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Multi-beam antennas are critical components in future terrestrial and non-terrestrial wireless communications networks. The
multiple beams produced by these antennas will enable dynamic networking of various terrestrial, airborne and space-borne network
nodes. As the operating frequency increases to the high millimeter wave (mmWave) and terahertz (THz) bands for beyond 5G (B5G)
and sixth-generation (6G) systems, quasi-optical techniques are expected to become dominant in the design of high gain multi-
beam antennas. This paper presents a timely overview of the mainstream quasi-optical techniques employed in current and future
multi-beam antennas. Their operating principles and design techniques along with those of various quasi-optical beamformers
are presented. These include both conventional and advanced lens and reflector based configurations to realize high gain multiple
beams at low cost and in small form factors. New research challenges and industry trends in the field, such as planar lenses based
on transformation optics and metasurface-based transmitarrays, are discussed to foster further innovations in the microwave and
antenna research community.

Index Terms—Beamformers, beyond 5G (B5G), internet in space, millimeter wave (mmWave), multi-beam antennas, quasi-optical

techniques, sixth-generation (6G), terahertz (THz)

I. INTRODUCTION

HE fifth-generation (5G) mobile and wireless systems are

posing challenges to the already congested microwave
frequency spectrum with their promise to support high data
rates and to achieve low latency. These systems are separated
into two categories: Frequency Range 1 (FR1), which includes
all frequency bands below 6 GHz, and Frequency Range
2 (FR2), which covers the so-called 5G millimeter wave
(mmWave) bands currently being trialed around the world to
address these challenges. It is expected that various parts of
the lower mmWave spectrum, <50 GHz, will be gradually
subjugated by 5G systems in the coming decade. However,
the data rates are expected to be much higher, on the order of
terabits per second (Tbps), as wireless technologies evolve into
sixth-generation (6G) systems. This advance will pose even
more challenges to the already scarce radio spectrum [1], [2].
There are probably only two viable solutions to address them:
1) move up to yet higher frequency bands, i.e., all the way
up to terahertz (THz) frequencies; or 2) implement dynamic
spectrum sharing and abandon the fixed spectrum allocation
paradigm. Future systems will most likely include a combina-
tion of these two solutions. This paper is focused primarily
on technologies being developed for solution 1. Owing to
their small physical antenna sizes, the higher frequency band
solutions also serve as one of the most promising technologies
for space-borne and airborne platforms, i.e., internet in space
(space-internet) systems as well as integrated terrestrial and
non-terrestrial networks in general [3], [4].
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Similar to their lower frequency counterparts, these high
frequency mmWave and THz antennas must produce multi-
ple beams in order to support dynamic networking and to
realize long range communications. Because the wavelengths
at mmWave and THz frequencies are physically small, these
antenna systems generally have a quasi-optical nature. There-
fore, the associated beamforming devices, in contrast to the
standard circuit type beamforming networks associated with
lower frequency multi-beam antennas [5], need to be designed
primarily based on optical theory and principles, as described
in [6]. Furthermore, mmWave and THz fields propagate in a
pseudo-light fashion and, hence, their interactions with mobile
platforms are highly localized.

The concept of quasi-optical antenna design is not new
as early high gain microwave antennas were mainly lenses
and reflectors directly derived from their optical counterparts.
Nevertheless, while quasi-optical 6G and space-internet anten-
nas have obvious advantages, they pose many practical issues.
Since their operating wavelengths are small, they can be easily
fit into a physically small platform achieving compactness,
low weight and low cost. On the other hand, fabricating
and measuring quasi-optical 6G and space-internet antennas
are arguably more demanding because they are very small.
New technologies, materials and processes will need to be
developed.

In this paper, we provide a comprehensive review of various
quasi-optical beamformers and multi-beam antennas suitable
for beyond 5G (B5G) and more specifically 6G systems for the
first time. This paper is organized as follows. First, the detailed
analysis and design of different lens-based beamformers and
multi-beam antennas for mmWave operations are given. These
lenses include the classical Ruze, Rotman, and Luneburg
designs. Moreover, nonclassical planar lenses based on trans-
formation optics (TO) and metamaterials are also reviewed and
discussed. Second, reflector-based beamformers for realizing
multi-beam antennas at mmWave frequencies are presented.

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



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/OJAP.2021.3093622, IEEE Open

Journal of Antennas and Propagation

Third, recent developments of lens-based THz antennas are
described. Finally, the latest technological developments and
research challenges for quasi-optical beamformers are re-
ported.

II. MULTIPLE BEAM ANTENNAS BASED ON CLASSICAL
LENSES

Lenses are well-known structures used to collimate the
electromagnetic waves radiated from a source. A lens was used
with a radio antenna as early as in 1889 by Oliver Lodge [7].
In the same way as in optics, a microwave lens can be used
to create directive radiation from a point source or conversely
receive the energy of a plane wave and concentrate it at its
focal point. A lens is often used in combination with other
aperture antennas such as horns or reflectors [8]. The primary
purpose of using a lens structure in most applications is to
increase the gain of the antenna by transforming a spherical
wavefront into a planar one. As with any type of aperture-
based antenna, the aperture size relative to the operational
wavelength is directly correlated to the maximum directivity
that a lens antenna can produce and the absolute maximum is
attained if the entire aperture is uniformly illuminated.

In contrast to reflectors, lenses have no aperture blockage
caused by their feeds. Nevertheless, they may incur internal
and surface-reflection losses, and they must be edge-supported
which can lead to scattering losses. In comparison to reflectors,
lenses have generally more degrees of freedom to shape their
output wavefront. These include the shapes of their inner and
outer surfaces, as well as the distribution of the effective
refractive index in them or some other characteristic that alters
the propagation of electromagnetic waves through them.

The concept of employing lenses to produce multi-beam
antennas initially emerged in the late 1940s and early 1950s
[9], mostly targeting radar applications. Nevertheless, its se-
rious commercial exploitation has only happened in recent
years with the extreme growth of mmWave applications for
which the size and weight of typical lens solutions become
acceptable. The renewed interest in lenses is also linked
to the recent development of artificial dielectrics and other
metamaterial constructs [10]-[14].

Detailed design principles and various examples of different
types of lens-based beamformers are reviewed in this section.
These will include the conventional Ruze, Rotman, and Lune-
burg lenses. New research challenges to advance the state of
the art of lenses are discussed.

A. Ruze Lens

Ruze reported a 2D lens theory in his seminal paper [15]
to realize multiple beams with greater beam coverage. A
Ruze lens consists of metal parallel plates that are capable
of constraining the electromagnetic energy to travel parallel
to the axis of the lens with a phase velocity that differs from
that in free space. It is a particular implementation of the so-
called “constrained” or “path-length” lenses, in which the rays
do not obey Snell’s law.

Traditional lenses typically have only one focal point. Ruze
proposed employing an elliptical lens with two or three focal

points and multiple feed locations along the focal arc to
produce the desired multiple beams. It is a particular im-
plementation of the so-called “constrained” or “path-length”
lenses, in which the rays representing the wave propagation
do not obey Snell’s law.

As illustrated in Fig. 1(a), the points O; and Oz are the
focal points of two beams symmetrically radiated in the x-y
plane. These beams are denoted as beaml and beam2. They
are directed at the angles £«, which are equal to the feed
offset angles. The electric field is polarized parallel to the
z-axis in order to control its phase velocity, while the metal-
plates forming the lens are normal to the y-axis. The following
development, reported to illustrate a method used to design
constrained lenses, corresponds to the particular case of a lens
with constant thickness. A more general development can be
found in [15].

beam 1

(7] beam 3
X

beam 2
Elliptical lens -
(2)
4
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-
/_.
‘x:_’
.
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Fig. 1. Schematic representation of a Ruze lens with constant thickness. (a)

Elliptical section. (b) Corresponding straight section.

