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Abstract— The need for unrestricted, high-quality, and
high-speed communications in planned sixth generation (6G)
wireless systems drives the development and research towards the
sub-terahertz (sub-THz) bands which so far have been relatively
unused for wireless communications applications. Additionally,
the sub-THz bands have gained an increasing interest as a poten-
tial spectral region at which to go even beyond the well-known
Shannon limits. This review paper provides a technological
overview on some of the key hardware aspects of sub-THz
wireless communications (at 100–300 GHz), namely antennas,
reconfigurable intelligent surfaces (RISs), and reconfigurable
antenna systems based on state-of-the-art technologies reported
in recent literature. Different technologies of antennas and RISs
are compared to understand their possibilities and limitations,
and to identify the most promising technological approaches to
transform 6G from a vision into a commercially viable solution.
The paper also presents the authors’ interpretations of possible
hardware and design trends that can shape the future research
directions.

Index Terms— Antennas, beamsteering, leaky-wave antenna,
lens antenna, phased array, reflectarray, reconfigurable intelli-
gent surface (RIS), THz gap, transmitarray, wireless links, 6G.

I. INTRODUCTION

S IXTH GENERATION (6G) wireless systems will largely
be driven by a focus on the unrestricted availability of high

quality and high-speed wireless access. Besides current and
pre-5G spectrum bands, the upper millimeter-wave (mmW)
(30–100 GHz) and sub-Terahertz (sub-THz) frequencies
(100–300 GHz) are bands of interest for 6G [1], [2]. The
sub-THz region is foreseen as the ultimate solution to spec-
trum scarcity and capacity limitations of current wireless
systems [3], consequently enabling bandwidth needed to
enable envisioned data rates from tens of Gbps to over
1 Tbps. Besides much wider spectral availability, the sub-THz
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Fig. 1. Link ranges and data rates reported for wireless links above 100 GHz
in [6], [7], [8], [9], [10], [11], [12], [13], [14], [15], [16], [17], [18], [19],
[20], [21], [22], [23], [24], [25], [26], [27], [28], [29], and [30]. The numbers
indicate operating frequencies in GHz.

band has also potential to improve network densification
and throughput to enable spectrum sharing, and to form the
three foreseen cornerstones of 6G: communications, imaging
and sensing [4]. While sub-THz coverage is considered for
short-range applications due to, e.g., increased free space loss
and atmospheric attenuation, communication at the sub-THz
band is still possible up to 1 km at 300 GHz under certain
assumptions [5]. For longer ranges, 6G systems are expected
to be able to switch between transmitting and receiving signals
at multiple frequency regions ranging from microwaves to sub-
THz [4]. Besides that, it is expected that sub-THz bands from
114 GHz to 300 GHz will become available for use in specific
scenarios such as point-to-point backhaul communications,
short range communications across displays and rack-to-rack
communications in data centers [1].

Fig. 1 illustrates the link distances and data rates obtained
by recently reported prototypes at frequencies above 100 GHz
in literature [6], [7], [8], [9], [10], [11], [12], [13], [14],
[15], [16], [17], [18], [19], [20], [21], [22], [23], [24], [25],
[26], [27], [28], [29], [30]. The performance shows quite
some spread, and there is no obvious correlation with the
used frequency. The compared data rates are peaking around

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

https://orcid.org/0000-0002-6440-2135
https://orcid.org/0000-0003-1783-2519
https://orcid.org/0000-0001-9896-9108
https://orcid.org/0000-0002-5461-6148
https://orcid.org/0000-0002-6394-5330


RASILAINEN et al.: HARDWARE ASPECTS OF SUB-THz ANTENNAS AND RISs FOR 6G COMMUNICATIONS 2531

or slightly above 100 Gbit/s. Assuming a goal for 6G sub-
THz links, e.g., a carrier frequency of 300 GHz, peak data
rate up to 1000 Gbit/s and a link distance up to 500 m [31],
the red rectangle in Fig. 1 shows that further performance
gains are needed even though technology is moving to the
correct direction. Facilitating the development of radio com-
munications hardware (HW) to address the Tbps wireless link
challenge is essential. Considering the available state-of-the-
art HW technologies and their constraints, overcoming this
challenge is not straightforward due to the boundaries set by
physical and design complexities.

Focusing on the device-to-air interface, key technologies
to improve sub-THz wireless links narrow down to three
main aspects: 1) Transmitted/reflected gain from antennas
and reflectors must be sufficiently high for ensuring a proper
signal (re)transmission into air. Conversely, high-gain antennas
and reflectors are also needed to detect (possibly weak) sub-
THz signals; 2) The antennas and reflectors need to be made
reconfigurable (in terms of beamsteering, frequency or both)
to support the creation of smart electromagnetic environments;
3) Despite being intended to work in an “intelligent” mode,
reconfigurable intelligent surface (RIS) hardware needs to
be made reconfigurable and their behavior well-controllable
prior to integrating algorithms at a more mature development
stage.

Examining the issue of reconfigurability in sub-THz anten-
nas and reflectors more closely, challenges are still abound.
Firstly, suitable antenna and reflector topologies need to be
carefully selected to ensure sufficient gain levels for sub-THz.
Next, several main issues which may result in beamsteering
inaccuracies must be considered when introducing this feature
onto the selected antenna type. These include beam squinting,
frequency drift, thermal effects etc. Due to the changing phases
from the beamsteered antennas, closely co-located active com-
ponents such as amplifiers may also see large changes in
impedance, which can affect the performance of the overall
RF chain. Therefore, co-designing components in the whole
radio front end is now a very important step in ensuring that
the required performance can be achieved. Besides that, beam
and frequency tuning technologies at sub-THz frequencies are
very limited due to a lack of electronics components that have
widely been applied at lower frequencies.

This article reviews the key technologies needed to meet
the requirements of 6G communications in terms of antennas,
beam reconfiguration techniques and reconfigurable reflective
surfaces. The benefits, drawbacks, potential, and limitations
are presented based on state-of-the-art literature. Aspects
related to, e.g., signal processing, algorithms, network plan-
ning and measurements are also vital for the deployment
of 6G, but these are beyond the scope of the current work.
The rest of this paper is organized as follows. Potential
antenna implementations for sub-THz applications are pre-
sented in Section II. The state-of-the-art and challenges of
sub-THz reconfigurable intelligent surfaces are described in
Section III. Section IV provides observations made on the
hardware, and Section V presents some promising research
areas and future trends. Finally, Section VI concludes the
work.

II. DIRECTIVE AND BEAMSTEERABLE ANTENNAS

In addition to the high path loss, sub-THz links are also
known to be highly sensitive to obstacles on the link path.
These two properties together with a need to track moving
users or to adjust for changes in the propagation environment
mean that the antennas need to be beamsteerable. In the
following, potential antenna types for sub-THz, beyond-5G
applications are introduced, and a comparison between their
key parameters is provided. For a general overview of THz
antennas, interested readers may consult [32].

A. Lens Antennas

One relatively straightforward approach to meet the
high-gain requirements is to use lenses to focus (collimate) the
antenna radiation, thereby increasing the directivity [33], [34],
[35]. The widespread applicability has faced problems in part
due to their sizes. Especially at lower frequencies traditionally
used for communications, the needed electrical sizes for lenses
can be too large and impractical. At higher millimeter-wave
and sub-THz frequencies, these lenses become physically
smaller (with comparable performance metrics), which makes
their use and integration attractive for more applications.

