined to
demonstrate THz imaging capability with a sensitivity of 8.8 pW/

√
Hz [43]. In [44],

an electronic-photonic hybrid approach was shown for high-frequency THz imaging
in the 3–3.5-THz range with a quantum cascade laser source, and a 100-pixel THz
CMOS camera achieving an average NEP of 1260 pW/

√
Hz between 3.25 and 3.5

THz.
With the ability to integrate antennas and detectors on the same substrate based on

co-design approaches, new sensing architectures based on on-chip multiport anten-
nas have been emerging [47–49]. As an example, a log-periodic on-chip antenna
incorporating detector arrays distributed across the surface has been shown [50, 51],
enabling the extraction of incident THz spectral signatures across 40–330 GHz by
sensing the 2D distribution of the impressed surface current. This eliminates the
requirement for on-chip wideband frequency synthesizers, mixers, and amplifiers,
and miniaturizes an entire THz spectroscope to an electromagnetic scatterer and
incoherent detector array compatible to subsequent linear estimation. In [45], Wu et
al. modified the architecture to allow impedance control in each detector, thereby
enabling the control of surface current distribution on the antenna structure. Through
a nonlinear mapping between optimal digital states to incident THz field properties,
a programmable THz sensor capable of accepting incident field properties across the
spectrum, angle of incidence, and polarization has been demonstrated (Fig. 6(a)). The
sensor demonstrated noise equivalent power of 20.4 to 274 pW/

√
Hz across 0.10–1.0

THz, covering the incident angles up to ±45◦. In addition to direct power detection,
coherent heterodyne architectures allow the detection of phase information, which
can be used further for beamforming at the receivers. Li et al. demonstrated a 140-
GHz eight-element wafer-scale phased array receiver with a quartz superstrate with
printed antennas. It scans up to ±35◦ in the elevation angle and receives up to 9–10
Gbps data rates [52]. While most reported works focus on single beam steering, Hu et
al. reported a 32-unit phase-locked heterodyne receiver array at 240 GHz (Fig. 6(b))
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Fig. 6 a Distributed programmable chip-scale THz sensing interface [45]. Creative Commons Attribution
(CC BY) license. b Heterodyne receiver array with array-wide phase locking [46]. Copyright 2019, IEEE

where the integration of two interleaved 4 × 4 arrays can allow concurrent steer-
ing of two independent beams with a sensitivity of 58 fW at a 1-kHz measurement
bandwidth and a steering angle of ±20◦ [46]. Coherent methods show superior sen-
sitivity versus direct detection methods by at least 40 dBm/

√
Hz [53]. Nevertheless,

the generation of LO signals, the absence of power amplifiers, and the deteriorated
noise figure of receivers currently limit the frequency of operation of most CMOS
heterodyne receivers below 500 GHz.

2.4 Optoelectronic Phased Arrays

While the recent advancement of THz electronics has allowed the implementa-
tion of electronic phased arrays as discussed ins Sections 2.2 and 2.3, the optical
down-conversion approach also supports beam steering by spatially modulating pho-
tocurrent phase profiles. For example, when a photoconductive antenna is used in a
reflective configuration, the THz radiation appears in the specular direction of the
optical pump. Therefore, beam steering is attained by tilting the incident angle of
the optical pump [57]. Instead of tilting the optical pump, an array of photconduct-
ing antennas sinusoidally biased with respect to their positions can also generate a
THz pulse with a tilted wavefront [54]. By altering the bias pattern, beam steering
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over 40◦ has been demonstrated at 480 GHz (Fig. 7(a)). The use of two pump beams
with a frequency difference allows more agile beam steering. When two spatially
dispersed pump beams impinge on a photoconductive antenna, a THz beam with a
different frequency and phase is generated. In this case, the phase ramp formed on
the photoconductive antenna varies sensitively depending on the incident angle of the
pump beams. A THz beam of 600 GHz can be steered over 29◦ when one of the two
optical pump beams is tilted over 0.155◦ as shown in Fig. 7(b) [55]. It is also possi-
ble to incorporate an interference pattern for the optical pumps on a photoconductive
antenna, which defines a discrete phased array [58]. Meanwhile, implementing mul-
tiple photoconductive antennas, each of which can be selectively excited at different
positions on a silicon lens enables beam switching. An experimental demonstration
of 1D beam switching over 18◦ has been presented in [59] along with a numerical
prospect of a 2D scanning angle of 70◦. Instead of photoconductive antennas or other
semiconductor substrates, the use of metasurfaces composed of nanostructured gold
plasmonic metagratings with nonlinear optical properties can tailor both the phase
and polarization around 1 THz in response to optical pulse excitation with a central
wavelength of 1500 nm [60]. While those approaches have relied on spatial optics
for optical pumping, the use of an optical fiber network that delivers an optical pump
with tunable delays enables THz beam steering with an integrated platform. Che et
al. have implemented an array of uni-traveling carrier photodiodes (UTC-PDs) fed
with two optical laser signals via an optical fiber network [56]. By controlling the
phase difference between the two laser signals based on thermo-optic effect, THz
beam steering over 50◦ at 300 GHz has been demonstrated as shown in Fig. 7(c). The
use of a true-time optical delay line enables beam steering of pulsed THz waves over
20◦ [61].

Fig. 7 a Photoconductive antenna array with spatially modulated voltage bias [54]. Copyright 1992, IEEE.
b Spatially dispersed ultrafast laser pulses that generate a tilted phasefront [55]. Copyright 2008, Optical
Society of America. c Fiber-fed optical phased array combined with arrayed photomixers [56]. Copyright
2020, IEEE
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2.5 Passive Phase Shifters

Although there have been promising demonstrations of the electronic and photonic
phased arrays, there is still a great technical challenge to cover an aperture size of
several centimeters, which is important for practical wireless transmission of THz
waves as discussed in Section 1. The realization of a passive phased array, for which
only a single transmitter is required, could mitigate this challenge. A passive phased
array is also advantageous in terms of its compatibility with a high-power amplifier
and reversibility in transmission and reception. While the realization of a complete
passive phased array has yet to be demonstrated in the THz range, there is an increas-
ing number of efforts to implement THz phase shifters, a fundamental component of
a phased array.