The element phase compensation for beaml must satisfy
the relation:

koli — ¢e1(x,y) = ko(lo + x cosa + ysina) — ¢41(0,0) (1)

where [ represents the distance between the focal point and
a position (X, y) on the inner lens contour; [y represents the
distance between that same focal point and the center of the
lens, referred to as focal length; and ky is the wavenumber
in free space. The element phase compensation value at the
point (x,y) is ¢¢1(x,y). It is ¢41(0,0) at (0,0). The distance
[y is calculated with geometric considerations.
Defining U as:

 Adu Pl y) — ¢41(0,0)
ke ko

U 2)
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one obtains after some manipulations:

z?sin? a4+ y? cos®’ a — 22y sinacosa =

2 . 3)

u” 4+ 2uly + 2uy sina + 2uzr cosa
Similarly, considering the focal point at O, for beam2 with
the angle —«, one also has:

z?sin? a4+ y? cos® a + 2zy sinacosa =

2 . “)

u” 4+ 2ulyg — 2uy sina + 2uzr cosa

Combining (3) and (4), one obtains the phase compensation

equation in the x-y plane along with the ideal elliptical lens
contour. They are given by the expressions:

Ay = kou = —kox cosa 5

. 2 y 2
( + 1> + <) =1 (6)
lo cos a lo

where A¢y represents the relative phase compensation at
(z,y) with respect to the point (0, 0). As can be seen from (6),
the ideal inner lens contour is elliptical in the x-z plane plane.
The phase compensation values to achieve boresight radiation
are calculated along the straight lines shown in Fig. 1(b).

1) Refocusing Design

The multi-beam elliptical lens with multiple feeds was
designed initially assuming that the feeds would be placed
along the focal arc with radius [y and center (0, 0) as shown
in Fig. 1(a). Recall that the phase compensation values along
the elliptical lens were calculated relative to those for the
maximum oblique angles £« corresponding to the focal points
01 and O, because the constant thickness lens can only
produce two focal points. Therefore, there is a phase error
when the feed is located at the center of the focal arc, the feed
point O3, and is pointed at the center of the lens to generate the
boresight beam. The phase error for this beam, labelled beam
3 in Fig. 1(a), is described below to establish how a correction
for it can be made. The ideal phase compensation value for
beam 3 is obtained from the derived elliptical contour of the
elliptical lens aperture and the relevant form of (1) as:

kols — ¢us3(x,y) = ko(lo + &) — ¢+3(0,0) @)

where [3 denotes the distance from the focal point O3 to any
point (X, y) on the inner contour, and [y is the focal length
specifically at Os. The term ¢3(x,y) is the compensating
phase value of the element at (X, y), the distance [3 is cal-
culated with the Pythagorean theorem. Therefore, the relative
phase compensation value at O3 is A¢;3. The phase error at
point O3 is then &, which can be calculated as Agyz — Agyy.
There is a good agreement between § and J; for both; and,
therefore, the approximation § ~ ¢; is acceptable.

To compensate for the phase error at Os, the feed point
Os is moved away from the elliptical lens aperture by 7l
to the point Oy, as illustrated in Fig. 2. The relative phase
compensation value at Oy is A¢yy. Now consider the rela-
tionship between x and y from (6). Employing a Taylor series
expansion for the value y in ¢ at (0, 0), one finds that the first-

focal are
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i

Fig. 2. Refocusing schematic of an elliptical lens [16].

and third-order derivatives of & with respect to y are both zero.
Thus, § can be approximated as the second-order term:

sin® a
2l
The corresponding plots of §/kgly and 81 /kolg versus y/lg

are shown in Fig. 3 for the two cases in which the maximum
beam angle a is 60° and 45°.

6%61:k0 Xy2 (8)
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Fig. 3. Comparison of the exact and approximated normalized phase error in
a Ruze lens with constant thickness.

The phase correction resulting from this refocusing to Oy
can be obtained with 0 = A¢y4 — A¢y3 and its Taylor series
expansion. One obtains:

1 T
ke X — 2
09 17 Y ©)

The phase aberration for the boresight beam3 is therefore
ideally fixed by refocusing the feed source to Oy, as long as
01=0;. This means 7 = tan? @. A new focal arc, labelled as
the refocusing arc in Fig. 2, is thus produced. Consequently,
its center is moved from (0,0) to point O’, i.e., to the point
(R —g,0), where g = (1 + 7)o is the new focal length at
Oy4. The radius R is then calculated with the law of cosines.
A continuous beam scan can then be realized in the range of
—a to +« as the feed is rotated along the refocusing arc.

The aformentioned wide-angle scanning metal-plate lenses
theory introduced by Ruze [15] is a promising research di-
rection for the design of elliptical transmitarrays and reflec-
tarrays. Recently, a mmWave multi-beam elliptical cylindrical
transmitarray was developed for the first time. This design
utilized the shape of the aperture as an additional degree

O 01 =

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



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/OJAP.2021.3093622, IEEE Open

Journal of Antennas and Propagation

of freedom. The aperture shape and the phase compensation
were jointly designed according to the desired maximum
beam direction, leading to different focal lengths for different
beam directions. With a planar surface, the bifocal design is
theoretically not possible. Nevertheless, it has been demon-
strated that a pseudo-bifocal planar transmitarray can enhance
scanning performance [17]. A similar bifocal approximation
was also proposed to design reflectarrays [18]. Alternatively,
dual-reflectarray and dual-transmitarray geometries were also
considered as design techniques to enhance the scanning
performance [19], [20].
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Fig. 4. Continuous PPW lens-like beamformer. (a) 3D view. (b) Cross-
sectional view in the x-z cut plane. (¢) Zoomed-in view of the transversal
cavity (the red line highlights the propagation path inside the transversal
cavity) [21].

Ruze lenses exhibit multiple true focal points, thus resulting
in low phase aberrations over a wider scanning range. How-
ever, the port discretization resulting from the constrained lens
design introduces some limitations that are highly dependent
on the transmission line technology used. In an attempt to
overcome some of those limitations, a new concept, the
continuous parallel-plate waveguide (PPW) beamformer, was
introduced in [21]. This beamformer transforms the cylindrical
wave, which is launched by one of the primary feeds, i.e., the
sectoral horns in Fig. 4(a), and propagates inside the PPW

section, into a quasi plane wave that is radiated into free space,
and vice versa. The desired delay correction applied to ensure
this wave transformation is provided by a PPW lens made
of the transversal ridge and cavity shown in Figs. 4(b) and
4(c), whose inner and outer contours are labeled 1 and 2,
respectively. Using a bifocal constrained lens approximation
[22], the proposed lens design is expected to have the two
focal points, F; and F5, indicated in Fig. 4(a). The associated
delay value is mainly controlled by tuning the ridge height h,,
denoted in Fig. 4(c). However, this continuous design displays
a residual side lobe imbalance and, thus, reveals the limitations
of elliptical delay lens profiles, i.e., they do not sufficiently
constrain the energy.
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Fig. 5. Antenna prototype. (a) Transversal blade part. (b) Transversal cavity
part. (¢) Measured H-plane normalized radiation patterns of the final PPW
beamformer design at 30 GHz for all the feeds (continuous line) and for the
same beamformer considering the 180° rotation around Ry, (dashed line)
[23].

To enhance the scanning performance and the pattern shape,
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a mmWave continuous PPW delay lens with polynomial
inner/outer lens contours and ridge height profile was proposed
by the authors [23]. The side view of the final configuration
with Lens 2 identical to Lens 1, defined with a 180° rotation
around its axis of symmetry, denoted herein as Ry, and the
corresponding H-plane patterns are shown in Fig. 5. These
patterns are obtained with the considered lens (continuous blue
line), and they have been combined with the ones obtained
after 180° rotation around Rj,.