Two main geometric parameters of a lens which contributes
to directivity are: the lens diameter, dlens, which modifies the
lens aperture; and its extension height hext, which varies the
location of the feed antenna with respect to the focal point of
the lens. While dielectric materials (with 1.2 < εr < 11)
are mostly used for lenses, the focusing properties can
also be generated artificially using periodic metal plates or
waveguides [37], [38]. Silicon (εr = 11.9) lenses are most
commonly adapted, especially in sub-THz applications. How-
ever, increasing the permittivity also increases the contrast
in refractive index at the lens-to-air interface, which causes
additional reflections [39]. As a solution, an anti-reflective
coating, which are normally λ/4 thick can be used, at the
expense of narrower bandwidth [40]. Besides permittivity,
the loss tangent (tan δ > 0.001) can significantly limit the
performance especially if very large (i.e., high-gain) lenses
are to be used.

For certain applications, lenses made from inhomoge-
neous materials provide useful functionalities. Such mate-
rials/applications include multi-shell lenses, gradient-index
(GRIN) lenses, or lenses with a more specifically defined
refractive index profile such as the Luneburg lens and the
Maxwell fish-eye lens. Fig. 2 visualizes the principal function-
ality of conventional homogeneous lenses and inhomogeneous
Luneburg and Maxwell fish-eye lenses. In all cases, it is
assumed that there are N antennas to generate (up to)
N beams. With the conventional lens, the achievable steering
range is limited both by the feeding array and the focal
properties of the lens. The Luneburg lens collimates rays that
emanate from a point source on the surface and, conversely,
focuses plane-fields to a point on the surface. A hemispherical
Maxwell fish-eye lens collimates rays from a point on its
surface, and a fully spherical lens focuses the rays from a
point on the surface to the opposite point on the same surface.
The properties of the Luneburg and Maxwell lenses, which
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Fig. 2. Conceptual illustration of (a) regular homogeneous lens, (b) Luneburg lens with gradient-index material, and (c) Maxwell fish-eye lens with
gradient-index material. An array with N elements is used to generate N different beams. Reprinted from [36] ©2017 IEEE.

Fig. 3. A seven-port Luneburg lens antenna: (a) photo of fabricated antenna
showing beams launched from ports 1 and 5, and (b) measured 330-GHz
radiation patterns. Reprinted from [41] ©2019 IEEE.

are examples of multibeam antennas [36], allow simultaneous
generation of multiple beams to different directions.

The work in [41] presents an integrated Luneburg and
Maxwell fish-eye lenses operating at 330 GHz. The antenna
consists of a Luneburg lens-based multi-beam antenna and
a Maxwell fish-eye lens-based slab-mode beam launcher as
shown in Fig. 3, and can provide a total beamsteering angle
up to 120◦ (60◦ each side) at intervals of 20◦. A compressed
Luneburg lens operating at 75–110 GHz range was reported
in [42]. The antenna is fabricated through multimaterial
3D printing technology using five different dielectric filaments.
With an open-ended waveguide probe excitation across the
75–110-GHz band, the antenna shows a boresight gain of
22 dBi, and a –3-dB scan angle of 25◦ at 84 GHz.

In multi-shell lenses, shells made from different materials
are assembled together to form a suitable refractive index
profile. Gradient-index (GRIN) lenses are typically cylindrical
in shape, and the radial refractive index profile can be obtained,
e.g., by 3D printing concentric cylinders of varying permittiv-
ity [43] or by etching a pattern of holes in Si wafers [44], [45].
3D printing is more suitable for lower mmW frequencies (e.g.,
Ka band), whereas the wafer patterning approach has been
implemented above 200 GHz as well. Fabrication accuracy and
properties of the used processes are key practical challenges
when implementing inhomogeneous lenses, and when two
or more different materials are involved, properties such as
compatible thermal and mechanical expansion coefficients
can be important in some applications. Especially at lower
frequencies where the lenses are physically large, estimating
the weight of the different shells is an important factor [46].

Recently, geodesic lenses have been studied to mimic the
operation of 2D rotationally symmetric GRIN lenses using

a 3D structure to produce an operation similar to Luneburg
lenses. Unlike the Luneburg lens, it is possible to fabricate
geodesic lenses from metal, which can be advantageous to
achieve radiation efficiency higher than with dielectric lenses
as the frequency increases [47], [48]. Metalens antennas are
another solution to overcome the bulky design of classical
dielectric lens antennas. A metalens is a flat surface that can
control EM waves using the phase compensation method.
Compared to conventional bulky dielectric lenses, metalens
antennas offer much more flexibility with their planar design
and fabrication as they can produce spherical phase in the
plane and replace the complex feeding structure with a waveg-
uide or a new coupler structure. For example, the work
of [49] presented a dual-band Fresnel zone plate metalens
antenna fabricated based on low-cost additive manufacturing.
The measured peak gain at 120 GHz is 21.9 dBi.

For high gain and beamsteerable lenses, three main design
strategies can be identified: fixed-beam lenses, switched beam
lenses, and steerable beam lenses. The most conventional
fixed-beam lens can be designed by integrating and optimizing
a lens and feed antenna to meet the performance requirements
for, e.g., directivity and beamwidth. In the second category,
a switched-beam lens uses a group of feeding antennas that
are connected through a switch network to select the desired
feed and resulting beam direction. Here, a proper design for
the feed network is essential since the losses introduced by
the transmission lines and switches can start to degrade the
directive gain provided by the lens itself. The third type utilizes
beamsteering to control the direction of the radiated beams.
While this concept shares some of its features with switched-
beam designs, the main difference is that the array of feed
antennas can allow for a more continuous steering instead of
discrete directions of switchable fixed beams.

In [50], a 2D feed array is used at 450 GHz for phase
shifting and antenna displacement. This approach makes the
beam highly directive and gives a fine scanning resolution
in two planes, as well as a low power consumption. A peak
directivity of 26 dBi with angular scanning capability of ±28◦

and ±8◦ in E and H-plane, is produced, respectively. The
scanning range can be modified by scaling the array size. With
multi-element feed arrays, not all elements are in the lens focus
simultaneously, and the physical offset of the outer elements
can start to limit the performance. As discussed in [51], a key
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Fig. 4. Sub-THz phased array antenna: (a) block diagram, (b) microphoto-
graph with a zoom-in on a single channel, and H-plane radiation patterns at
(c) 390 and (d) 400 GHz. Reprinted from [56] ©2016 IEEE.

effect is the physical offset relative to the lens size. This
explains why the lens and array gain does not always increase
with the number of array elements (unlike in conventional
arrays without lens). The element displacement reduces the
gain and starts to steer the beam away from boresight. How-
ever, this effect can be compensated for by using a larger lens,
as it provides smaller relative displacements [52].

B. Phased Arrays

A phased array antenna consists of multiple antenna ele-
ments which are coherently fed using phase shifters at each
element. This enables them to electrically scan their beam to
desired directions [53]. Besides serving as a planar alterna-
tive to conventional lenses for improving the directive gain,
phased array antennas also offer better electrical beam-steering
capability, which is very useful for narrow beam antennas to
expand their coverage. The fundamental operating principle
of the phased array is the superposition of the radiated phases
from different antenna elements. A combination of in-phase
elements forms a radiation of additive amplitude, whereas
elements radiating out-of-phase cancel each other out [54].