2.5.1 Solid-state Phase Shifters

A solid-state THz phase shifter using split-ring resonators (SRRs) fabricated on an
n-doped GaAs layer shown in Fig. 8(a) was first presented by Chen et al. in [62]. It
achieved a voltage-controlled linear phase shift of about 30◦ for the transmitted wave
with the amplitude fluctuation below 10% over a bandwidth of about 23 GHz around
890 GHz. Lee et al. have developed a graphene-based metamaterial (Fig. 8(b)) to
modulate the phase of the transmitted wave by 32.2◦ at 650 GHz [63]. Zhao et al.
have used insulator-to-metal transition of vanadium dioxide (VO2), which has a phase
change temperature of 68◦C, to generate a phase shift above 130◦ over a bandwidth of
55 GHz from 575 to 630 GHz with the maximum insertion loss of about 16 dB based
on thermal excitation by laser irradiation (Fig. 8(c)) [64]. Since these approaches
are based on resonance, the bandwidths are limited, and the phase shift near the
resonance frequency is inseparable from amplitude variation. In addition, since they

Fig. 8 a Split-ring resonator-based phase shifter developed on a n-doped GaAs layer. [62]. Copyright
2009, Springer Nature. b Gate-controlled graphene phase modulator [63]. Copyright 2012, Springer
Nature. c Photoinduced phase control via vanadium dioxide incorporated nanostructure [64]. Copyright
2018, American Chemical Society. d Transmission line-coupled AlGaN/GaN layer for digital phase shift
[65]. Copyright 2021, Springer Nature
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are used in transmissive configuration, the refractive index mismatch between the
semiconductor substrate and free-space involves reflection losses.

There are other approaches based on non-resonant structures suited for broad-
band operation. The use of a checkerboard metal pattern in which metal patches
are interconnected via VO2 can switch its response from capacitive to inductive by
thermal phase transition, resulting in a phase shift of 90◦ at 470 GHz with 8 dB inser-
tion loss [66]. An array of gated two-dimensional electron gas formed by a layer of
AlGaN/GaN coupled to a transmission line (Fig. 8(d)) enables phase manipulation
with a precision of 2 to 5◦ at frequencies from 0.26 to 0.27 THz, with an average
phase error of 0.36◦ [65]. A concept of variable delay lines using gated graphene
transmission lines has also been considered numerically [67]. As compared to the
resonant structures, the non-resonant structures allow broader bandwidths at a cost
of weaker perturbation to the wave propagation.

2.5.2 Liquid Crystal Phase Shifters

Liquid crystals possess an electrically controllable refractive index based on birefrin-
gence, which has been considered for THz frequencies [71–73]. To implement THz
phase shifters using liquid crystals, reconciling transparency with tunability is impor-
tant. While the early works have used simple electrodes so that THz waves do not
impinge on the electrodes [74, 75], more recent works have improved the structures
and the materials of the electrodes. Those include the use of metal grating [76, 77],
graphene [78, 79], ITO nanowhiskers [68, 80], and PEDOT: PSS [81, 82]. The use of
a graphene thin layer as electrodes allows not only transparency but also direct cur-
rent voltage application without ion diffusion problems [78]. The ITO nanowhiskers
can serve both as a transparent electrode and an alignment layer [68] as shown in
Fig. 9(a). The performance of the phase shifters can be characterized by a figure of
merit, which is the amount of a phase shift normalized by the insertion loss and bias
voltage. It takes a value of around 4.6–7.7◦ dB−1 · V−1 for the recent liquid crystal

Fig. 9 a Indium-tin-oxide nanowhiskers for biasing liquid crystal THz phase shifters [68]. Copyright 2014,
AIP Publishing. b Reflective liquid crystal THz phase shifter [69]. Copyright 2014, AIP Publishing. c Fast
switching design based on an active alignment of liquid crystals both in- and out-plane orientations [70]
Copyright 2018, IEEE
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phase shifters [83]. Thus, the implementation of 360◦ phase shift still requires high
voltage and insertion loss. The introduction of subwavelength artificial structures is
expected to enhance the phase shift. For example, an array of resonant metal patches
serving both as a reflector and a liquid crystal electrode (Fig. 9(b)) has shown a
phase shift over 350◦ for frequencies from 353.5 to 359.3 GHz at 40 V with a loss
above 12 dB [69]. A subwavelength array of dielectric resonators can be designed
to enhance rotation force on liquid crystal molecules via the surface anchorage force
[84], enabling a 1.8 times higher phase shift at 700 GHz than without the struc-
ture. The use of resonant structures, however, poses a limitation on the bandwidth.
Another research direction is to improve the switching speed. Ung et al. have devel-
oped an electrode structure that actively switches liquid crystal molecules in both the
in-plane and out-plane directions (Fig. 9(c)), enabling high-speed operation of about
0.5 s [70].

In addition to implementing phase shifters, direct beam switching using liquid
crystals is also possible. Scherger et al. have demonstrated that the angle of emer-
gence from a wedge-shaped liquid crystal container can be deflected by 6.3◦ for
frequencies from 300 to 600 GHz by bias voltage [85].

2.5.3 Electromechanical Phase Shifters

As reviewed in Sections 2.5.1 and 2.5.2, the solid-state and liquid crystal phase
shifters are still facing fundamental challenges in terms of insertion losses. To cir-
cumvent the severe losses, the use of micromechanical devices has recently been
considered for THz phase shifters. For example, Shah et al. have developed an array
of electrostatically switchable E-plane stubs incorporated on a waveguide wall as
shown in Fig. 10(a) functioning as a phase shifter at around 500 GHz [86]. By select-
ing the blocking/unblocking states of each stub, a 10-step phase shift up to 20◦ with
a 3 dB insertion loss, of which 0.5-1.5-dB is attributed to the MEMS structure, at

Fig. 10 a Electrostatically switchable E-plane stub array on a waveguide [86]. Copyright 2016, IEEE. b
Piezoelectric-based movable metal strip in a waveguide [87]. Copyright 2018, IEEE. c Electrostatically
movable perforated silicon slab inserted in a waveguide [88]. Copyright 2018, IEEE. d Silicon-air-silicon
structure with a mechanically tunable gap [89]. Copyright 2021, IEEE
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500–550 GHz has been demonstrated. Ibrahim et al. have presented a piezo-based
movable metal strip that modulates the dispersion relation in a waveguide as shown
in Fig. 10(b) [87]. It generates a phase shift of 380◦ with a maximum insertion loss
of 3 dB at 230–250 GHz. The phase shift can be continuously tuned by the verti-
cal displacement of the strip. Rahiminejad et al. have developed a perforated silicon
slab inserted into a waveguide to modulate the effective mode refractive index by
displacing the slab as shown in Fig. 10(c) [88]. The maximum phase shift of 145◦
with an insertion loss of 1.8 dB, for which 1.6 dB is intrinsic to the waveguide, has
been demonstrated at 550 GHz. Zhao et al. have used a supermode supported on a
silicon-air-silicon structure inside a waveguide with a micromechanically tunable gap
as shown in Fig. 10(d) [89]. The maximum phase shift of 550◦ with an insertion loss
of 1.87 dB has been achieved at 330 GHz. The figure of merit of 375◦/dB is currently
the highest among any of the THz phase shifters.

The micromechanical phase shifters are thus promising for low-loss THz phase
shifters although they work only at a limited speed. Moreover, extending it into an
array poses another challenge considering that the movable parts inside the waveg-
uides are supported by larger mechanical components external to the waveguide.