B. Rotman Lens

The Rotman lens was introduced by Rotman and Turner
in the 1960s [24]. The lens is a specific implementation of a
more general form of constrained lens, also referred to as a
“bootlace” lens [25]. It uses flexible transmission lines, such
as coaxial lines, to connect the inner and outer lens contours.
The consequent added degree of freedom enables three focal
points while keeping the outer lens contour straight, thus
improving the scanning performance over the equivalent Ruze
lens design. Four focal points can be obtained with a curved
outer lens contour [26]. Design rules follow a ray-tracing
method similar to that described in the previous section, based
on path length equality at the focal points.

The configuration of the traditional Rotman lens is shown
in Fig. 6. It consists of a focal arc on which multiple feeds are
placed. A pickup array along a separate surface is known as the
“inner lens contour”. The straight line, called the “outer lens
contour,” is where the antenna elements are placed. Electrical
and geometrical constraints are imposed on the lens system
to uniquely define its configuration: a straight front face,
two symmetrical off-axis focal points F; and Fb, and an
on-axis focal point Gy. These three focal points determine
the fields that are radiated into the angles: —«, «, and 0°,
respectively. The shapes of the focal arc and the lens contour
can be determined by the following constraint equations. The
parameters are indicated in Fig. 6.

A

Sl
"

A

circular
focal arc

2

outer lens
contour

inner lens
contour

Fig. 6. Configuration of the traditional Rotman lens [1].
« Electrical constraints:

FiP\/e, + W + Nsin = /e, F + W, (10a)

FyP\/e, + W — Nsin 8 = /e, F + W, (10b)
GP\e, + W = /2,G + W) (10c)

e Geometrical constraints:

(FiP)’ =F>+ X2+ Y24 2FX cosa — 2FY sina
(11a)

(FoP)’ = F+ X2+ Y2+ 2FX cosa + 2FY sina
(11b)

(GP)? = (G+X)>+Y? (11c)

Rotman lenses have found a wide range of applications in
wireless communication systems. The size of a conventional
version is generally too large at lower operating frequencies
compared to circuit type beamforming techniques. As a result,
it is difficult to integrate them with base station antennas
in cellular communication systems. After the invention of
Rotman lens it was proposed to reduce its size by loading
the parallel plate region using dielectric material [27], [28].
Then the first microstrip Rotman lens with an expanded scan
ability was introduced in 1967 [27]. Two-dimensional (2D)
lens stacks for wide solid angle scans were introduced in 1970
[29].

The design of these lenses is typically performed with
geometrical optics, but taking mutual coupling effects between
the lens ports into account. The latter is relatively difficult
to control, but the former is crucial to the realization of an
efficient and compact lens. Thus, a careful geometrical optics
design should be accomplished first; then adjustments must be
made with full-wave simulations to reduce the mutual coupling
effects.

Various methods and techniques have also been reported for
reducing the sidelobe levels (SLLs) [31]-[37], increasing the
scanning range [38], [39], realizing 2D scanning [40], improv-
ing the bandwidth performance [41]-[44], and miniaturizing
the sizes of the Rotman lenses for applications in cellular
systems [45].

A low temperature co-fired ceramic (LTCC) substrate Rot-
man lens was introduced in [46] that paved the way towards
the realization of a completely integrated transceiver. The
authors in [30] describe how to realize a compact Rotman
lens-fed antenna array using a multi-layer configuration for
5G mmWave applications. The form of this lens-fed antenna
consists of two layers. The design has a low profile and
occupies a relatively small area. Consequently, it is attractive
for applications where the form factor is important. The
designed prototype is shown in Fig. 7.

A dual-layer Rotman lens for applications in the 5G
mmWave band was developed in [47]. The lens was imple-
mented using a new transition based on several star-shaped
coupling slots and an integrated reflector. Compared to the
standard rectangular coupling slot transitions, it is broadband
and maximizes the power transfer between the two layers of
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Fig. 7. Two-layer Rotman lens-fed antenna array [30]. (a) Geometry con-
sisting of a top metal layer, a dielectric substrate, a common ground plane, a
dielectric substrate, and a bottom metal layer. (b) The fabricated prototype.

the lens regardless of the position of the beam port along the
focal arc. This design was improved by the same research
group using ridged delay lines to reduce its footprint [48]. It
is shown in Fig. 8. The coupling elements along the array
port contours were implemented with several cylindrical vias
connected to ridged waveguide delay lines. The use of the
cylindrical vias with azimuthal symmetry for the coupling
transition and of delay lines in the ridged waveguides allowed
an improvement in bandwidth for most of the scanned beams.

Radiating
slot 74 Radiating

Outerlens
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';/Bonding - Bpam port #3
F-.._film ’
M1/~ B Coupling
" _element
T Array port
“‘“--.,,_ggr_'n_tour

Beam ports
~-.__contour "

Fig. 8. Dual-layer Rotman lens with ridged delay lines [48].

The use of substrate integrated waveguides (SIW) is
a known successful technique for transmissions lines at
mmWave frequencies [49]. The original topology of the Rot-
man lens employed fixed coaxial cables with electrical lengths
set by design, providing true time delay operation. To achieve
a more compact configuration, a SIW phase shifting network,

which is equivalent to the fixed-cable design over a moderate
bandwidth, was introduced in [50]. This mmWave Rotman lens
was realized with SIW technologies; it is shown in Fig. 9. A
mmWave wideband high-gain multi-beam array antenna was
developed in [51] using a SIW Rotman lens connected to
parallel-fed slot antenna array. A dual-layer Huygens’ unit cell
based on offset electric dipole pair was also developed to serve
as a superstrate of the multi-beam array to further enhance the
gain. The maximum achieved gain was 24.4 dBi.

Dummy ports

I ports

Fig. 9. SIW-based Rotman lens [50].

Rotman lenses provide a natural amplitude taper across the
aperture which lowers the SLLs. However, for some applica-
tions with more stringent requirements, such as high beam-to-
beam isolation, there is some interest in further reducing the
SLLs. There are several common ways to reduce the SLLs of
multi-beam arrays fed by a Rotman lens. These include:

o Increasing the aperture size of each beam port to apply
an edge taper to the array ports.

« Introducing a small lens as the prime feeding network to
excite a large lens.

o Employing a dual port feeding method.

o Terminating the Rotman lens with lossy networks.

« Using active circuits, such as power amplifiers or phase
shifters, to change the distribution of the amplitudes
and/or phases.

A lossy network at the output of the Rotman lens was in-
troduced in [52] to taper the amplitude distribution across it in
order to reduce the SLLs. This design is shown in Fig. 10. Its
amplitude distribution was controlled with a series of double-
stepped SIW-based slot couplers that connected the Rotman
lens to the radiating elements. These couplers regulated the
coupling power; the design parameters were optimized to yield
the phase values required to attain the desired low SLLs. The
double-stepped slot coupler was designed so that a part of the
power from the array port in the lens layer would be coupled to
the antenna layer to feed the slot array through double-stepped
slots, while the remaining power was absorbed. Specifically, a
SIW-based matching load was used to absorb the excess power
in each SIW-based feed line in the lens layer. This solution
achieved some antenna size reduction but at the expense of a
relatively complex dielectric stack-up. Each feed line consisted
of a transverse slot, four chip resistors, and a short-circuited
wall.
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Fig. 10. SIW-based dual-layer Rotman lens with reduced SLLs that delivers
non-uniform amplitudes to the elements of a multi-beam slot array for SLL
suppression [52].