Phased array antennas are a good solution in the microwave
regime to implement beamsteering and high gain. However,
when operating at the higher sub-THz band, the high losses of
the semiconductor switches starts to constrain the phase-shift
application [55]. Several solutions have been proposed to over-
come this, such as shifting the phase before upconverting the
frequency to THz frequencies [56], developing spatial phase
modulators based on tunable materials such as graphene [57]
or taking advantage of optical technology to design optical
true-time delay (OTTD) phase shifters [58].

The first method of phase shifting in a phased array
to enable electronics-based beamsteering is demonstrated at
400 GHz using CMOS technology, as shown in Fig. 4 [56].
The beamformer consists of a W-band distribution network
with vector modulators that are used as phase shifters, and
amplifiers are connected with the antenna elements via a linear
eight-element quadrupler array as shown in Figs. 4(a)–(b).
The antenna achieved an equivalent isotropic radiated power
(EIRP) of more than 5 dBm at 375–405 GHz with a peak
EIRP of 7–8.5 dBm at 380–400 GHz. Moreover, it offers
beam steering angle of 70◦ in one plane (35◦ on each side).
Next, the work of [57] proposed a low-profile graphene-based
beam-steerable phased array antenna at 150 GHz. The array is

composed of a pair of dipole antennas coupled symmetrically
to the feed point through a co-planar strip-line (CPS) and two
graphene sheets loaded at the lower boundary of the CPS. The
chemical potential of the graphene sheets is tuned individually
using two adequate DC biasing voltages to steer the beam to
desired angle(s). The simulation shows that when varying the
chemical potential from 0 to 0.2 eV, beamsteering of 44◦ (22◦

each side) was achieved at 150 GHz in the E-plane.
Finally, beamsteering using a true-time delay (TTD) optical

beamforming network (OBFN) for a phased array antenna
at 300 GHz was presented in [58]. The input at the optical
band is directed to TTD to produce a modulation bandwidth
prior to being channeled to the phase shifters. These optical
signals are then converted to RF signals at the 300-GHz band
by Indium phosphide (InP) photomixers and consequently
radiated by the 1 × 4 array antenna. Thus, the phase shift of
the optical signals allows changing the phases of the generated
RF signals for beamsteering via the antenna array. Simulations
indicated that steering angles up to 70◦ are possible. The
work in [59] developed an optical phased array (OPA) chip
based on the thermo-optic effect of a silica waveguide. The
silica waveguides work as optical phase shifters (OPS) via
its refractive index changes when heated. Consequently, the
change of the optical input phase is proportional to the power
consumption of the heater after the OPS. By using such an
OPS, the feasibility of continuous 300-GHz beamsteering is
successfully demonstrated across a range of 50◦. Moreover,
a hybrid electromechanical scanning lens array was proposed
in [60] at 550 GHz with a total scanning angle up to 50◦ (25◦

each side). The concept relies on combining electronic phase
shifting of a sparse array as a feed to simplify the RF front-end
with a mechanical translation of a lens array.

When upscaling a phased array from mmW (e.g., 28 GHz)
to the sub-THz band (up to 300 GHz), a reasonable array with
32 elements at lower frequencies is expected to require an
array with thousands of antenna elements in the latter case.
The elements also require a comparable number of parallel
transmit and receive RF paths [5]: this complexity together
with the power consumption will strongly limit the practical
implementations at and scalability to the sub-THz band.

C. Reflectarrays

Reflectarray antennas share the spatial illumination charac-
teristics of reflector antennas and the phase synthesis and beam
collimation features of antenna arrays, making them hybrid
structures that incorporate the advantages of both reflectors
and printed arrays while overcoming their respective limita-
tions [61], [62], [63]. The antenna elements are designed to
reflect the incident field with certain phase shifts so that when
the feed spatially illuminates the aperture, it will collimate the
beam to the desired direction with the desired beam shape.

Besides their advantages over reflectors and fixed-beam
arrays (discussed in detail in [61]), reflectarrays can also be
used effectively in beam scanning applications. The strin-
gent requirements imposed by conventional high gain beam
scanning architectures on the antenna radiation capabilities
makes very few antenna types suitable for such applications.
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Fig. 5. Schematic of a liquid crystal (LC) reflectarray antenna: (a) top and
side views of the unit cell, (b) proposed reflectarray antenna configuration.
Reprinted from [65] ©2015 IEEE.

Normally, depending on the required scan rate, scan volume,
and cost, lenses, reflectors including parabolic and reflectarray
antennas and phased arrays are the choices for most high gain
and beam scanning applications. Based on these principles,
different variants of reflectarrays have been introduced.

The first example is a folded reflectarray proposed in [64]
which is made reconfigurable using liquid crystal (LC) tech-
nology. The antenna consists of a lower reflector incorporated
with a feed centered on its planar structure. A polarizing
grid is then integrated on the top as its upper reflector. The
lower reflector collimates the beam and twists the polarization.
The top grid then selects the polarization for the transmission
and reflects the orthogonally-polarized waves towards the
lower reflector. This combination enables additional phase
adjustment for beamsteering on the upper reflector. The upper
reflector is integrated with an LC mixture that can be tuned
via voltage biasing to obtain an appropriate phase adjustment
and result in beam steering. The main beam can be steered
towards ±6◦ at 78 GHz with 25.1 dB of measured gain.

Several other beam-steerable reflectarray antennas using
LC have been proposed at 100 GHz [65], [66]. The work
in [65] proposed a LC-based reflectarray antenna composed
of 54 × 52 multiresonant unit cells. As seen in Fig. 5, the
proposed reflect array unit cell has three parallel unequal
length dipoles printed on the lower surface of a quartz wafer.
A cavity is formed between the quartz and silicon wafers,
and a tunable layer is formed by filling this cavity with LC
material. Furthermore, the upper surface of the silicon wafer
is metallized to form a ground plane. The permittivity of the
LC layer is voltage-controlled, which therefore controls the
phase of reflection coefficient in the unit cells. The antenna
can provide a wide 55◦ angular beam scanning at one plane,
as well as a large bandwidth with reduced side lobe levels
from 96 to 104 GHz.

Another folded reflectarray structure has been implemented
at 390 GHz in [67]. In this design, a horn antenna is used
to feed the THz signal, which is then reflected back to
the aperture of the reflectarray using a grid polarizer. Next,
a reflective metasurface rotates the polarization by 90◦ to pro-
duce a pencil beam to go through the polarizer. Beamsteering

or custom beam patterns can be achieved by suitably designing
the reflective metasurface, though only a boresight pattern is
reported in the work. Using this concept, the overall antenna
profile can be made smaller, and the different parts can be
separately fabricated to simplify the process and potentially
lower the cost. Another folded reflectarray operating at 1 THz
was proposed in [68], utilizing a unit cell based on an
anisotropic dielectric resonator antenna to produce a planar
wavefront and to achieve the 90◦ polarization twist to pass
the signal through the grid polarizer.