3 Reconfigurable Diffraction on Variable Structures

As reviewed in Section 2, the implementation of large-scale THz phased arrays still
requires considerable research efforts. Meanwhile, alternative approaches to pas-
sively control diffraction have also been considered. There are two major approaches:
a variable diffractive structure enabling beam steering for a fixed frequency and a
fixed diffractive structure enabling beam steering by sweeping the frequency. We
review the former in this section and the latter in Section 4. The variable structures
are designed to generate a reconfigurable spatial phase distribution. Being decoupled
from power generation, the use of passive structures for beam steering allows hetero-
geneous integration of high-efficiency and high-power THz sources, even including
gyrotrons [90].

3.1 Lenses

While a lens is a fundamental component for beamforming, it can also be used for
beam steering by tweaking the configuration. For example, Alonso et al. demon-
strated THz beam steering by spatially varying the excitation point of a hemispherical
silicon lens using a piezoelectric actuator [91]. Using a setup shown in Fig. 11(a), a
beam with a 3-dB beamwidth of 8◦ can be continuously tilted nearly to ±25◦ with
a scan loss of 0.6 dB at 550 GHz. The concept has been extended to a larger array
shown in Fig. 11(b) based on a leaky-wave feeding structure coupled with a lens
array [92]. By combining phase shift on a sparse array with a mechanical translation
of the lens array, beam steering over ±25◦ with an antenna gain above 35 dB can be
expected.

Another approach is to use a Luneburg lens, which is a distributed index lens with
a radially decreasing refractive index from

√
2 to 1. It allows a conversion of point
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Fig. 11 a A hemispherical silicon lens with a movable excitation point using a piezoelectric actuator [91].
Copyright 2018, IEEE. b Scanning lens-phased array with multimode leaky-wave feeding [92]. Creative
Commons Attribution (CC BY) license

excitation on its circumference into a collimated beam in free-space [96]. Since each
point on the circumference is mapped to the respective beam direction, beam steer-
ing is enabled by altering the excitation point. Headland et al. have implemented a
low-loss THz Luneburg lens using an effective medium defined by a perforated sili-
con substrate as shown in Fig. 12(a) [93]. To feed the lens, an array of seven photonic
crystal waveguides is incorporated on the same substrate as input ports connectable
to a hollow metal waveguide. By switching the excitation ports, discrete beam steer-
ing with a total coverage of 120◦ from 320 to 390 GHz has been demonstrated. It
is also possible to generate multiple beams by exciting several ports simultaneously.
For efficient power extraction from the lens, the refractive index at the circumfer-
ence should be close to 1, which is challenging with an effective medium approach.
Amarasinghe et al. have presented a possible solution to this challenge by using
dielectric-filled conducting plates with curved surfaces, which has been designed for
around 162 GHz [97]. Since the effective refractive index of the fundamental TE
mode in air-filled conducting plates varies from 0 to 1 depending on the plate separa-
tion, insertion of a dielectric material with a refractive index of n extends this range
from 0 to n. Such a design can be further extended based on transformation optics
[94] so that beam steering over 50◦ from 130 to 180 GHz is attained by displacing
the excitation point along the straight edge as shown in Fig. 12(b). Instead of moving
the excitation point, a variable Luneburg lens that can couple to a fixed port has also
been presented [95]. A pair of metal plates with a curved surface separated by air has
been designed for around 300 GHz (Fig. 12(c)). When tilting the plate from −25′ to
+25′ (−0.42◦ to +0.42◦), the beam can be steered from −25 to +25◦ as a result of
trajectory deflection inside the lens. Thus, a small mechanical tilt can be amplified to
a large beam deflection, which is 60 times in the presented work.
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(a) (b)

15 mm 15 mm 10 mm

0.6 mm

(c)

Fig. 12 a Effective medium Luneburg lens made of a high-resistivity silicon substrate fed via photonic
crystal waveguides [93]. Creative Commons Attribution (CC BY) license. b Silver-coated Teflon substrate
optimized for broadband and wide-angle beam steering [94]. Creative Commons Attribution (CC BY)
license. c Dielectric-Free Luneburg lens with internal trajectory deflection controlled by relative tilt [95].
Copyright 2020, IEEE

3.2 Grating

Diffraction gratings composed of periodic structures have been commonly used to
alter beam directions in transmissive and reflective configurations as conceptually
illustrated in Fig. 1(c) and (d), respectively. When a periodic structure is illuminated
by a uniform wavefront, the diffracted wavefront acquires a tilted phasefront depend-
ing on the periodicity and the frequency. Therefore, the beam can be steered if the
grating periodicity is variable. It should be noted that the bandwidth thus transmit-
ted in a certain direction is limited since the beam direction is frequency-dependent.
However, this feature can also be used for beam steering by sweeping the frequency
as explained in Section 4.

Chan et al. have demonstrated a solid-state THz spatial light modulator composed
of a 4×4 matrix of reconfigurable metamaterial absorbers fabricated on an n-doped
GaAs layer (Fig. 13(a)) [98]. By controlling the bias voltage, a virtual double-slit
has been created, which can generate variable diffraction patterns at 360 GHz when
switching the spacing from 8 to 12 mm. Lin et al. have presented a liquid crystal
transmissive phase grating composed of an array of liquid crystal cells spaced by
metal plates [103]. By modulating the phase contrast with bias voltages, the ratio of
the 0th- to 1st-order diffractions can be tuned from 10 to 1 at 300 GHz. There are
more reports on implementing variable transmissive gratings using photo-induced
carriers, which can be created in a semiconductor substrate by an optical pump above
the band gap energy. For example, a high-resistivity silicon wafer with a thickness
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Fig. 13 a THz spatial light modulator based on 4 × 4 metamaterial absorbers [98]. Copyright 2009, AIP
Publishing. b Linear grating defined by photo-induced carriers on a high-resistivity silicon substrate [99].
Copyright 2012, Optical Society of America. c Fresnel zone plate defined by photo-induced carriers on a
high-resistivity silicon substrate [100]. Copyright 2017, IEEE

of 500 μm illuminated with a mercury arc lamp of 2 W/cm2 (Fig. 13(b)) can steer
a beam from 30 to 40◦ for frequencies around 200 GHz by varying the illumination
pitch [99]. Instead of a simple 1D grating, a Fresnel zone plate can also be imple-
mented on a high-resistivity silicon wafer (Fig. 13(c)), with which 2D beam steering
is enabled at 740 GHz [100]. The implementation of a blazed refractive index grat-
ing on a GaAs layer pumped by a spatially modulated optical pump has also been
demonstrated to allow asymmetric THz diffraction between ±30◦ [104]. Although
the use of photo-induced carriers thus offers arbitrarily shaped amplitude gratings,
it involves conductive loss during transmission and also reflection loss between the
wafer and air.