A similar configuration was also developed to feed a
cylindrically conformal slot array antenna in [53]. Photos of
this prototype are shown in Fig. 11. Its conformal slot array
consisted of 10 x 10 radiation slots. Its conformal Rotman
lens was developed to be integrated with that conformal array
and was mounted onto a cylindrical surface. The Rotman lens
fed the slot array through the coupling slots in the broad
sides of the SIW waveguides. Double-layer SIW phase shifters
were introduced between the Rotman lens and the slot array
to manipulate the phase distribution on the slots. While the
phase shifter design in [53] is similar to that in [52], the
chip resistors were not used. Consequently, the SLLs were no
longer suppressed, but the overall efficiency of the multi-beam
system was increased. Although the experimental validation in
[52], [53] was performed at the lower frequency of 10 GHz,
the concept is nevertheless relevant and fully applicable to
mmWave frequencies.

Fig. 11. Conformal SIW-based dual-layer Rotman lens [53].

A hybrid analog-digital beamforming system based on a
Rotman lens was developed in [54]. A massive multiple-
input-multiple-output (MIMO) system was achieved. Several
Rotman lens designs have been reported for mmWave cellular

systems in [55]-[57]. Rotman lenses realized with additive
layer manufacturing (ALM) techniques were also reported in
[58]. A ridged waveguide version was demonstrated to have
superior performance when compared to conventional E-plane
and H-plane lens designs [59].

C. Luneburg Lens

In all of the systems mentioned above, there are inherent
system phase errors across the apertures for the majority of the
multiple beams. They occur because constrained lens designs
provide only a limited number of true focal points, resulting in
a scanning range generally not exceeding +50° [38]. From this
point of view, Luneburg lenses [60] and their derivatives would
be the most desirable multi-beam lens antennas for achieving
multiple beams, because they exhibit, in theory, no phase error
for any pointing direction.

Spherical and cylindrical Luneburg lenses have a number
of features that make them uniquely suitable for realizing
multi-beam antennas with wide scanning range. Owing to
their spherical or rotational symmetry, the beam shape, in
principle, does not vary with the scan angle. To form a
narrow beam in two dimensions, there is no need to employ a
large number of radiating elements as the aperture forming
the beam is the lens itself. No additional feed network is
needed to radiate dual-polarization since the lens propagates
orthogonal polarizations equally well provided the dielectric
used to create it is reasonably isotropic. The original Luneburg
lens is a dielectric sphere whose index of refraction follows
the equation n(r) = /2 —r2, where r is the normalized
radius of the lens. Therefore, the lens naturally provides a
refractive index that is 1.0 at its outer surface, thus making
the reflection low for waves exiting it as they transition into
the air. Because the lens design is based on an equal-path true
time delay operation, it is inherently a wide-band structure.
The dispersion of the dielectric employed is the only potential
limitation. The beam may be steered as the feed moves around
the surface as illustrated in Fig. 12.

The beamwidth produced by a Luneburg lens is primarily
defined by its diameter and the corresponding projected aper-
ture of the lens. If one places a number of feeds along the inner
surface of a Luneburg lens, multiple beams can be produced
on the other side, one beam per feed. The main advantages of
Luneburg lenses over antenna arrays based on beamforming
networks can be summarized as follows [62]:

o A great simplification in the component count and an

inherent low passive intermodulation (PIM).

o Reduction of network losses.

o Beam crossover levels can be selected arbitrarily by

properly choosing the spacing of the source elements.

o Isolation between elements is generally superior to that

obtained with beam-forming networks.

On the other hand, the main disadvantage of Luneburg lens
structures is their size and weight, which could be significantly
problematic in practice. In this regard, reported works reveal
various innovative implementations of Luneburg lenses [63].
Slim and cylindrical Luneburg lenses have paved the way for
highly directive antennas with low profile structures [64]-[68].
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Fig. 12. Luneburg lens shapes with the darker colour representing an
increasing permittivity. (a) Spherical. (b) Half spherical. (c) Cylindrical [61].
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Fig. 13. Luneburg lens based multi-beam antenna with multiple ME-dipole
feeds. (a) Geometry. (b) Radiation patterns of the multi-beam antenna at 32
GHz. (c) Photo of the prototype of the multi-beam antenna developed in [10]
with its connection adapters and waveguide loads.

Methods for the compression of the lenses are investigated in
[69]. Different novel designs of parallel-plate Luneburg lens
have been investigated that are capable of creating highly
directive beams in their H-plane [70]-[74]. An appealing
design of a cylindrical Luneburg lens with E-plane focused
beams is presented in [75].

In general, a 2D scanning capability can be perfectly real-
ized with an appropriately designed spherical Luneburg lens.
Fabrication of the spherical layers with a varying dielectric
profile remains a big challenge. It is very difficult and very
costly to produce an ideal Luneburg lens, i.e., one with a
continuous gradation of its dielectric constant. As a practical
alternative, one can employ several separate shells to replace
the theoretical gradation with a discrete approximation to it
[76], [77]. The focusing performance is then dependent on the
number of shells approximating the theoretical graded-index
[78]. Many such versions have been deployed in a variety of
current systems. Various methods have been proposed for im-
plementing the required graded-index profile. Sliced spherical
Luneburg lenses with periodic holes drilled in the dielectric
slabs have been reported in the literature [79]-[81]. Another
study considered a spherical lens using a polymer jetting
rapid prototyping technique [82]. Unfortnately, alternative 3D
methods such as polymer stereolithography are not suitable
for low loss microwave communication systems. However,
ceramic stereolithography was used in [83]. It resulted in low
loss sub-wavelength structures with a high volume fraction of
ceramics.

Recently, 3D printing techniques have demonstrated their
potential for high accuracy fabrication at low cost. They
have attracted serious attention from researchers on Luneburg
lenses. A good example can be found in [10] where a novel 3D
printed Luneburg lens fed by a dual-polarized magneto-electric
(ME) dipole was reported. The design prototype created 9
beams over the entire Ka-band. It is a suitable candidate
for multi-beam cellular applications. The structure is shown
Fig. 13.

Luneburg lens antennas with a flattened shape [84] have
been developed using transformation optics (TO) [13], [14].
Kundtz and Smith [85] used it to demonstrate a broadband
broad-angle Luneburg lenses with a flat source-side surface.
Ray tracing of the spherical and flattened Luneburg lenses are
shown in Fig. 14. These illustrations demonstrate that with
the TO-based index profile, even rays at extreme angles are
focused.

Another 3D TO-based Luneburg lens with a flattened focal
surface was introduced in [81]. The 3D lens is made of meta-
materials with non-resonant inclusions. They were realized
as multilayered dielectric plates drilled with inhomogeneous
holes. The complete structure and the relations between the
refractive index and the hole’s diameter D are shown in Fig. 15
for different unit cells and different polarizations, Py, P», and
Ps; at 15 GHz. The prototype demonstrated high gain and
narrow beams with wide scan angles.

A flattened Luneburg lens for the THz regime, based on
the application of quasi-conformal TO, was reported in [86].
This design considered a reduction in the dimensionality of
the lens, from three to two. A cylindrically symmetric design
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Fig. 14. Ray tracing results for spherical, (a) and (c), and flattened, (b) and
(d), Luneburg lenses. (a) Strong focusing of the rays. (b) Radiation patterns
of the corresponding multi-beam antenna at 32 GHz. (c) Rays at oblique
incidence are focused onto a spherical surface. (d) Rays at extreme angles are
focused onto the image plane [85].

Fig. 15. Components of the 3D transformation-optics (TO) based Luneburg
lens [81]. (a) Relations between the refractive index and the hole’s diameter
D. (b) Photo of the source and it mounted on the lens.

was developed in which the radiation is confined in the third
dimension by metal plates (i.e., a parallel-plate waveguide).
The fact that a parallel-plate metal waveguide, operated in
the lowest-order transverse electric (1'E;) mode, acts as a 2D
artificial dielectric was exploited. The effective permittivity
that it can achieve at a given frequency was determined by
the spacing between the two metal plates, similar to the
engineering of the Ruze lens as described in Section II.A.
This device offers a wide-angle beam steering capability and
beam reception over a broad bandwidth. The design is scalable
to any frequency band in the THz range.