The phase shift required in a reflectarray can be obtained
using specifically designed antenna elements or switches.
In [69], a 120-GHz reflectarray is proposed, where the
phase shifts are implemented using open- or short-circuited
conductor-backed coplanar waveguide stubs. The reflectarray
elements can be switched between four phases: 0◦, –90◦,
–180◦, and –270◦. Another reflectarray studied the use MEMS
elements for beamsteering applications at 300 GHz [70] where
the genetic algorithm was also deployed to maximize the direc-
tivity and minimize the sidelobe level. As a result, simulations
achieved a directivity of 16.7 dBi while the sidelobe level
was significantly suppressed from –13.7 dB to –16 dB. Next,
the work of [71] discusses techniques to improve the per-
formance of sub-mmW reflectarray by eliminating unwanted
resonances. In the reflectarray, the generation of surface waves
and higher-order modes can distort the element pattern, which
causes phase error in the reflected signal. The proposed
solution to overcome these issues and improve the gain and
bandwidth performance is to implement sub-wavelength unit
cells, which was experimentally demonstrated at W-band.

Reflectarrays consisting of dielectric elements have also
been proposed due to their ease of fabrication using 3D print-
ing technology. One such example is the reflectarray antenna
designed at 220 GHz in [72], which consists of dielectric unit
cell blocks backed by a metal sheet as the ground plane.
It achieves a gain and bandwidth of 31.3 dBi and 20.9%,
respectively. In addition to dielectrics, graphene is another
material used to build reflectarrays and to simultaneously inte-
grate the reconfigurability feature in them [73]. However, this
method and reflectarray has been demonstrated for operation
at a relatively high frequency of 0.8 to 1.2 THz. The complex
conductivity of graphene is controlled by adjusting the electric
field. This then enables changing the phase and the resonance
point of the reflected or transmitted wave on the element,
which results in beam reconfiguration.

D. Transmitarrays

The transmitarray antenna combines the favorable features
of array and lens antenna techniques to result in a low-profile
conformal design with versatile radiation behavior while main-
taining a high radiation efficiency. In general, it combines a
thin, flat transmitting surface illuminated by a feed source
located on an equivalent focal point. The transmitting surface
is integrated with an array of antenna elements, where the unit
cells are individually designed to convert the spherical phase
front originating from the feed to a planar phase front. This
then results in a focused radiation beam with high gain and
steerable transmitted beam.
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Fig. 6. H-band (225–325 GHz) substrate-integrated transmitarray antenna:
(a) Full view of prototype with the unit cells area outlined. (b) Bottom metal
layer showing the waveguide aperture. (c) Front view of the prototype mounted
on the test frame. (d) Cell 045 resonator. (e) Top grid. (f) Radiation pattern
in E-plane. Reprinted from [75] ©2021 IEEE.

Similar to reflectarrays, the unit element design deter-
mines both the resulting magnitude and phase coming out
of the transmitarray. The phase of each array element can
be controlled individually by varying its dimensions, but
phase compensation cannot be achieved by only a single
transmissive layer [74]. Therefore, the three most common
design methods to effectively control the phase of the waves
in transmitarrays are multi-layered frequency selective surfaces
(M-FSS), receiver-transmitter (Tx-Rx) design, and metamate-
rial/transformation approach, also known as metalenses [74].

In reflectarrays, a metallic ground plane reflects most of
the incident waves, which produces a reflection magnitude
typically close to unity (0 dB) [74]. Therefore, the main
parameter to control is only the reflection phase from each
element. In contrast, both (transmitted) magnitude and phase
need to be controlled well (with magnitude close to unity) to
maintain a high efficiency in transmitarrays. Depending on the
application, both transmit- and reflectarrays can be integrated
into various platforms in the environment and objects, such
as walls, windshields of vehicles, aircrafts, unmanned aerial
vehicles (UAVs), and public transportation systems as they
can be designed using conformal materials.

An example of the multi-layered transmitarray antenna in
sub-THz is [75] operating at H-band (225–325 GHz), as illus-
trated in Fig. 6. The antenna is designed on a single printed
circuit board (PCB) stack with five metal layers and multiple
low-loss dielectric substrates in a monolithic module. The
highest achieved gain and 3-dB gain bandwidth are reported to
be 23.1 dBi and 17.2% at 332 GHz, respectively. Besides that,
the antenna exhibits linearly-polarized pencil-beam radiation
patterns with low side lobes and low cross-polarization char-
acteristics. Several other multi-layered transmitarray antennas
reported in [76] and [77] comprise of three metal layers
and two interleaved dielectric spacers. The prototypes are
fabricated using a standard PCB process. Measurement results
demonstrated that this design methodology is effective even
under strict technological constraints. The antenna achieved a
peak gain above 32 dBi with an aperture efficiency above 36%.

The Tx-Rx design approach, on the other hand, is demon-
strated in [78], presenting a D-band transmitarray antenna
with Tx-Rx unit cells designed using low-temperature co-fired

ceramic (LTCC) technology. The unit cell includes a pair
of wideband magnetoelectric dipoles as the receive/transmit
elements connected by phase shifters, providing a full-range
phase change from 0◦ to 360◦. The measured peak gain of the
proposed antenna is 33.45 dBi at 150 GHz with an aperture
efficiency above 44% and a 3-dB gain bandwidth of 24.29%.

The last category of transmitarrays, the previously discussed
metalens, has also been reported. An example is the work
of [79] that proposes a method to synthesize, design and char-
acterize a metalens-type transmitarray antenna at 300 GHz.
By designing suitable feed and focal distances, a broadside
pencil beam with reduced sidelobe levels is achieved. To the
best of the authors’ knowledge, this is the first experimen-
tal validation of the proposed approach, with a design of
400 elements on the transmitarray that combines eight different
types of unit cells (resulting in a 3-bit phase quantization).
Measurement results are in good agreements with simulations,
indicating a 25.5-dBi gain with an aperture efficiency of
28.2%. Another metalens-type transmitarray reported in [80]
is designed and fabricated using low-cost PCB technology.
The transmit array uses a two-layer element that can provide
full-range phase coverage of 360◦ and a transmission coeffi-
cient better than –3.52 dB at 250 GHz. The proposed antenna
produces a peak gain of 28.8 dBi and aperture efficiency
of 32%.

It is worth noting that because of technological constraints
and simplicity of fabrication, most available works on transmi-
tarrays are manufactured using a standard PCB process. Due to
tighter dimensional tolerances for designing such antennas at
the sub-THz band, this factor needs to be carefully considered
to avoid degrading the final antenna performance. An example
of this is the reported phase shift error of 15◦ due to fabrication
tolerances of PCB technology (±10 µm) at H-band [75].

E. Leaky-Wave Antennas

Leaky-wave antennas (LWAs) are a subset of a more general
group of traveling-wave antennas, and they have differences
in terms of the wave behavior and radiation mechanism;
examples of traveling-wave antennas include waveguide slot
antennas, helical antennas, and dielectric rods [37]. Compared
to the previously discussed antenna types, LWAs do not
require complex feed control circuits, such as phase shifters or
true-time delay feeding networks. This is due to the fact that
the beams are steered depending on the carrier frequency. As a
result, LWAs are simpler to design and less costly, features
which have major commercial advantages. LWAs are expected
to be an appealing solution at THz frequencies for applications
such as THz interconnects, which require robust and highly
integrated THz beam steering antennas [81]. For an overview
of LWAs, interested readers may consult [82]. In general, the
non-resonant nature of the radiation mechanism and guided
waves (GW) are two aspects which work together to provide
a wide operational bandwidth. For example, one-dimensional
(1D) linear arrays of LWAs are capable of producing scannable
pencil beams in the elevation and azimuth planes [83]. On the
other hand, two-dimensional (2D) LWAs can produce either
broadside pencil beams or conical scanned beams [84].
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Fig. 7. Measurement results of a dual-port chip-integrated waveguide
(CIW)-based leaky-wave antenna for one-shot simultaneous localization of
multiple wireless nodes operating at 360–400 GHz. Reprinted under CC BY
4.0 license from [86] ©2021 Authors.