In the optical regime, micro-electromechanical-systems (MEMS) consisting of an
array of vertically movable cantilevers are widely used as reconfigurable reflective
gratings [105]. However, their micro stroke is too small to generate sufficient phase
contrast for the THz wavelengths. To implement a meso-scale stroke of an order of

Fig. 14 a Electrostatically actuated cantilever array serving as a programmable grating [101]. Copyright
2013, Optical Society of America. b High-resolution height control of electrostatic actuators enabling a
blazed grating [102]. Copyright 2021, IEEE
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0.1 mm, a grating consisting of a subwavelength cantilever array aligned in a 180-
μm pitch defined by etching a metal film has been presented [101] (Fig. 14(a)). By
changing the periodicity based on the electrostatic actuation of each cantilever with
a vertical stroke of 80 μm, the 1st-order diffraction beam can be steered over 40◦
at 300 GHz. Another approach of continuous periodicity tuning has been presented
using a loudspeaker as an actuator that laterally compresses a 3D-printed grating to
vary the grating period from 3.09 to 3.20 mm, thereby tilting the beam over 2.6◦,
at a speed of 60 Hz [106]. Meanwhile, those gratings with a binary surface are
accompanied by the undesirable 0th-order diffraction, i.e., the specular reflection.
The 0th-order diffraction can be effectively removed using a blazed grating. Schmitt
et al. have proposed a reconfigurable blazed grating implemented by electrostati-
cally tuning the local heights of a segmented surface [107]. The diffraction property
of such a surface has been numerically investigated in detail [108]. Based on this
concept, an electrostatic actuator incorporating a mechanical amplifier, which can
linearly resolve a total displacement of 150 μm in 8 steps, has been developed [109]
with a potential to implement a tunable blazed grating above 300 GHz[102] as shown
in Fig. 14(b). Experimental demonstration using static grating samples with an opti-
mized surface profile shows promising results at 300 GHz [110]. Another attempt of
developing a metagrating at 140 GHz, which suppresses undesired diffraction orders,
has been demonstrated to cover a conical 3D space by mechanical compression and
rotation of the grating [111].

3.3 Metasurfaces

Metasurfaces are 2D metamaterials engineered to have artificial electromagnetic
properties based on subwavelength periodic structures. The amplitude and phase
change typically relies on an abrupt change of the surface current distribution on
the boundaries of unit cells, suggesting a potential for dynamic control with various
mechanisms including CMOS/HEMT devices, graphene, liquid crystal, and MEMS.
In the microwave range, such modulation has been implemented using electronic
components [112–115]. In the THz range, an early demonstration has been performed
by Chen et al. [116], in which a split-ring resonator is manufactured on a GaAs
substrate so that SBDs are formed on the substrate.

However, diode-based tuning methods effective at microwave frequencies may
suffer from an increasing loss at the THz range. The use of CMOS can be an effective
alternative to realize scalable THz metasurfaces. Venkatesh et al. presented a pro-
grammable THz metasurface composed of tiled CMOS ring elements with individual
reconfigurability as shown in Fig. 15 [117, 118]. To allow reconfigurability beyond
the cut-off frequency of the devices, a novel active meta-element structure was devel-
oped, in which the device parasitic capacitance resonates with multiple inductive
loops within the subwavelength structure. It functions as a high-speed programmable
THz metasurface at 0.3 THz, which implements nearly arbitrary spatial amplitude (up
to 25 dB) and phase control (up to 260◦) enabling rapid beam steering covering ±30◦
and holographic projections reconfigurable up to 5-GHz clock frequencies. Metasur-
faces based on CMOS SRRs have also been developed to shift resonance frequencies
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Fig. 15 High-speed CMOS programmable metasurface for beamforming and hologram [117]. a Chip
photo. b Inductor ring design. c Farfield beamforming at 0◦ and 30◦. Copyright 2020, Springer Nature

over 35 GHz at 0.3 THz [119]. HEMT devices generally allow higher operating fre-
quencies. Zhang et al. have presented HEMT-based SRRs in which dipole resonance
and inductor-capacitor resonance are combined to achieve a modulation depth of 85%
at 0.35 THz [120].

At the higher frequencies where both CMOS and HEMT devices are hard to
operate, graphene and liquid crystal–based methods can be used [121]. Graphene
is a two-dimensional carbon material with electrically tunable conductivity. Unlike
CMOS-based methods that rely on narrow-band resonance, graphene-based struc-
tures can support high bandwidths even beyond 1 THz with considerable modulation
depth and large array scalability. Also, 360◦ phase shift between 1.1 and 1.5 THz has
been demonstrated with a loss ranging from 0.5 to 6 dB [122]. An early demonstra-
tion of a graphene-based reconfigurable aperture composed of a 4×4 array [123] has
recently evolved into a 16×16 array (Fig. 16(a)) [124]. The flexibility of graphene
metasurfaces is advantageous for fine wavefront tuning for multi-beam steering,
which will be important for signal transmission into multiple directions, and has
recently been studied in numerical analyses [125–128]. Liquid crystal can be another
candidate for THz manipulation although it typically requires high voltages and
a long response time. In [129], liquid crystal metamaterial spatial light modulator
(Fig. 16(b)) has attained 75% modulation depth at 3.67 THz. A liquid crystal–based
reflective metasurface operating at 672 GHz has been demonstrated with a steerable

Fig. 16 a Graphene-based THz spatial light modulator [124]. Copyright 2020, American Chemical
Society. b Liquid crystal-filled THz spatial light modulator [129]. Copyright 2014, John Wiley and Sons
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range of 32◦ [130]. In [131], a 408-GHz liquid crystal-based transmissive metasur-
face based on Fano resonance has been shown with a steerable range of 30◦. Other
tunable materials including VO2 and chalcogenide are also candidates for THz signal
modulation. Those materials not only respond to voltage application but also thermal
excitation, bringing more degree of flexibility and potential for system integration.
By exploiting the phase change property of VO2, a phase shift over 90◦ at 70 GHz
bandwidth and a modulation depth of 71% at 0.79 THz can be expected [132].
Hashemi et al. demonstrated a VO2-based metasurface operating at 100 GHz offering
up to 44◦ beam deflection in both E/H planes [133]. Besides the adoption of exotic
materials, Cong et al. have demonstrated modulation based on photo-induced carriers
in silicon generated by ultrafast femtosecond laser pulses [134].

As reviewed in Section 3.2, the quasi-optical property of THz waves suggests that
MEMS can be used to control diffraction by directly changing the physical geom-
etry of metasurfaces (Fig. 17). Kappa et al. have demonstrated a micromirror array
operating as a spatial modulator at 0.97 to 2.28 THz, in which 768 micromirror ele-
ments with a length of 220 μm and a width of 100 μm composing a 4×6 meta pixels
enable a modulation depth of 3 dB [135]. Manjappa et al. have formed Fano res-
onator elements with MEMS. Independent control of the two arms in the elements
can define four distinct states, exhibiting XOR and XNOR operations applicable to
secure wireless communication at 0.77 THz [136]. The use of MEMS allows low
insertion losses and high bandwidths, at a cost of slower response rates and shorter
lifetimes as compared to the semiconductor solutions.