Variations of the Luneburg lens have been investigated for
mmWave applications. This includes the reflecting Luneburg
lens [87], which is suitable for feeding leaky wave antennas
upon reflection at the circumference of the lens; and the
Gutman lens [88], which is characterized by a focus inside
of the lens rather than on its surface. A recent design reported
in [89] was realized with the fused filament additive manu-
facturing method. Another interesting lens design, providing
the focusing properties of a planar Luneburg lens without any

dielectrics, is the Rinehart-Luneburg lens. It is also known as
the geodesic lens [90], [91]. The main drawback of this solu-
tion is its volume. Various other designs have been reported
recently, including the folding of the lens profile to reduce its
height while keeping its focusing properties [92]-[95]. These
fully metallic designs are of interest for applications requiring
highly efficient antennas.

III. METASURFACE-BASED TRANSMITARRAYS

To simplify the mechanical design of constrained lenses,
McGrath proposed in [96] the use of planar surfaces both in the
front and the back of the lens, with a possible implementation
consisting in simply connecting two microstrip patch array
antennas on both sides of a ground plane using vias. This
type of lens is typically a thin, multi-layered structure and
is called a transmitarray; it can be planar or conformal [97].
Fig. 16 provides a schematic of the operating principle of a
transmitarray. Transmitarrays based on printed circuit board
(PCB) technology have received a lot of attention as they
enable lightweight and inexpensive antenna solutions.

Incident
wave

Transmitarray
structure

Source

Re-trans nuted
wave

Fig. 16. Illustration of a transmitarray [97].

The principle of beamsteering using a transmitarray is that
the phase shifting is obtained by controlling the phase delay
introduced by each individual element of the transmitarray,
as reported in [98]-[100]. In the same manner as a phased
array, 1D beamsteering limits the applications of a linear
transmitarray to steering in one azimuth/elevation plane. Sim-
ilarly, 2D steering using a transmitarray is characterized by a
planar array as shown in Fig. 17. The principle of operation
is the same as a phased array in that a progressive phase
shift between adjacent elements should occur, for instance,
along the x direction, or the x and y directions of the array to
achieve 1D or 2D beamsteering, respectively. In this regard,
several transmitarrays for beamsteering applications have been
reported [101], [102]. Such designs benefit from having no
feed blockage and the possibility of reducing the focal distance
to obtain compact systems.

Novel methodologies have been reported in the literature to
improve the bandwidth performance of transmitarray antennas
through the control of the transmission phase range and by
optimizing the phase distribution of the transmitarray elements
[103]-[107]. Dual and multi-band designs have also been
reported recently [108]-[110]. As the complexity and size of
transmitarrays grow, more effective analyses and computation
techniques will become necessary [111], [112].
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Fig. 17. Illustration of the model of a transmitarray for (a) 1D beamsteering,
and (b) 2D beamsteering [97].

A mmWave multi-beam transmitarray for Ka-band applica-
tions was reported in [113]. This design is optically transparent
and offers the possibility of steering the beam in the horizontal
plane from —30° to 430°, both features facilitated by a
novel meshed double-circle rings unit cell structure. This unit
cell provides a phase shift of +300° for an insertion loss
smaller than 1.0 dB at 28.5 GHz. The transmitarray design
was successfully fabricated and tested. The antenna had 9.9
wavelength diameter at 28.5 GHz. It produced a broadside
gain of 25 dBi and a —1.0 dB gain bandwidth of 1.8 GHz. The
simulated unit cell model and the final prototype are shown
in Fig. 18.

Furthermore, transmitarrays are desirable for use and
mounting on mobile platforms, such as aircraft, unmanned
aerial vehicules (UAVs) and high-speed trains. Conformal
designs are very desirable for such applications to meet
their aerodynamic requirements. However, the design of trans-
mitarrays exhibiting high performance characteristics whose
structures are bent to conform to curved surfaces remains very
challenging. First of all, most of the transmitarray designs to
date have employed multiple thick frequency selective surface
(FSS) layers to realize the required phase distributions, i.e.,
a 360° phase range with acceptable transmission loss [114]—-
[116]. A second problem comes with the need to conform
to surfaces with a large curvature when the beam scanning
capability is facilitated by the use of PIN and varactor diodes.
Those elements and the requisite circuit layouts do not like to
be bent.

Two novel high-efficiency, and ultra-thin conformal trans-
mittarray were introduced in [117], [118]. The ultra-thin
conformal transmitarray consisted of three-layers of identical
square ring slots. The associated FSS element and the final
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Fig. 18. Conformal transmittarray reported [113]. (a) Perspective, and (b)
Top views of the meshed double-circle rings unit cell used to realize it. (c)
Photographs of the assembled prototype.

prototype are shown in Fig. 19. Each layer is separated by
a distance of only 0.02)\ at 25 GHz. Therefore, the entire
thickness of the element is about 0.04\ (0.508 mm), making
it suitable for bending. The element is fed by a standard horn
with about a 10 dBi gain. Then, the feed source is rotated at the
feed point to allow steering the beam to the angles: 0°, +5°,
+10°, and £15°. It was fabricated and tested successfully.
The authors have since modified the structure using the same
FFS element. They report a mmWave wide-angle multi-beam
conformal transmitarray [16]. Its prototype is shown in Fig. 20.
The multi-beam radiation angles cover a range of +43° with
a 2.7 dB scan loss.

(@ (b)

Fig. 19. Conformal transmittarray prototype reported in [118]. (a) Top, and
(b) Side views of the FSS element used to realize it. (c) Photograph of the
assembled prototype as the antenna-under-test.

Reconfigurability is another feature that can be applied to
transmitarray designs [119], [120]. To make a transmitarray
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Fig. 20. Conformal transmittarray prototype reported in [16]. (a) 3D
schematic of the transmitarray configuration and its horn feed in multiple
feed positions. (b) Photograph of the fabricated prototype (perspective view
from one side).

reconfigurable, one needs to control the phase shift produced
by each unit cell. The main beam direction and its shape can
then be changed dynamically. This phase shifting functionality
can be implemented with different technologies. They include
different materials, unit cells designs, and implementation
approaches.

In regards to B5SG and 6G applications, very few transmi-
tarrays have been demonstrated beyond 100 GHz with PCB
technologies. Lack of progress at those higher frequencies is
mainly due to fabrication constraints. Nevertheless, a three-
layer high-gain D-band transmitarray fabricated with standard
PCB technology was presented in [121]. Three flat lenses com-
prised of 1600 elements were designed to generate broadside
and scanned beams. The lens design was based on a 3-bit
quantization of the 360° phase range. This choice reduced
the directivity loss by ~ 0.3 dB, as well as the number of
cells (eight) to be simultaneously optimized over the targeted
band. The consequent 40 x40 broadside transmitarray based on
those optimized cells outperforms the transmitarrays presented
so far in the 100-300 GHz band in terms of its -1.0 dB gain
bandwidth, 11.7%. Two scanned-beam transmitarrays with on-
axis feeds were also characterized to experimentally assess
the scan loss and the performance of the cells under oblique
incidence. A linearly polarized pyramidal horn was employed
to measure the radiation patterns. The unit cell designs and
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the transmitarray architecture are shown in Fig. 21.
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Fig. 21. Transmitarray design reported in [121]. Unit cell (UC) designs:
(a) UCI1, UC2, and UC3 (aperture-coupled patches); and (b) UC4, (c) UCS,
(d) UC6, (e) UC7, and UCS. (Red solid and red dashed lines: outer patches.
The ground plane is depicted in gray, the vias in black.) (f) Architecture and
stack-ups of the two types of unit cells employed, i.e., the aperture-coupled
and via-connected patches. All dimensions are in mm.