To date, only few THz LWAs have been reported, and
these are designed on either polymer or graphene substrates.
For example, the work of [81] presents an LWA made up
of periodic leaking microstrip lines and a grounded copla-
nar waveguide to microstrip line transition. Intended for
future integration with InP-based photodiodes, its operating
frequency was changed from 230 to 330 GHz to enable a
quasi-linear beam tuning from –46◦ to 42◦, (with a total
scanning angle of 88◦). Measurements of the fabricated pro-
totype indicated an average realized gain of –11 dBi and a
3-dB beamwidth of 10◦ (using a 1.5-mm wide InP LWA).
On the other hand, a graphene-based LWA was designed
to operate at a fixed frequency in [85]. DC biasing on the
pads of the structure was implemented on the leaky mode
by sinusoidally modulating the graphene surface reactance.
This change in voltage allows modifying the leakage rate and
consequently the main beam direction. However, it should be
noted that this conceptual work involves only theoretical cal-
culations and simulations, without results on an experimental
implementation.

Recently, a dual-port LWA operating at 360–400 GHz has
been reported for localizing applications [86]. As shown in
Fig. 7, the antenna has two dual-port LWAs. Therefore, the
transmitter and receivers can be integrated on the opposite
ends of the LWA (e.g., Ports 1 and 4 are transmitting while
Ports 2 and 3 are receiving). This allows one-shot simultaneous
localization of multiple wireless nodes. The transceiver and
antenna are fabricated in a 65-nm bulk CMOS process. The
measured one-shot localization error variances in 1D and
2D spaces are less than 1◦ with 200-Hz resolution band-
width and less than 2◦ with a 20-Hz resolution bandwidth,
respectively.

III. RECONFIGURABLE INTELLIGENT SURFACES (RISS)

Reconfigurable intelligent surfaces (RIS) have mainly been
referred to as two-dimensional (2D) structures that can dynam-
ically manipulate the impinging electromagnetic (EM) waves.
To achieve this, RISs are integrated with phase/amplitude
tunable unit cells to control the incident waves through various
mechanisms such as voltages, thermal, optical or mechanical.
The arrangements of the unit cells can be modified and
programmed in response to external stimuli.

Fig. 8. Schematic drawings of (a) reflecting RIS, (b) transmitting RIS, and
(c) RIS working as a polarization converter.

A. Operating Modes and General Properties of RIS

The definition of RIS and its working principle has been
extensively discussed in [87], [88], [89], [90], [91], [92], [93],
[94], and [95]. However, most of these RISs operate as a
reconfigurable reflecting surface. Nevertheless, reconfigurable
reflecting, transmitting, and polarization conversion surfaces,
as illustrated in Fig. 8, can be considered as a RIS if external
stimuli (e.g., artificial intelligence) can be integrated into
their control mechanisms to control the EM propagation for
improved overall system performance. Among these features
of RIS, reflecting and transmitting RIS are envisioned to have
a broader applications and will be discussed more detailed in
this paper. The principle and analysis of polarization converters
can be found in, e.g., [96], [97], and [98].

Two principal hardware design paths for RIS found in
literature based on either traditional antenna arrays or meta-
surfaces. The unit cell of antenna array-based RIS has a
resonant size close to λ/2, meanwhile metasurface-based RISs
consist of a large number of closely spaced sub-wavelength
(e.g., λ/10 [99]). The operation of the metasurface-based RIS
is based on diffraction to split the incident EM wave into
a few components whose number and directions depend on
the angle of incidence, wavelength and the period of the unit
cells. Recently, the metagrating concept has been proposed
in [100], using a periodic array of carefully designed scatterers.
Compared to conventional metasurfaces, the distance between
unit cells of metagratings is comparable with wavelength and
does not need a continuous gradient surface impedance. This
makes metagratings much simpler to fabricate, and shows
their strong potential for sub-THz operation even though
the technology is still less mature than the two previous
approaches.

B. Overview of Key RIS Parameters

For the hardware, one of the most significant parameters
to evaluate a RIS is the efficiency (η), defined as the ratio
between the power reflected/transmitted to a desired direction
and the total incident power. Other key parameters of a RIS are
its steering range and angular resolution. The steering range
depends greatly on the technique: e.g., mechanical steering
with (partially) movable components may provide a wide
steering range up to 360◦, whereas an electronic approach
typically has a more limited steering range at its operating
band, e.g., around 120◦ [101].

Meanwhile, the angular resolution mainly depends on the
main lobe beamwidth, which depends on the number of phase
quantization bits and the number of unit cells. The quantization
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is affected by the number of integrated switches. The number
of unit cells has an impact on the aperture size and periodicity
of the RIS: with the same aperture, switching the periodicity
from sub-wavelength (λ/8, similar to metasurfaces) to λ/2
(similar to reflectarrays) greatly reduces directivity [66].

Finally, the power consumption of a RIS is also an important
consideration. This includes power to the controller and power
consumed for each actuator on a unit cell (e.g., transistors,
diodes, pumps, and motors). For active RISs, significant
amount of power may also be needed to amplify the incident
signal prior to reconfiguration and reflection/transmission.

C. Possibilities of RIS for Sub-THz Communications

Increasing carrier frequencies make wireless propagation
more challenging due to the higher propagation and pene-
tration losses and lower levels of scattering. This leads to
fewer useful propagation paths between the transmitter and
receiver. In such situations, RIS can be deployed to improve
the propagating conditions by introducing additional passive
beamforming towards the desired receivers, improving gain
and suppressing co-channel interference [102], [103]. Such
a RIS can ideally be designed in a smart, programmable,
and controllable way for creating new degrees of freedom to
complement existing high-gain transmit/receive antennas and
create a truly smart wireless propagation environment.

Similar to the existing relay technologies, RISs can relay
and redirect EM waves without causing any noticeable prop-
agation delays, except for some increase in the channel delay
spread [104]. The work of [104] compares in detail the capac-
ity between conventional single-input single-output (SISO),
relay-supported, and RIS-supported transmissions. The con-
clusion from [104] is that ideally, the transmitter or receiver
should be within the line of sight (LOS) of the utilized RIS.
Provided that the number of elements is large enough, the
RIS-supported scenario shows a significantly lower transmit
power required to achieve the same rate compared to conven-
tional SISO and relay-supported channels. Since the surface
needs to be physically large relative to a classical half-duplex
relay, RIS can potentially improve the propagation conditions
in short-range communications, particularly at sub-THz and
THz bands. For example, RIS can strengthen the propagation
even when the LOS path is blocked. However, its use case in
non-LOS scenarios is equally important, e.g., to increase the
rank of the channel to achieve full multiplexing gain [105].