4 Frequency Sweep on Dispersive Structures

4.1 Parallel Feeding: Gratings andMetasurfaces

The diffraction gratings and metasurfaces reviewed in Section 3 also enable beam
steering based on frequency sweep because different frequency components are dis-
persed in different directions. In this case, the structures can be static, and the

Fig. 17 a Wideband MEMS-based metasurface [135]. Creative Commons Attribution (CC BY) license. b
MEMS-based tunable Fano resonator surface [136]. Creative Commons Attribution (CC BY) license
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implementation is significantly simplified [137–140]. For example, such metasur-
faces can unnecessitate control signal lines and be fully planar as shown in Fig. 18(a).
The diffractive components are usually fed with a plane-wave using spatial optics,
which implements parallel feeding that excites each point of the aperture coherently.
While the diffractive components thus require additional free-space in front of the
structure, it is also possible to design low-profile diffractive components compat-
ible to point source excitation. For example, Yi et al. have demonstrated an array
of 3D-printed dielectric posts with spatially varying heights as shown in Fig. 18(b)
which steers a beam over 14◦ when swept from 225 to 325 GHz [141]. Camblor et
al. have proposed a feeding network with linearly varying lengths that can generate
a frequency-dependent phase gradient [142]. By cascading such layers so that a 2D
aperture is formed and excited, 2D beam steering covering 50◦ × 45◦ can be attained
when swept from 220 GHz and 320 GHz (Fig. 18(c)).

4.2 Serial Feeding: Leaky-Wave Antennas

In addition to the parallel feeding systems reviewed in Section 4.1, serial feeding
systems can also be developed in the form of leaky-wave antennas [1]. A leaky-wave
antenna generates a directional beam by successively leaking a traveling wave in a
waveguide into free-space. The wavefront of the leaky-wave is thus defined by the
spatial phase profile along the waveguide, which evolves linearly as the wave travels.
Since the phase profile acquires a frequency-dependent linear ramp, the direction of
the leaky-wave can be tilted by sweeping the frequency. A leaky-wave antenna can
be regarded as a special case of a grating or a metasurface for which an incident wave
is given as a guided wave as illustrated in Fig. 1(e). Thus, a serial feeding network
and a radiation aperture can be merged in one package. While leaky-wave antennas
have been used for decades in the microwave range [1] and also in the optical regime
known as grating couplers [145], they have gained increasing attention in the THz
range recently because of their beam steering capability without relying on phase
shifters.

Fig. 18 a Resonant microstrip patches on a dielectric substrate serving as a static reflectarray [137]. Copy-
right 2013, Optical Society of America. b 3D-printed dielectric post array with spatially varying heights
that allows transmissive frequency scanning [141]. Copyright 2013, IEEE. c 2D frequency scanning
enabled by a network of feeding lines with different lengths [142]. Copyright 2013, IEEE
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4.2.1 Slow-Wave Type

The leaky-wave antennas are classified into slow-wave and fast-wave types depend-
ing on the phase velocity in the waveguide. The slow-wave type is constructed
with a waveguide in which the phase velocity is slower than in free-space. This
usually applies to a waveguide with a dielectric substrate. Since a slow-wave is non-
radiative and confined in the waveguide, periodic scatterers are required to launch a
leaky-wave into free-space.

Murano et al. have developed a low-loss microstrip periodic leaky-wave antenna
around 300 GHz by patterning copper on a polymer film of COP (cyclo olefin poly-
mer) as shown in Fig. 19(a) [143]. Periodic stubs incorporated on the microstrip line
convert a guided wave in the Q-TEM mode into a TE-polarized directional beam. A
directional beam with a width of 4◦ can be steered over 38◦ from −23 to 15◦ across
the broadside by sweeping the frequency from 235 to 325 GHz. The bandwidth trans-
mitted to a certain beam direction is about 10 GHz. Fabrication of a similar periodic
leaky-wave antenna on a low-loss InP substrate (Fig. 19(b)) has also been demon-
strated by Lu et al. [144]. It allows monolithic integration of semiconductor sources
and detectors. By sweeping the operating frequency from 230 to 330 GHz, the beam
can be steered over 88◦ from −46 to 42◦ with an average beamwidth of 10◦. Also,
the InP substrate has a high relative permittivity of 12.4, which allows dense grat-
ing implementation advantageous for grating lobe suppression. A similar design has
also been developed to steer a beam over 33◦ from 6 to 39◦ within 280–330 GHz
[146]. There, the beamwidth and bandwidth attained with an external hemicylindrical

Fig. 19 a 300-GHz microstrip periodic leaky-wave antenna made of copper patterned on a polymer
film [143]. Copyright 2017, IEEE. b 300-GHz microstrip leaky-wave antenna on an InP substrate [144].
Creative Commons Attribution (CC BY) license
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Teflon lens are 9◦ and 12 GHz, respectively. As discussed in Section 1, practical THz
beam steering will require a centimeter-scale antenna aperture. While the use of a
semiconductor substrate allows low-loss and monolithic integration with other com-
ponents, the use of a polymer substrate enables the implementation of a large aperture
at a low cost. Such a trade-off should be considered when designing a leaky-wave
antenna.

Apart from the frequency scanning approach, fixed frequency beam steering with
a leaky-wave antenna has also been considered using reconfigurable impedance
surfaces. Launching surface waves supported on an electrically reconfigurable
impedance surface has been numerically considered based on MEMS [147] and
graphene [148–154]. By varying the grating pattern, beam steering will be attained
without frequency sweep. Still, the use of a grating involves frequency dispersion and
limits the bandwidth in each direction.

4.2.2 Fast-Wave Type

Leaky-wave antennas of the fast-wave type are usually constructed with a hollow
metallic waveguide or a left-handed metamaterial waveguide, in which the apparent
wavelength becomes longer than in free-space. In this case, the traveling wave spon-
taneously leaks into free-space when the fields inside and outside the waveguide have
a continuous boundary, for example when a slot is created on the metallic waveguide
wall. This is in contrast to the slow-wave type, for which a grating is indispensable
to launch the non-radiative traveling wave into free-space.