At higher frequencies such as those in the THz region,
graphene substrates have attracted researchers’ attention for
transmitarray designs because they can support surface plas-
mons with high confinement and low losses. Moreover, their
carrier density can be tuned with an external gating voltage.
Thus, one can attain tunability of its plasmonic responses
[122]-[124]. PCB technology is a competitive approach and
has been employed for the realization of a low cost two-
layer THz transmitarray design [125]. The design employs a
novel element which has a simple structure that consists of
two metallic layers on different sides of a substrate. As was
demonstrated, it has a maximum transmission loss of 3.52 dB
and a full 360° phase coverage at 250 GHz. A transmitarray
was designed based on this element that had a low focal-
to-diameter ratio (F/D) of 0.3 at 250 GHz. A standard WR-
03 open-ended waveguide with a wall thickness of 12.5 mm
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was used to feed the transmitarray to decrease the backward
radiation. The unit cell design and the final prototype are
shown in Fig. 22.
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Fig. 22. Fabricated and measured 250 GHz transmitarray reported in [125].
(a) Simulation model of its two-layer unit cell consisting of the depicted V-
shaped element printed on the bottom of the bottom layer and and the metallic
grating printed on the top of the top layer. (b) Photograph of the front of the
assembled transmitarray. (c) Fabricated prototype with its feed and fixture
structures.

IV. REFLECTOR BASED MULTI-BEAM ANTENNAS

Reflectors, like lenses, are among the aperture antennas
developed with geometrical optics. Much like mirrors in the
optical domain, they utilize one or more shaped reflective
surfaces that are illuminated in a prescribed manner to achieve
their desired radiation characteristics.

The types of reflectors employed in the realization of
multiple beams can be divided into two simple categories:
single reflectors and dual reflectors. A single reflector example
is the cylindrical parabolic-shaped structure that was combined
with the constrained lens reported in the original paper by
Rotman [24]. When its feed is positioned at the focal point F
of the parabola, the cylindrical waves that are produced upon
reflection combine into a plane wave traveling in the direc-
tion perpendicular to the parabola’s aperture. Doubly curved
reflectors can also produce a similar plane-wave characteristic
with fan beam shapes [126], [127] or pencil beams when fed
by a line source [128].

Dual-reflectors realized with Gregorian and Cassegrain ge-
ometries can be used to produce similar focusing properties,
generally with a more compact implementation [129]. The
plane waves generated from the reflectors can then be used to
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excite an antenna array. When a single source is placed at the
focal point, a single beam output is attained. A multi-beam
array requires multiple excitations placed at other positions
away from that focal point. When the excitation is not at the
focal point, the wave front and phase relationships change and
a tilted beam is realized. Details of both dual-reflector systems
are described below.
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Fig. 23. SIW-based offset-fed parabolic reflector lens reported in [130] based
on the parabolic reflector principle. (a) System configuration which consists
of a SIW-based parabolic reflector, a SIW slot array antenna, and its feed
lines. (b) Photograph of the fabricated SIW multi-beam antenna.

A. Single Reflectors

Two types of single reflectors, i.e., offset-fed and pillbox
antennas [131] with single-layer and double-layer parallel
plate waveguide configurations, respectively, are typically em-
ployed as beamformers. The determination of the scattering
characteristics of a single parabolic shaped reflector begins
with its geometrical definition, i.e., its shape defined relative
to an x-y coordinate system:

y* =4Fu, (12)

where F' is its focal length. Both aperture blockage caused by
its physical support structures and its feed can be eliminated
with an offset-fed parabolic reflector design. A parabolic
reflector lens was realized in [130] following this concept and
using SIW technology. It is illustrated in Fig. 23. The feed
network consists of a cylindrical parabolic reflector realized
with a series of metallic vias and multiple open SIWs which
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generate the cylindrical wave. A SIW slot array was designed
and connected to this feed structure. Such a cylindrical reflec-
tor, which is sandwiched between two metal plates, can be
easily integrated with SIW-based circuits and radiators. It is
known as a A pillbox reflector.

Another interesting example is the high impedance surface
(HIS) reported in [132] that is fed by multiple offset pillbox
reflectors. It is illustrated in Fig. 24. The feed structure is
similar to that in [130], but four of them are employed
to illuminate the square HIS from each of its four sides.
By launching a surface wave towards the HIS from these
different directions, each reflector covers one quarter of the
intended angular range. The HIS is realized with microstrip
patches and serves as the main radiator. This unique low
profile configuration facilitates the realization of a multi-beam
antenna that produces a full conical scan.

Unfortunately, the offset-fed configuration causes unbal-
anced phase and amplitude distributions that lead to un-
desirable features in the patterns of the output beams. To
overcome this asymmetry problem, the pillbox configuration
shown in Fig. 25 was developed in [133]. It integrates a
2D parabolic reflector realized with metallic pins and metal
side walls into a dual-layer structure that yields symmetric
patterns radiated by a SIW-based slot array. The feeding and
radiating parts of this dual-layer configuration are hosted by
two dielectric substrates. The bottom layer is a pillbox reflector
with a mechanically rotating feed. The top layer consists of
23 waveguides, each having eight radiating slots. The coupling
between the pillbox reflector and the radiating layer is realized
using coupling slots etched in the conductor between them.
The energy in the cylindrical wave produced in the bottom
layer of this configuration is totally transmitted through the
coupling slots into the upper layer, i.e., the coupling layer
ideally causes no reflections. This type of symmetric structure
can be used to obtain more balanced phase and amplitude
distributions on the radiation portion of the system. Several
multi-beam arrays have been realized as an extension of this
pillbox configuration [134]-[138].

The sidelobe and beam crossover levels are interdependent
in a multi-beam antenna system based upon a single radiating
aperture. Low SLLs lead to low beam crossover levels, and
vice versa [139]. For many applications such as cellular
networks, however, this feature is undesirable. It was proposed
in [140] to overcome this limitation using the so-called “split
aperture decoupling method” which employs two radiating
apertures. Each aperture is associated with a quasi-optical
pillbox system integrated with several feed horns in its focal
plane. Interleaving beams generated by the two separated
beamformers provides the flexibility in controlling the SLLs
and the beam crossover levels independently. The simulation
model is shown in Fig. 26.

The modified pillbox reflector multi-beam array developed
in [141] is shown in Fig. 27. Two extra parabolic reflectors
were introduced into the parabolic quasi-optical system to
reduce the SLLs. They were placed on both sides of the central
parabolic reflector. Moreover, metal posts were added into the
antenna array section to achieve a further reduction in the
SLLs. The additional metal posts helped cancel the reflections
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arising from the slot array.

B. Dual Reflectors

The single reflector examples presented above included
offset-fed and pillbox configurations. Both can be extended to
dual-reflector systems. Two examples of dual-reflector systems
employing different configurations are shown in Fig. 28 and
Fig. 29. The first one is a dual offset Gregorian reflector
system that is used to feed a leaky-wave antenna [142]. The
perspective and top views of this design are shown in Fig. 28.
Since the design is a simple 2D version of the classic 3D
Gregorian configuration, more details can be found in [129],
[143]. Note that only one point feed was included and, hence,
only one beam was generated in [142]. The beam-steering
properties of this multi-beam array were realized by using
leaky-wave antennas.

The second example shows the topology of a folded
Cassegrain lens similar to the one reported in [135]. The
electromagnetic wave transmission between adjacent layers
was realized by introducing a coupling slot in the common
conductor layers, C. 2 and C. 3. As shown in Fig. 29, the
coupling slot 1 is etched into C. 2. It is responsible for the
transmission of the fields between D. 1 and D. 2. Similarly,
the coupling slot 2 in C. 3 is responsible for the transmission
between D. 2 and D. 3.