Fig. 9 shows potential RIS applications including transmit-
ting in an indoor scenario and reflecting in an outdoor case.
These RISs can be installed on windows/walls to split/steer
incident EM waves from a base station (BS) towards users.
By jointly optimizing the environment through the use of RIS
together with transmitters and receivers, the wireless system
performance may surpass the limits postulated by the con-
ventional Shannon theory. This approach has the potential to
enhance the efficacy and capacity of wireless communication
systems beyond the bounds of current theoretical predictions.

D. State-of-the-Art Sub-THz RIS Implementations

To make the surface reconfigurable, each unit cell or group
of unit cells (referred to as a “super cell”) needs to be

Fig. 9. Illustration of RIS-supported transmission for 6G communications.
In an indoor scenario, a transmissive surface splits the incident BS signal to
different transmitted beams towards different users, and in an outdoor scenario,
a RIS can steer the reflected beam to a moving user.

Fig. 10. Tuning technologies for RIS versus working frequency. The targeted
sub-THz band is shown in red. Adapted from [106] ©2015 IEEE.

individually tunable to a certain state to manipulate the waves
incident to the RIS. Suitable tuning technologies for the unit
cells or super cells depend heavily on the operating frequency,
as illustrated in Fig. 10. In light of this information, the most
suitable tuning technologies for RIS working at the sub-THz
band are micro-electromechanical system (MEMS), mechani-
cal approach, liquid crystal, and microfluidic approaches. It is
worth to note that the active elements (e.g., PIN diodes)
commonly used in the microwave regime are impractical at
the sub-THz band due to their limited cutoff frequencies
and higher losses [107]. Alternatively, complementary metal-
oxide-semiconductor (CMOS) transistors, Schottky diodes,
or high electron mobility transistors (HEMTs) can also be
implemented on RISs for operation at this band.

Recent demonstrations of the RIS at sub-THz band can be
found in, e.g., [101] and [107]. The work in [107] demon-
strates a large-scale programmable metasurface using arrays
of CMOS-based chip tiles at 300 GHz. Each unit cell is a
split-ring resonator which consists of 8 transistors working
as switches that enable programming the unit cell to realize
84 different structures, thereby changing the amplitude and
phase response. Moreover, eight sub-wavelength inductive
loops are added to each unit cell, enabling the switches to
operate beyond their cutoff frequency, reaching up to 5 GHz.
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Fig. 11. Reflectarray-based reflective RIS working at 265 GHz: (a) Schematic, (b) Fabricated prototype, and (c) Measured radiation patterns of
electronically-scanned pencil-beam steering in E-plane. Reprinted from [101] ©2022 IEEE.

TABLE I
COMPARISON OF DIFFERENT RIS SOLUTIONS AND TECHNOLOGIES DEMONSTRATED EXPERIMENTALLY AT SUB-THZ FREQUENCIES

A single chip tile features 12 × 12 unit cells. The final
metasurface structure consist of a 2×2 array of tiled chips with
a total of 576 unit cells fabricated in a 65-nm industry-standard
CMOS process. The unit cells are individually addressable
and are digitally programmable with 8 bits of control at GHz
speed. Additionally, both the amplitude and phase response
of each unit cell can be independently controlled, allowing
a beamsteering angle of 30◦ on each side. Another recent
work reported a pencil beam 2D beamsteering reflectarray
at 265 GHz [101] as illustrated in Fig. 11. The reflectarray
consist of 98×98 half-wavelength-spaced elements fabricated
on CMOS chips. The experimental beamwidth and steering
angle of the reflectarray are 1◦ and 60◦, respectively, to each
side.

In general, only few sub-THz RISs have been demonstrated
to date, with most demonstrated RISs in the lower frequency
bands, either at microwave or mmW. The small unit cell sizes
needed for operation in the sub-THz band makes fabrication
and integration of reconfiguration components onto the unit
cells very challenging compared to designs operating in the
microwave regime. Table I summarizes the state-of-the-art
RISs reported at the sub-THz band. According to Table I,
the used reconfiguration technologies are based on either the

electronic approach (CMOS transistors), functional materi-
als (vanadium dioxide, VO2) and liquid crystals), MEMS
switches, or structural deformations using microfluidics. While
the use of graphene is also possible, this approach has been
mainly applied at the THz band [112], [113]. In terms of
performance, 2D beamsteering with angles up to 60◦ has been
reported [101]. On the other hand, reflective RISs typically
have improved efficiency compared to transmissive ones. This
is because the amplitude response of transmissive unit cells is
typically below 0 dB, whereas reflective ground plane backed
unit cells can achieve a near-unity (∼0 dB) amplitude response.

In terms of design approaches, the concept of meta-
surfaces has mainly been applied in the literature. While
both transmissive and reflective RIS architectures have been
adapted quite equally, a reflectarray-based design has also been
demonstrated in this band. The majority of the reported reflec-
tive/transmissive beam reconfigurations have mainly adapted
electrical (transistor) switching methods implemented using
CMOS technology. While this technology offers a good
alignment with existing IC-based processes (in which most
front-end components are likely to be fabricated), the complex-
ity of such solution increases with the required beamsteering
resolution. In other words, more transistors may be required
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TABLE II
COMPARISON OF DIFFERENT ANTENNA SOLUTIONS AND TECHNOLOGIES REPORTED AT UPPER MM-WAVE AND SUB-THZ FREQUENCIES

to produce additional phase change steps across the overall
steering range. Moreover, parasitics left over during the on-off
switching of interconnecting sections in the unit elements
using transistors may require compensation techniques.

Therefore, phase change materials and microfluidic
techniques have been considered as potential alternatives.
A well-designed microfluidic approach can offer a wide
and continuous phase change, bounded only by the accu-
racy of the liquid actuation. On the other hand, the limited
phase states and relatively high actuation voltages required in
materials such as liquid crystals are also currently limiting
their applicability in sub-THz reconfigurable antennas and
RISs. Use of standard PCB technology becomes increasingly
challenging at the sub-THz band due to the small unit cell
sizes and the related difficulties in integrating reconfigurable
electronics (transistors, diodes, etc.) on them. Therefore,
most of the sub-THz PCB-based prototypes to date are cus-
tomized reflectors designed to reflect waves to certain fixed
angle(s) [75], [79], [109].

IV. OBSERVATIONS ON SUB-THZ ANTENNAS AND RISS

A. Outlooks for Sub-THz Antennas

Table II compares different antenna solutions reported in the
sub-THz band in terms of operating frequency, gain, aperture
size, utilized beam steering technology and achieved steering
angle. The table shows that electrical beamsteering technology
is the most common approach available at upper mmW and
sub-THz bands due to its maturity. In general, a trade-off
between the achieved gain and beam steering angles can be
observed. For example, lenses and lens arrays feature the
highest gains among the compared design, which is achieved at
the expense of narrow beamsteering ranges. On the other hand,

Fig. 12. Calculated antenna aperture dimension d as a function of measured
gain to indicate the performance versus different ηap limits.

patch arrays produce relatively low gains while indicating
reasonably wider beam steering angles.