As compared to the microwave range, requirements for fabrication tolerance and
surface roughness of a metallic waveguide become severer in the THz range. One
approach to tackle this challenge is to adopt silicon micromachining [157]. Precisely
processed silicon substrates metalized with gold can define low-loss THz metallic
waveguides. Based on this concept, Gomez-Torrent et al. have developed a low-
profile and high-gain leaky-wave antenna, in which an integrated parabolic reflector
generates a planar wavefront that uniformly feeds the two-dimensional aperture as
shown in Fig. 20(a) [155]. By sweeping from 220 to 300 GHz, the beam is steerable
from 15 to 65◦ with an average radiation efficiency of −1 dB and a maximum gain
of 28.5 dBi. Wu et al. have attained low sidelobe and cross-polarization levels by
developing a parallel array of four tapered radiation slots designed to cancel cross-
polarization components [158]. The measured sidelobe and cross-polarization levels
are about −25 dB and −30 dB, respectively, while the peak gain and radiation effi-
ciency are 21.3 dBi and 34.7% at 395 GHz, respectively. By sweeping the frequency
from 390 to 410 GHz, the beam direction can be varied from 45 to 48◦ with a 3-dB
beamwidth of about 5◦. Although the phase matching condition of the fast-wave type
usually allows only forward beam steering, Sarabandi et al. have developed a method
of forward and backward beam steering across the broadside by employing a mean-
der propagation path to insert extra phase shift between adjacent radiation elements
[159]. The array generates a beamwidth of about 2.5◦ with a steerable from −25 to
25◦ by sweeping the frequency from 230 to 245 GHz. The antenna directivity above
29 dBi and a radiation efficiency of more than 55% have been demonstrated.
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Fig. 20 a 300-GHz high-gain leaky-wave antenna with an integrated parabolic reflector for uniform
aperture feeding [155]. Creative Commons Attribution (CC BY) license. b THz leaky-wave antenna imple-
mented with a slot on a parallel plate metal waveguide in the TE1 mode [156]. Copyright 2015, Springer
Nature

The hollow metallic waveguides involve major conductive losses due to the H-
plane walls perpendicular to the electric field. Accordingly, the removal of the H-
plane walls can suppress the transmission losses. This situation is equivalent to use
a parallel plate metallic waveguide in the TE1 mode, which has been presented as a
simple alternative to implement a THz leaky-wave antenna by Karl et al. as shown in
Fig. 20(b) [156]. The leaky-wave can be launched from a slot incorporated on the top
plate, and the beam direction changes from 5 to 80◦ when the frequency varies from
150 to 500 GHz. The slot width profile along the propagation axis is an important
design parameter for beam pattern optimization [160].

It has been known that composite right/left-handed transmission lines can also
sustain fast-waves [161]. Tavallaee et al. have developed such a leaky-wave antenna
monolithically integrated with a quantum cascade laser [162]. Discrete beam steering
over 25◦ has been demonstrated when the frequency is swept from 2.65 to 2.81 THz at
77 K. The authors discussed that it will be possible to cover backward beam steering
by inserting series capacitance to implement negative phase velocity.

4.2.3 2D Leaky-Wave Antennas

The leaky-wave antennas reviewed in Sections 4.2.1 and 4.2.2 are with 1D apertures
that generate a fan beam collimated in one plane but uncollimated in the orthogo-
nal plane. A parallel array of such 1D leaky-wave antennas can define a 2D aperture
that generates a pencil beam collimated in both of the two orthogonal directions, and
2D beam steering is attained when each line is fed with variable phases. Camblor et
al. have developed parallel feeding lines with linearly varying lengths that generate

193



Journal of Infrared, Millimeter, and Terahertz Waves (2023) 44:169–211

a variable phase ramp based on frequency sweep [163]. The hybrid combination of
serial and parallel arrays enables 2D beam steering composed of slow tilt in the col-
umn direction and fast tilt in the row direction, covering a domain of 20◦ × 60◦ by
frequency sweep from 240 to 310 GHz as shown in Fig. 21(a). Redundancy of the
footprint of the feeding lines can be further compressed towards a compact system
as shown in Fig. 21(b) [164]. While these approaches are promising for fully elec-
tronic 2D beam steering with a simple structure, it should be noted that the bandwidth
transmitted in each direction becomes narrower than the 1D leaky-wave antennas.

Sato et al. have proposed another approach to implement 2D beam steering based
on trajectory deflection of a leaky mode as shown in Fig. 21(c) [165]. Using a pair
of metal plates with a mesh surface, in which the trajectory of the leaky mode is
controllable, the beam direction can be steered vertically by frequency sweep and

Fig. 21 a Hybrid combination of parallel and serial array enabling 2D frequency scanning [163]. Copy-
right 2017, IEEE. b Footprint-compressed hybrid parallel and serial array for 2D frequency scanning
[164]. Copyright 2021, IEEE. c 2D leaky-wave antenna based on controllable internal trajectory. Vertical
steering by frequency sweep and horizontal steering by minute plate tilt can be combined [165]. Copyright
2021, IEEE
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horizontally by a small tilt of the plate. Although it requires mechanical movement,
a small tilt can involve large deflection via a graded refractive index. An experimen-
tal result shows vertical steering over 15◦ by sweeping the frequency from 270 to
330 GHz and horizontal steering over 20◦ by tilting the plate from −0.42 to +0.42◦.

5 Application-Driven SystemDesigns

As we have reviewed in this article, THz beam steering has been considered in a vari-
ety of approaches based on active and passive phased arrays, variable lenses, gratings,
metasurfaces, and leaky-wave antennas. However, each has its specific challenges,
and a definitive method has yet to be established. Meanwhile, practical THz applica-
tions cannot evolve without beam steering. Based on this situation, application-driven
system design approaches that implement beam steering effectively for a specific pur-
pose, rather than necessarily pursuing versatility, using limited hardware resources
have been emerging recently. Such an approach is valuable, particularly at the dawn
of the THz technologies.

5.1 Adaptive Alignment inWireless Communication

Owing to the broad bandwidth, the use of THz waves for wireless communication
is becoming a hot topic. The distinct feature of THz waves as compared to the low-
frequency counterparts is that highly directional links are indispensable as discussed
in Section 1. Consequently, frequent alignment between a transmitter and a receiver
is required to compensate for the misalignment due to the movement of devices and
also the change of the channel properties. The alignment can be achieved in both
the physical layer (devices) and the protocol layer (design of the preambles). In the
physical layer, brute-force search of the best beamforming combination between the
transmitter and the receiver has a complexity of O(N2), where N is the total number
of beam directions configurable for each antenna. By carefully designing the local-
ization strategy, this can be reduced to O(K log N), where K is the number of paths

Fig. 22 Leaky-wave THz antennas and transceivers in CMOS for one-shot simultaneous localization of
multiple wireless nodes [166]. Creative Commons Attribution (CC BY) license
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traveled by the signal in each hashing [167]. It can significantly reduce the cost of
beamforming when combined with a preamble design with callbacks that contain
channel information. Signal path planning based on Digital Twin has also been pro-
posed, which predicts indoor signal propagation characteristics to be controlled with
tunable metamaterial walls [168].