Multiple beam reflector antennas with a simple single feed
per beam are often used for satellite ground station applica-
tions. A high-gain multi-beam bifocal dual-reflector antenna
was presented in [144] for those applications. The antenna
had a nearly square aperture with a 191\ side length at
12.75 GHz. Consequently, it realized a high gain and a wide
scanning range. Moreover, it provided a wide field of view.
Hosseini et al. presented a V-band high-gain quasi-parabolic
reflector in [145] with a feed that radiates toward the reflector
aperture. The reflector surface is formed by using concentric
metallic/printed strip rings printed on different layers. Two
possible excitation methods were proposed to provide beam-
steering capabilities. The structure is shown in Fig. 30.

C. Reflectarrays

Reflectarray antennas were first introduced in the 1960s
to combine some of the advantages of both array theory
and geometrical optics. They provide a flexibility to array
designs because they have no need for complex beamforming
systems [146], [147]. A reflectarray consists of a surface or
aperture that is characterized by a surface impedance, and a
primary radiator that illuminates it. The amplitude and phase
of the fields reflected from the surface are determined by the
impedance presented to an incident wave at every point on
it. A low-loss reflectarray design provides control primarily
over the phase of the reflected wave. This operating principle
is schematically illustrated in Fig. 31. Prescribed radiation
characteristics are then achieved by synthesizing the requisite
surface impedance in a straightforward manner. Reflectarrays
bring advantages such as higher aperture efficiency, low SLLs
and relatively high operating frequency bandwidths along with
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Fig. 24. SIW-based offset-fed parabolic reflector lens that realizes full azimuth coverage [132]. (a) Overall configuration of the reported antenna. (b)
Configuration of its feed network.
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Fig. 25. SIW-based pillbox-configured multi-beam slot array. There are three
metal layers denoted as M;, with ¢ = 1,2,3. M; is the bottom wall of the
pillbox reflector. M3 is the top wall of the pillbox as well as the host of the
coupling slots. M3 is the layer that hosts the radiating slots [133].
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Fig. 27. SIW-based modified pillbox reflector-fed multi-beam slot array with
reduced SLLs [141]. (a) Perspective view. (b) Top view.

low fabrication costs [148]. These features makes them suit-
able for many applications such as satellite communications,

radars, remote sensing, and radio astronomy.
Fig. 26. SIW-based pillbox-configured multi-beam slot array realized with

the split aperture decoupling method [140]. V. TERAHERTZ LENS ANTENNAS

Data rates in 6G are promised to be even higher than
those of 5G [149]-[151]. Much wider spectra are needed to
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Fig. 28. Multi-beam slot array fed by a dual offset Gregorian reflector system
[142]. (a) Perspective view. (b) Top view.

Fig. 29. SIW-based Cassegrain lens BFN for a multi-beam array [143]. (The
symbols “D.” and “C.” represent a dielectric and a conductor, respectively)

accommodate such 6G expectations. Unfortunately, a large
currently unoccupied spectrum does not exist below 100 GHz.
Consequently, it is envisioned that 6G will largely occupy a
significant portion of the THz range of frequencies [150].
Along with terrestrial-based communication systems, it is
anticipated that THz systems will also play a role in space-
based communications [152].

Currently, the most common definition of the THz band is
that it encompasses of all of the frequencies from 0.3 to 3.0
THz. However, this definition has been loosened to include
frequencies down to 100 GHz, so some sub-mmWave antennas
are also called THz antennas. Recall that the wavelength in
free space at 0.3 THz (300 GHz) is just 1.0 mm. Owing to the
fact that THz wavelengths are then even smaller than mmWave
ones, very narrow multiple THz beams with low probability of
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Fig. 30. Comparison of the measured radiation patterns in both the E- and
H-planes of the fabricated antenna reported in [145] that had a zero-feed offset
with the one that had 1.5 mm offset.
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Fig. 31. Illustration of a reflectarray antenna [97].

intercept (LPI) could be generated from physically very small
areas. Moreover, beam steering and target tracking will remain
indispensable features for the corresponding THz transmitting
and receiving systems.

Signal attenuation in the lower portion of the THz range
is even more severe than in the mmWave band. As a con-
sequence, high gain antennas are even more necessary for
anticipated 6G operations. Other important THz technologies
that must also be developed to address 6G expectations are
high power sources and highly sensitive receivers [153].

Exciting a large array of THz antenna elements, each 0.5 in
size, using a corporate feed network is a daunting engineering
task. Therefore, it has not been favoured to date. Instead, a
more promising approach has been to employ an electrically
large lens fed by a simple element such as a dipole antenna or
a small antenna array. To ease the associated problem of the
need to precisely align the antenna with the lens, one could
integrate the feed antenna with the lens. Antennas with this
characteristic are known as integrated lens antennas [153]-
[155].

A number of different types of lens antennas operating
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in the mmWave and THz bands have been reported [154]-
[158]. These include the elliptical, extended hemispherical,
and Fresnel zone lens. Each has its own unique physical and
performance characteristics.

A homogeneous elliptical lens has two focal points. It can
transform the radiation pattern arising from the feed being
placed at one focal point into a plane wave exterior to the
lens and propagating in the direction of the second focal point.
Assuming that a represents the major semi-axis, b represents
the minor semi-axis, Lyfoc.q represents the distance from the
focal point to the centre of the ellipsoid, and n is the index of
refraction of the dielectric from which the lens is fabricated,
one has the following relationships:

a= b - (13a)
(1- )
Liocal = 2 (13b)
n

An integrated elliptical lens antenna is obtained by cutting
off the part of the dielectric below the bottom focal point and
placing the feed antenna beneath it. As depicted in Fig. 32,
only the rays that hit the surface of the elliptical lens above the
plane of its maximum diameter, denoted herein as its waist, are
collimated. The portion of the radiated fields intersecting the
lens below its waist are not collimated, but rather propagate
along undesired directions or excite surface wave modes.
These unwanted fields thus give rise to side lobes and other
perturbations in the lens’ radiation pattern [153]. One solution
to this problem is to control the beamwidth of the feed antenna
in order that the majority of its radiated energy falls within
the angular range above the waist of the lens.
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Fig. 32. Illustration of integrated lens antennas. (a) Elliptical version. (b) An
extended hemispherical lens antenna.

An optimized lens antenna operating at low THz frequencies
and based on a tapered extension was developed in [159]. It
had improved SLLs and gain performance in comparison to
standard designs. A novel matching technique based on an air
pocket etched out of the dielectric was employed to obtain
broadband operation. This design is shown in Fig. 33.

Another issue arising from the internal reflections at the
surface of an elliptical lens is the matching of the feed. One
inherent characteristic of elliptical lenses is that all of the
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Fig. 33. Basic geometry of an extended hemispherical dielectric lens antenna,
where €, is the dielectric constant, D is the lens diameter, and L is the
length of the extension layer [159]. (a) Antenna geometry that facilitates
incorporating a WR-3 flange. (b) A narrowing of the extension is performed
with respect to the tapering angle «. The inset shows the corresponding
waveguide aperture with an air pocket present over it, the air region being
colored blue for better visualization. Magnitude of the electric field inside the
lens with and without tapering. (c) E-plane. (d) H-plane.

reflected rays that pass through the second focal point are
reflected back to the first focal point. This reflected power
causes a substantial mismatch to the feed impedance. A
classical method to address this issue is to enclose the elliptical
length with a matching shell that is a quarter-wavelength thick.
The shell dimensions are specified according to the following
equations:

Nmatch = /T2 (14’3-)
A
h=—2 (14b)
4nmatch

where nq, ny and ng,qecn represent the refraction indexes of
the lens; the air and the matching shell; and & is its height. The
main drawback of this approach is that the improved matching
performance can only be maintained within a relatively narrow
bandwidth.