Fig. 12 shows the gain of different types of antennas
operating at the sub-THz band. It can be seen that most of
the reported sub-THz antennas achieved gain values ranging
from 10 to 25 dBi. It is worth noting that at 300 GHz, a target
data rate of 100 Gbps can only be achieved with antennas
(Rx and Tx) having gains of at least 23 dBi, assuming a link
distance of 10 m using 4 bit per symbol modulation scheme
and 30-GHz bandwidth [5]. The required gain increases dra-
matically to 55 dBi when the link distance extends to 1 km.
From this calculation, it is obvious that the achieved gain
of state-of-the-art sub-THz antennas are largely below the
requirements. Moreover, the achieved gains are far from the
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Fig. 13. Comparison of the scanning angles obtained with state-of-the-art
beam-scanning sub-THz and THz antennas reported in the literature.

required values for a longer link distance, i.e, 1 km which is a
common outdoor distance for communications. As expected,
most lens antennas show a higher gain compared to array
antennas and their variants (phased arrays, reflectarrays and
transmitarrays).

As the achievable gain of an antenna depends on the aper-
ture size and efficiency of the design, a theoretical limit of the
aperture size of each antenna together with their corresponding
expected gain is also provided. In Fig. 12, the achieved high
gain clearly comes at the expense of a bigger aperture size.
In addition to this, slot and leaky-wave antennas show some
of the highest efficiencies among the reported antennas, thus
providing a good hint of the realistic options of antennas in
terms of high gains and compact designs.

Fig. 13 compares the total scanning angle obtained from
the state-of-the-art sub-THz/THz antennas based on different
technologies. It is well known that conventional mechanical
steering technology can produce a full range of steer-
ing (360◦). However, there is an absence of this technology at
such high frequency band in the literature, foreseen due to the
difficulty in mechanically changing and controlling very small
angles. Moreover, assuming that a single antenna is used in
this steering method, it is expected that the produced beam and
direction changes rather linearly with the mechanical steering
angles. In general, the state-of-the-art THz antennas provide
a total steering angle of around 60◦ (corresponding to 30◦ on
each side). Among the technologies, the electrical approach
shows a wider steering angle compared to other technologies
due to its maturity, which is widely studied and optimized.

The choice of proper sub-THz antenna design strategy
depends on the gain, bandwidth and beam steering require-
ments. For example, for a fixed links with high gain and
not required beamsteering, integrated lens antennas might be
suitable solution. Meanwhile, for low-mobility applications,
a switched-beam lens antenna could be optimal choice since
it enables one or more simultaneous beams. Phased arrays
have potential to show their advantage in the case of mod-
erate gain and high mobility communications applications

which can be an option at the cost of more complex RF
front-end implementations [5]. On the other hand, transmit-
and reflectarray antennas allow simplifying the complex RF
front-end of the phased array since it separates the feeding
source from the array. However, similar with the phased-
array antennas, transmit- and reflectarrays might be more
difficult to implement in practice when the antenna elements
and their spacing become smaller than other IC components.
Furthermore, hundreds or thousands of antenna elements may
be required, which will necessitate a substantial number of RF
switches. This, in turn, increases implementation complexity
and leads to challenges in power consumption and temperature
control. Due to the trade-offs between steering angles, which
define the mobility and gain, suitable solutions for antenna sys-
tem might include a combination of different basic high-gain
antenna types.

B. Challenges With Sub-THz RISs

Despite the abundance of RIS demonstration in the
microwave and mmW (e.g., [90], [91], [129]), the number
of sub-THz hardware implementations remains limited. The
main challenges are selection of suitable concepts/technologies
for reconfiguration, integration of real-time control to the
selected technology, fabrication complexity due to small phys-
ical dimensions etc, explained as follows.

1) Bandwidth: Coding metasurfaces have widely been pro-
posed to digitally control steering angles [129]. When this
approach is applied in a passive RIS hardware in practice, the
phase difference between unit cells must be as consistent as
possible. For example, a 1-bit coded reflecting metasurface
requires two unit-cell conditions to produce phase responses
of 0◦ and 180◦. Such conditions can only be met across a
narrow bandwidth due to the narrow natural bandwidth of the
resonating metasurface elements [130], which starts to limit
the functionality of the passive RIS. On the other hand, phase
shifters can be connected to the same unit cell to produce the
desired phase responses. Therefore, more phase values can be
produced than from a shape-dependent passive RIS. However,
the bandwidth of an active RIS still depends on the bandwidth
of the phase shifters, which may be relatively narrow.

2) Reflection/Transmission Efficiency: In RISs, reducing the
parasitic components in the metasurface-based approach is
one of the main challenges to improve the reflection effi-
ciency [131]. Fundamental reasons for this and a potential
method to overcome it using perfect anomalous reflection
(PAR) behavior are extensively discussed in [132]. The pro-
posed approach relies on impedance matching and requires
complex analyses and calculations. As a result, the PAR
concept has been adapted to and integrated with digital control
to systematically modify its reflection phase [133]. A potential
drawback of this approach is the small unit cell sizes needed to
produce a wider beamsteering angle. This poses a challenge in
terms of fabrication for sub-THz RIS; thus, the increase of the
unit cell sizes and trade-offs with efficiency and steering angle
width in practice need further investigation. For the trans-
mitting RIS, the scattering strongly degrades the transmitting
efficiency of the RIS. Compared to a reflective RIS where the
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reflection magnitude is always unity (0 dB) due to the existence
of a metal ground plane, the magnitude of the transmission
coefficient of the transmit RIS is significantly below that level
(normally around 30% [107]) and requires a lot of optimization
to suppress the undesired scattering components.

3) Limited Available Fabrication Technologies: In meta-
surface based RISs, the unit-cell periodicity is normally
sub-wavelength, whereas the dimensions of the radiating sec-
tions of the unit cell are even much smaller. Assuming the
lowest sub-THz band operating frequency of 100 GHz, the
unit cell periodicity of λ/10 is then 0.3 mm, which makes
using conventional PCB technologies very challenging due to
the high accuracies needed. Complementary metal-oxide semi-
conductor (CMOS) technology, a common fabrication method
for RF integrated circuits (RFICs), can be the most feasible
method for sub-THz RISs. This process offers satisfactory
fabrication accuracy and allows integrating other electronic
components (transistor switches, amplifiers etc.) to enable their
reconfiguration in terms of beam direction and frequency.
However, CMOS is more costly, and it is difficult to fabricate
a RIS with large aperture in a single tile.

4) Active vs Passive RIS Tradeoff: An active RIS can
provide amplification and phase shift to signals arriving to
the structure prior to reflection/refraction. On the other hand,
passive RISs only features the latter, i.e., a RIS with phase
shift only. A continuous phase change from 0◦ to 360◦ is
ideally needed in both active and passive RISs. However,
practical reconfigurability levels of RISs are restricted by the
phase/amplitude resolution (N), where the number of bits
used N produces 2N individual phase values. This limitation
governs the beamsteering resolution [66]. Moreover, the size
of typical CMOS phase shifters and power amplifiers can
be comparable to or larger than the unit cell size of a
metasurface/array, which adds to the design complexity and
further complicates their integration.