One approach to implement such a physical layer is to use a leaky-wave antenna
with spectrum-to-space mapping capability as discussed in Section 4.

Saeidi et al. have developed an on-chip leaky-wave antenna system that covers
± 40◦ using a frequency bandwidth of 40 GHz from 360 to 400 GHz and attains
a 1D localization accuracy of 1◦ with a 200-Hz bandwidth and a 2D localization
accuracy of 2◦ with a 20-Hz bandwidth [166, 169]. The leaky-wave antenna is fed
with frequency multipliers that multiply a seed frequency six-fold as illustrated in
Fig. 22. A mixer-first topology involves a large noise figure of 26.2 dB. Ma et al. have
exploited a leaky waveguide to allow frequency-dependent directional transmission
[170]. Two channels with center frequencies at 264.7 GHz and 332.5 GHz are used
simultaneously for data transmission with an aggregate data rate of 50 Gbps. Another
demonstration of the frequency-dependant beam property of leaky-wave antennas
has been presented in [171], in which the leaky-wave antenna is used for one-shot
localization with an error of a few degrees. Lu et al. have demonstrated photonic
beam steering combined with a leaky-wave antenna [146]. The proposed approach
allows THz beam steering from 6 to 39◦ by varying the beat frequency from 280 to
330 GHz at a speed of up to 28◦/s based on an optical heterodyne system. A data rate
of 24 Gbps is achieved for a single user for all beam directions and at short wireless
distances up to 6 cm has been demonstrated without using a THz amplifier in the
transmitter chip.

5.2 Fast Scanning for Sensing and Imaging

Imaging with THz waves has great potentials for scientific, medical, and industrial
applications [173]. Although a massive array of sensitive detectors, i.e., a low-
frequency counterpart of a camera, is yet to be available in the THz range, beam
steering enables spatially resolved data acquisition with a limited number of detec-
tors. To overcome the lack of complete phased arrays, the use of frequency scanning,
in which angular information can be mapped to spectral information, has been con-
sidered. For example, by transmitting and receiving broadband signals with a grating,
a line image can be extracted from spectral analysis of the signal. Both sequential
frequency sweep and short pulse transmission can be considered for this approach.
Schumann et al. have demonstrated 2D imaging by repeating such 1D scans line-by-
line using a THz time-domain spectroscopy system [174]. An image consisting of
240 lines can be obtained with a scan rate of 12 Hz and a total acquisition time of
20 s. In addition to the lateral 2D imaging, coverage into the other dimension is also
possible, i.e., a range-angle image can be extracted. Li et al. have combined range
and angle estimation based on matched filtering and multiple signal classification to
analyze signals acquired with a grating [175]. Two metal rods placed at a distance of
0.3 m can be precisely located.

196 



Journal of Infrared, Millimeter, and Terahertz Waves (2023) 44:169–211

The experimental systems for frequency scanning as above are based on diffrac-
tion gratings. When using a grating, plane-wave incidence implemented with a
spatial optics is required as a feeding system. Such a volumetric system, however,
can be integrated into a planar system by using a leaky-wave antenna reviewed in
Section 4.2. For example, the microstrip periodic leaky-wave antenna [143] men-
tioned in Section 4.2.1 has been shown to serve as radar enabling range-angle map
acquisition. When a target is placed in front of the radar, the peak frequency of the
received spectrum and the peak time of its Fourier transform are associated with the
angle and range towards the target, respectively. If such radar is arrayed, or equiv-
alently it is moved so that aperture-synthesis is allowed, 3D imaging can also be
attained [176]. In addition to the sequential frequency sweep, broadband pulse trans-
mission can be used for this approach. While the former allows high signal purity at
the cost of sweep time, the latter enables simultaneous data acquisition advantageous
for high-speed operation [177]. Although the above demonstrations have relied on
a vector network analyzer or a femtosecond pulse laser to transmit and receive THz
waves, a standalone palmtop THz radar system composed of a leaky-wave antenna
incorporating a frequency multiplier and SBDs has been demonstrated [172]. To
enable beam steering and homodyne detection in one package without a duplexer, a
pair of reverse-connected leaky-wave antennas (i.e., a center-fed leaky-wave antenna)
shown in Fig. 23 has been developed. Using this system, a demonstration of human
heartbeat monitoring through the clothes has been presented by detecting phase
difference between two successive inverse Fourier transform frames at every 30 ms.

It should be emphasized that integrated circuits for THz radar have been devel-
oping substantially in recent years [180]. There, one of the key factors is to develop
an antenna system that ensures TX-RX isolation because practical circulators are
still unavailable. J. Grzyb et al. have developed monostatic FMCW radar based on
a circularly polarized antenna capable of separating left- and right-handed circularly
polarized waves integrated with a SiGe HBT chip operating at 210–270 GHz [181].

Fig. 23 Integrated THz radar based on leaky-wave coherence tomography [172]. Copyright 2020, Springer
Nature
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Fig. 24 Integrated turnstile antenna with polarization selective coupler for 140 GHz FMCW radar [178].
Copyright 2022, IEEE

In addition to the attained TX-RX isolation of 26 dB, the approach is advantageous in
suppressing ghosts and jamming. Chen et al. have developed CMOS on-chip monos-
tatic FMCW radar at 140 GHz that attains TX-RX isolation of 33.3 dB for circularly
polarized waves using a turnstile antenna with a dual-slot-based duplexer as shown in
Fig. 24 [178]. Naghavi et al. have developed an autodyne FMCW radar at 250 GHz
based on BiCMOS technology [182]. Monostatic configuration is readily available
in this approach since the autodyne oscillator simultaneously carries out functions
of generating signals to be transmitted and mixing the transmitted and reflected
signals. Besides, the quasi-optically implemented phase processing can resolve sub-
wavelength displacements. To enhance the phase measurement quality, Simic et al.
have developed a two-step IQ down-conversion RX architecture at 420 GHz based
on 40 nm CMOS technology that attains RMS accuracy of 2.8◦ and RMS 1σ of
1.7◦ [183]. Although demonstrated in a back-to-back transmission configuration, it
could be extended into a reflection configuration. Another attempt of expanding the
bandwidth for higher range resolution has been presented by Yi et al. in Fig. 25,
where multiple on-chip antennas are placed in an array configuration based on 65 nm
CMOS technology, which altogether achieves an aggregate bandwidth of 100 GHz
from 220 to 320 GHz [179]. Developing beam steering on those emerging integrated
THz circuits will be an important research direction.

Fig. 25 Integrated FMCW radar with 100 GHz bandwidth implemented by combining an array of patch
antennas working across the frequency of interest. The cross patterns on the antenna are designed to
introduce more modes to increase the bandwidth [179]. Copyright 2021, IEEE
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6 Conclusion and Future Outlook

Owing to the broad bandwidth and high spatial resolution, THz communication and
sensing will be a key technology for interfacing physical and cyber worlds in the
6G era and beyond. Wireless transmission of the THz waves necessitates directional
beams to mitigate severe diffraction losses due to the shorter wavelengths than that
of the microwaves. Therefore, the implementation of THz beam steering becomes
indispensable. In this article, we have reviewed the techniques and challenges to
implement THz beam steering.