To improve the bandwidth one can incorporate multiple
consecutive matching layers to perform a gradual transition
between the two dielectric constants across each interface.
Since the collimation of the rays from an elliptical lens only
occurs for the portion of the wave front that impinges on
its front surface, the part below its waist can be replaced
with a cylinder having the same permittivity. Furthermore,
the top elliptical part, a hemi-ellipse, can be approximated
by a hemisphere. This modification significantly reduces the
fabrication complexity.
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The difference in the height of the hemi-ellipse and the
hemisphere can be compensated by the height of the cylin-
drical extension. This new lens is known as an extended
hemispherical lens. It turns out to be a rather good approx-
imation to a true elliptical lens although it tends to produce
a slightly lower directivity in comparison to one having the
same diameter. The relationship between the radius of the
hemisphere, R; the length (height) of the cylinder under it,
Lpemi; and the refraction index of the lens material, n, is
given by:

R

— (15)

Lhemi =

A hyper hemispherical lens is similar to the extended
hemispherical lens. In contrast to (15) the cylindrical extension
length is now given by [155]:

I R
h =—
yper n

(16)
The rays at the output of a hyper hemispherical lens are
not collimated. Therefore, the beam that it generates is much
broader than that of the extended hemispherical lens. Never-
theless, it does sharpen the beam radiated by the feed antenna
and increases its gain by a factor of n?. However, unlike
the collimating lenses, the directivity of this lens does not
increase with the lens size, i.e., its aperture size. The hyper
hemispherical lens length satisfies the Abbe sine condition so
it is free from coma aberration when the feed is transversely
displaced from the lens axis [158]. Therefore, it well suited
for beam steering.

Beam scanning of a silicon lens antennas using integrated
piezomotors at THz bands was reported in [160]. It demon-
strated the integration of piezoelectric technology in receivers
in order to enable a low power, mass, and volume beam
scanning mechanism. This lens antenna could enable future
space instruments as a replacement for the current bulky
optomechanical systems thanks to the piezoelectric motors
integrated with it, which are lightweight and low power. This
design is shown in Fig. 34.

It must be noted that equations (15)-(16) are based simply
on geometrical optics and point source assumptions. For actual
antenna designs at mmWave and THz frequencies, optimiza-
tion of the cylindrical extension with numerical simulations
would be required to achieve the optimal radiation perfor-
mance [161].

Designs of electronically steerable mmWave integrated lens
antennas have been reported in [162]-[164]. The antennas
in those designs are basically extended hemispherical quartz
lenses fed with aperture coupled microstrip [162] and horn
[163] antennas. The antennas provide electronic steering of
the main radiation pattern beam by switching between antenna
elements placed on the plane focal surface of the lens.

Recently, 3D printing technology has facilitated the low cost
fabrication of mmWave and THz dielectric lenses [165], [166].
Both 3D printed mmWave and THz lenses with fixed and
scanning beams were studied in [167]. Periodic antireflection
(AR) structures were added to reduce the impedance mismatch
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Fig. 34.  Scanning silicon lens antenna. (a) Geometry. The lens, R = 6.0
mm, is fed with leaky-wave waveguide. It is translated vertically from the
waveguide nominal position to produce the scanning of the beam. (b) Drawing
of the assembly of its prototype at 550 GHz with an integrated piezoelectric
motor. (c) Measured (solid line) and simulated (dashed line) radiation patterns
at 550 GHz for different lens positions [160].

at the air—dielectric interfaces and led to higher directivities. To
realize a beam-scanning lens a dielectric post was introduced
for phase control of the lens elements. Phase tuning was
achieved by varying the height of the dielectric post in each
unit cell. The schematic model of lens phasing elements
without the AR structure and with it are both shown in Fig. 35.

A low cost 3D printed wideband mmWave extended hemi-
spherical lens integrated with a dielectric circular polarizer
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Fig. 35. Schematic model of lens phasing elements. (a) Without AR
structure and boundary condition. (b) With AR structure. (c) Photograph of
the prototype frequency-scanning lens realized with the AR structure [167].

was described in [168]. A novel high-gain circularly polarized
discrete dielectric lens antenna operating at 300 GHz was
realized with 3D printing in [169]. This circularly polarized
lens was fed by a commercially available standard linearly po-
larized pyramidal horn. The lens works as a linear-to-circular
polarization converter and provides the requisite transmission
phase shifts to compensate for the spatial phase delays from
the phase center of the feed horn to different pixels.

Another type of lens for mmWave and THz operations is
the Fresnel lens [170]. A Fresnel lens consists of a number
of alternately transparent and opaque half-wave zones. The
source of the antenna is placed at its focal point. The opaque
zones are attained by covering the corresponding portions of
the lens with conducting or absorbing materials. Fig. 36(a)
shows a circular Fresnel lens. It consists of a series of zonal
openings in a finite conducting sheet. To increase the antenna
efficiency and reduce the SLLs, one can introduce phase
correcting elements into the zones as depicted in Fig. 36(b)
[171]. The resulting radiator is effectively a transmitarray.

One salient advantage of the Fresnel lens is its low profile.
On the other hand, its main disadvantages are its relatively nar-
row bandwidth and low efficiency. If one replaces the opaque
and transparent regions with phase correcting elements, one
would obtain a true transmitarray. Substantial progress has
been made to increase the bandwidth of transmitarrays in
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Fig. 36. Illustration of Fresnel lenses. (a) Original Fresnel lens. (b) Circular
phase correcting version [171].

recent years [172]. It should be pointed out that although a
Fresnel lens can be made flat, it still needs a feed antenna
typically placed many wavelengths away from the lens. If
the required beamwidth is not too narrow, one can achieve a
completely flat version, i.e., a metasurface-based antenna, by
placing a metasurface above an antenna backed by a ground
plane [173].

VI. FUTURE RESEARCH CHALLENGES

Future mmWave and THz communications systems demand
multi-beam antennas. The multiple beams they radiate are
required to be individually and dynamically steerable. Quasi-
optical configurations serve as very promising solutions. How-
ever, to make such systems work in practice, a number of
challenges remain to be addressed. The first one is to develop
cost effective ways to fabricate the lenses and reflectors
with high precision and low loss. Although 3D printing has
served as a promising technology, the machines and materials
for printing high performance mmWave and THz lens and
reflector antennas are not yet mature enough. The second one
is the need to design and realize smart feeds that have dynamic
beamforming abilities and that can be readily integrated with
the lenses and reflectors. The third one is the need to achieve
accurate and cost effective beam tracking capabilities. One
can realise very high gain and narrow beams at mmWave
and THz frequencies with a physically moderate or even a
small aperture. However, for all practical applications in a
dynamic or mobile environment, these narrow beams need to
be tracked with a high accuracy in order to maintain a resilient
radio link. To achieve this without resorting to auxiliary sub-
systems, such as the global positioning system (GPS), remains
a challenging task. Combining lens and reflectors with digital
beamforming to form hybrid arrays is potentially a viable
solution [1].

VII. CONCLUSION

This paper presented an overview of quasi-optical mmWave
and THz multi-beam antennas for B5G and 6G terrestrial
and non-terrestrial network applications. Various conventional
lenses and advanced lenses such as transmitarrays and planar
lenses based on transformation optics were discussed. Single
and double reflector configurations suited for mmWave oper-
ation were described. A number of THz lenses were reported
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to stimulate innovation in THz antenna design. Furthermore,
research challenges for future multi-beam mmWave and THz
antennas were elaborated. Research on multi-beam antennas
for higher mmWave and THz frequencies is still limited
because of the associated costs and technological challenges.
This is currently true since most developments are targeting
niche applications. With the growing interest in 6G and more
generally B5SG systems and their applications, it is expected
that new innovations and designs for them will emerge in the
coming decade in a manner similar to how lower mmWave
technologies are currently expanding to meet mass market 5G
applications.
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