5) Reconfiguration Technologies: The limited availability of
technologies for reconfiguration in the sub-THz band restricts
the current implementations to conventional PCB, liquid crys-
tal, microfluidic, phase change materials and CMOS transistor
switching approaches. In reconfiguring these structures, con-
cepts derived from metasurfaces, phased arrays and polarizers
have mainly been implemented. Open questions remain related
to the phase change resolution which, in turn, affects the
reflection resolution. Other important considerations include
the maximum operating bandwidth, width of reflection angles,
and reflected efficiency and power achievable by each technol-
ogy. No dedicated implementations of active sub-THz RISs,
which integrates amplification components have been reported
to date. Nevertheless, current experiments have proven that the
previous design and fabrication concepts are generally suitable
for providing a satisfactory initial idea about the performance
expected from sub-THz RISs.

V. FUTURE TRENDS IN 6G SUB-THZ HARDWARE

Based on the state-of-the-art hardware technologies reported
in the literature, it is clear that a vast amount of possible
solutions exist to implement the future of 6G wireless com-
munications systems. This section lists some of the potential

Fig. 14. Potential sub-THz hardware design trends for 6G.

future trends to transform 6G from a vision into reality. Fig. 14
visualizes these trends and shows their interdependent nature.

A. Design Aspects

1) Co-Design and co-Simulation of Antennas and ICs:
Antennas, analog, and digital electronics can no longer be
designed and manufactured as independent components, as in
the microwave regime. On the contrary, they need to be
co-designed and co-integrated into a compact and multi-
functional front-end (‘system-on-chip’) to conform to the
compact physical space and size of the antenna-beamforming-
IC component. During the development process, it is important
that both antenna and circuit designers are aware of the key
parameters and limitations that affect the performance.

2) Optimization of Energy Efficiency: The envisioned data
rates of 6G mean that more bits will be transmitted per
second. Together with the significantly increased complexity
of the foreseen sub-THz 6G systems, this requires more signal
processing and computing, ultimately increasing overall power
consumption. To ensure sustainable 6G, careful consideration
on energy efficiency is required. Energy efficiency not only
applies to designing individual components and systems for
efficient operation, but also to ensure that the energy is
consumed only where it is truly needed. This again highlights
the importance of antenna and RIS hardware reconfigurability.
For instance, beam reconfigurability and amplification of radi-
ation/reflection require additional energy due increased power
consumption by phase shifters and amplifiers. Recently, it has
been proposed that spectral and energy efficiency should be
assessed in a volumetric way to account for the 3D nature of
6G [134], making the relevant metric bit/s/Hz/m3/Joules.

3) Development of Multi-Functional and AI-Assisted RISs:
Despite being foreseen to be an essential part of sub-THz
communications, the development of RISs still leaves much to
be desired, especially in terms of the “intelligence”. Therefore,
future RIS developments should include smarter AI-assisted
controllers and algorithms. Furthermore, with such sophisti-
cation, an advanced RIS can be designed to switch between
different working modes. Besides that, RIS can also be
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integrated with sensing features, where the data can be fed
to train the AI-based controllers. These sensors can either be
a part of the RIS hardware or totally independent from it, even
operating in another (lower) frequency band using established
low-power methods in an integrated manner with the sub-THz
hardware. Another area requiring hardware development is
active RIS with power amplifiers. This aims to enhance the
sub-THz link, as the RIS can amplify incident signals before
reflecting them. Hybrid RISs (with partial power amplification)
are also foreseent to have a big impact since they can balance
between system performance and power consumption.

B. Implementation Aspects

1) Wireless Feeding Methods and IC-Based Fabrication
for sub-THz Designs: Implementing ultra-compact electronics
adhering to λ/2 or even sub-wavelength scaling toward higher
frequencies is a major research topic. Firstly, methods to
connect antenna elements to the RF front-ends (amplifiers,
phase-shifters) using striplines at microwave regime should be
revolutionized when working at the sub-THz band. Sub-THz
antenna elements become smaller compared to the footprints
of amplifiers or phase shifters. A solution is to use wireless
feeding methods such as capacitive feeding [135]. Secondly,
the fabrication cost of antennas and RISs can be higher due
to the increased fabrication accuracy requirement, as stan-
dard low-cost PCB technologies (fabrication accuracies around
100 µm) become insufficient. Integration of the reconfiguration
feature in sub-THz antennas/RISs is challenging using typical
PCB or LTCC fabrication technologies due to the absence of
commercial electronic components in this band. Therefore, the
possibilities enabled by IC-based processes such as CMOS are
envisioned to become the mainstream fabrication technology
for reconfigurable sub-THz antennas/RISs.

2) Modularization of Subarrays for Scalable Implementa-
tions: The number of elements of antenna array and RIS
are expected to be large to achieve highly directive beam(s).
Together with feeding and control networks, the fabrication
of such massive antennas/RISs becomes very challenging.
Antenna/RIS subarray modularization (see, e.g., [136]) is
envisioned as one critical technology to ensure that the systems
are practically feasible and scalable. On the other hand, the
use of subarrays can also affect the requirements of hybrid
beamforming [137] and the achievable capacity [138]. Phased
subarrays and hybrid beamforming together with extended
array spacing provides an option to increase the angular reso-
lution of mmW MIMO radar [139], which could prove relevant
also at sub-THz frequencies. Extending the array spacing
introduces grating lobes that can be suppressed through sum
and difference subarray beams.

3) Reciprocity and Asymmetry in Antenna Arrays: Inter-
esting aspects to consider for the array design are reci-
procity [140] and aperiodic arrays [141]. Traditionally, arrays
are designed to be reciprocal in transmission and reception.
When moving towards sub-THz frequencies, it may be advan-
tageous to design separate arrays for Tx and Rx, especially if
the requirements and functionalities on either side of the link
are highly different. Recently, the use of aperiodic antenna

arrays has shown potential to improve the electrical and
thermal performance (e.g. higher gain, less heat per element)
over regular periodic arrays. Any possibilities to simplify the
design, improve the performance and reduce the cost will be
essential, as 6G sub-THz communications systems are to be
produced in large numbers for the consumer market.

VI. CONCLUSION

This review article has presented an overview of the current
state-of-the-art antennas and RIS hardware that have been
experimentally demonstrated at the sub-THz band. It is known
that due to the Shannon limits, increasingly congested spec-
trum and limited spectral availability motivates the need to
operate the next generations of wireless communications with
wider bandwidths at the mmW and sub-THz bands. Moreover,
several white papers from major telecommunications industry
players have indicated an interest in looking into the possibility
to harness this advantage, especially using the sub-THz band.
Approaches to the design of antennas and RISs at the sub-THz
band can be rather different from the contemporary methods
used at microwave frequencies. Scaling up antenna designs
towards sub-THz and integrating unit elements into arrays may
seem like a straightforward way, but this might not result in
the desired performance without considerations of co-design,
packaging, scalability, implementation methods and power
consumption. Conventional interconnection and loss mitiga-
tion techniques may no longer be suitable for components
at this band. Besides that, precision in fabrication is crucial
in ensuring that small dimensions are realizable with smooth
conductor surfaces to avoid the generation of unwanted or
multi-mode radiations and reflections. It is foreseen that future
key innovations in the sub-THz antenna hardware domain will
arise from the demonstration of active and/or intelligent RISs
and antennas with space-time coding and advanced beamform-
ing features. Towards this end, the article has also suggested
a number of research trends that can play a significant role in
realizing the aims set for sub-THz wireless communications.
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