The use of phased arrays reviewed in Section 2 is the fundamental approach to
beam steering. The active phased arrays demonstrated so far are composed of a small
number of oscillators arrayed in a millimeter-scale area. However, to transmit THz
waves over a distance of meters, a centimeter-scale array is required as discussed in
Section 1. In addition, the spacing between adjacent radiation elements must be no
larger than the half-wavelength to suppress grating lobes. There are ongoing research
efforts for fully digital arrays particularly in the lower sub-THz bands. The use of
photonics-based approaches is also considered. To implement high density and mas-
sive arrays, the number of radiation elements must be increased by several orders of
magnitude. The passive phased arrays composed of a single transmitter connected to
a large-scale phase shifter network could mitigate this challenge. The use of passive
structures is also advantageous in terms of compatibility with high-power ampli-
fiers and reversibility of transmission and reception. However, the implementation of
low-loss and broadband THz phase shifters remains as another unresolved issue.

Along with the efforts to develop the THz phased arrays, the use of reconfigurable
diffraction in which wave generation and wavefront manipulation are decoupled has
been considered as low-cost alternatives. Such an approach is implemented with
variable structures as reviewed in Section 3 and frequency sweeping in Section 4.
However, as with the implementation of phase shifters, the use of variable materi-
als such as liquid crystals is associated with high losses. The use of MEMS could
offer lower losses at the cost of the operation speed. Considering a scenario of THz
beam tracking to and from mobile/wearable devices, the beam steering speed must
be much faster than that of the mobility of the receiver. The requirement will be even
higher when considering time-division multiplexing of multiple devices. Electroni-
cally programmable impedance surfaces are promising for such high-speed operation
although further reduction of the losses is required. The use of frequency sweeping
based on dispersive structures for beam steering also has a potential of high-speed
operation, but it limits the spectral bandwidth in each direction. In addition, bilateral
use of this approach will be limited because linking between two such antennas on
a transmitter and a receiver requests the two antennas to be aligned in the specific
mutual orientation. On the other hand, the inherent spectral decomposition function
can be used for physical layer signal processing.

We summarize the demonstrated beam steering range in Fig. 26 for the representa-
tive approaches reviewed in this article. Beam steering using electronic phased arrays
has mainly been developed below 400 GHz while photonic phased arrays can oper-
ate at higher frequencies. Wide range 2D beam steering can be attained with H-tree
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Electronic Phased Arrays
Photonic Phased Arrays
Reconfigurable Diffraction
Frequency Sweeping

Approach Principle Device Representative examples and features

Electronic 
Phased Array

Phase shifters / 
Coupled oscillation CMOS, SiGe

2D steerable arrays [11], [22], [29], [30], [32], T/R bi-directional 
steering [24], [32], High power (~ 28 dBm) steering [23], Wide 

range steering (128°×53°) [30], Receiver steering [52]

Photonic 
Phased Array

Phase shifted optical 
pumping

Photoconductive 
antennas, UTC-PD

Spatially modulated femtosecond laser pumping [54], [55], [58], 
Fiber integrated optical pumping [56], [61]

Reconfigurable 
Diffraction Variable structures Lenses, Gratings

Movable lenses [91], [92], Luneburg lenses [93], [94], [97], 
Variable effective index [95], Photo-induced carriers [99], [100], 
Transformable gratings [101], [106], [111], CMOS-based grating 

[117], Liquid crystal-based grating [130], [131]

Frequency 
Scanning Variable frequency Leaky-wave 

antennas, Gratings

2D steerable structures [142], [163-165], Microstrip LWA [143], 
[144], [146], Wide aperture [155], Backward enabled [159], 
Slotted parallel plate [156], [170], Paired LWAs [169], [172]

Fig. 26 Summary of the demonstrated beam steering ranges for the representative approaches reviewed in
this article

based CMOS oscillators (80◦ × 80◦) [11] and standing-wave coupled SiGe oscilla-
tors (128◦ × 53◦) [30]. When using reconfigurable diffractive structures, wide range
steering is obtained with a Luneburg lens [93] although it is discrete beam switching
relying on port switching. Apart from that, the use of a CMOS-based reconfig-
urable metasurface allows wide range steering [117]. Both active and passive arrays
have a common problem of scan blindness [184, 185]: if the beam tilt increases,
non-radiative surface waves are excited through coupling between adjacent radia-
tion elements on the substrate. In the microwave range, attempts to mitigate the scan
blindness by decoupling adjacent elements via artificial surfaces have been consid-
ered [186, 187] and implemented recently in a large-scale array [188, 189]. Similar
approaches will be required for the THz range although additional losses associated
with such artificial surfaces must be avoided. Meanwhile, the frequency sweeping of
leaky-waves, i.e., radiative surface waves, is suited for beam steering towards hori-
zontal directions. However, the radiation efficiency of leaky-wave antennas towards
broadside directions is rather suppressed. A center-fed leaky-wave antenna can gen-
erate symmetric beams, thereby doubling the beam coverage [172]. 2D beam steering
is also allowed by optimizing the feeding network [163, 164].

Thus, effective and efficient THz beam steering and array architecture is still an
open challenge. While this review article focuses on beam steering, its combination
with dynamic polarization control [190–192] will be another challenge that is impor-
tant for tracking mobile/wearable devices. Addressing these challenges might require
a multi-disciplinary effort utilizing concepts across various disciplines including
materials, antenna, metasurface and subwavelength electromagnetics, RFICs, pho-
tonics, and MEMS. In addition, by blurring across the various levels of abstraction,
new THz architectures can emerge that might look very different from traditional
approaches but have functionalities not realizable otherwise [45]. Novel beam-
steering mechanisms including spatial-temporal modulation have also been proposed
that may further enhance the efficiency of THz beamforming while facilitating appli-
cations such as radar and secure wireless communication [172, 193–195]. Regardless
of the steering mechanisms, structural optimization for extending the steerable range
and operation bandwidth will be important. Such optimization can be performed
based on computational approaches including topology optimization [196], inverse
design [197], and deep learning [198] as has been applied to RFICs and photonics. In
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contrast to photonics, in which the structures are dielectric-based, the use of metals
should also be considered explicitly in the THz range [199]. On top of the structural
optimization of a single device, system-level optimization to overcome the limita-
tion of a single device will play an important role. This includes a discussion on
how to integrate multiple beam steering antennas to attain wide coverage, in which
the required specification depends on applications. Thus, such discussions should be
application-driven and should keep pace with the development of fundamental THz
devices.
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