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With the introduction of 5G communication systems operating in the mm-wave frequency range, new opportunities in terms of
multimedia services and applications will become available. For this to happen, several technical challenges from an antenna
standpoint need to be addressed. The achievements of high-gain characteristics and agile beamforming with wide-scan capabilities
are the main targets of the ongoing research on mm-wave antenna arrays. In this paper, an up-to-date overview of antenna array
technology for wireless communications at mm-wave frequencies is given. Particular focus is put on the review of the state-of-the
art and most advanced antenna array concepts for point-to-point and point-to-multipoint radio links at said frequencies. Various
ﬁgures of merit are assessed for a comprehensive analysis and bench marking of the technical solutions investigated in the
presented survey.

1. Introduction
Wireless data traﬃc is exponentially increasing and such
trend is expected to continue in the coming years. The
capacity limit of wireless networks operating in the sub-6
GHz frequency band is eﬀectively reached. As a matter of
fact, most of the commercial radio-communication infrastructures, including AM/FM and high-deﬁnition TV
broadcasting, as well as GPS, satellite, cellular, and Wi-Fi
communications, are conﬁned in relatively narrow portions
of the spectrum between 300 MHz and 3 GHz where electromagnetic propagation conditions are more favorable, and
low-cost semiconductor technology is readily available [1].
Said frequency range, however, is nowadays excessively
crowded. For this reason, a signiﬁcant eﬀort has been put in
place for the development of wireless communication systems operating at mm-wave frequencies, where larger
bandwidth is available so to satisfy future capacity needs. The
main advantages of communication systems operating at
mm-waves can be summarized as follows [2]:

(i) Extremely wide bandwidths: compared to the frequency bands between 300 MHz and 3 GHz, mmwave applications can beneﬁt from wider portions
of spectrum and, therefore, data rates.
(ii) Antenna size: the physical size of radiating elements
decreases proportionally to the wavelength, allowing for integration of antennas and RF electronics to
realize small form-factor devices.
(iii) Electromagnetic energy focusing: by virtue of the
reduced operating wavelength, large-scale antenna
arrays with more than 100 elements can be integrated into relatively small physical areas, allowing
for adaptive beamforming to synthesize narrow
beams with enhanced directivity characteristics
which are instrumental to the delivery of better
quality of service in real-life operative scenarios [3].
Wireless communications at mm-wave frequencies,
however, also come with certain drawbacks, such as higher
sensitivity to radio-wave blockage and larger propagation
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losses. Furthermore, because of the speciﬁc quasioptical
behavior of the electromagnetic ﬁeld that dominates the
physical layer, dedicated protocols in the MAC layer have to
be developed [4] and adopted in order to achieve very low
latency and high data rates [5]. At mm-waves, severe path
losses are experienced in combination with a signiﬁcant
attenuation due to the impact of oxygen absorption (mainly
in the 60 GHz band), blockage, precipitation, and foliage
(associated with the presence of trees obstructing the radio
link) [6]. However, several studies have conﬁrmed that, for
small distances (less than 1 km), rain attenuation has reduced impact on the distribution of the electromagnetic ﬁeld
radiated by small cells operating in the frequency range
between 28 GHz and 38 GHz [7].
The unique characteristics of radio-wave propagation at
mm-wave frequencies make the antenna one of the most
critical elements in the overall system [8]. The higher level of
antenna integration enabled by the higher frequencies of
operation comes with the challenge of dealing with reduced
tolerance to fabrication errors and more complex requirements for the materials employed. The antenna performance
is obviously also aﬀected by the characteristics of the circuitry embedded in the system, such as the feeding network
to interconnect diﬀerent components, or by the limitations
in the active devices, like power and low-noise ampliﬁers.
Another challenge in the design process at mm-waves is the
characterization and testing of integrated antenna systems
which, at such small wavelengths, are more sensitive to
misalignment errors, temperature, and mechanical vibrations that, in turn, can result in additional losses, as well as
amplitude and phase errors. More information on mm-wave
antenna characterization can be found in [9], where a detailed analysis of measurement uncertainties at mm-wave
frequencies is provided.
Many surveys and scientiﬁc papers concerning diﬀerent
aspects of the mm-wave technology have appeared in the
literature during the last years. In [10], Wang et al. discussed
the technical challenges faced in relation to phase noise and
large-scale attenuation. In [11], Rappaport et al. provided an
overview of the evolution of cellular and Wi-Fi networks
with a detailed description of propagation channel models.
In [12], Ghosh and Sen reported an inclusive survey on
antenna array architectures. In [13], Hong et al. covered the
aspects relevant to multibeam reﬂector-based array technology enabled by diﬀerent phase-shifting techniques. Finally, in [14], Hong et al. described practical solutions for the
integration of mm-wave phased-array antennas with beamswitching capabilities.
In this study, we focus on the review of diﬀerent antenna
array solutions classiﬁed according to the underlying
technology. In particular, a detailed analysis of advanced
arrays used for wireless communications at mm-wave frequencies is provided. Such an overview is, based on our
knowledge, not published before in the open literature. The
paper is organized as follows. In Section 2, useful design
considerations are given together with some comments on
the main challenges faced during the development of mmwave array systems. Section 3 provides a description of the
suitable antenna technologies employed at mm-wave
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frequencies, highlighting the relevant advantages and disadvantages. In the subsequent sections, an extensive review
is made of the state of the art of mm-wave antenna arrays for
two speciﬁc use cases: point-to-multipoint (PtM) and pointto-point (PtP) wireless communications. Finally, concluding
remarks are given in Section 7.

2. Design Considerations for MMWave Antennas
The next generation of wireless communication systems
aims to support low latency and high data rates with extended coverage for a wide variety of applications, including
sensor networks, smart buildings, and mobile devices [15].
The expression of the channel capacity is provided by the
following equation [16]:
2

C � B log2 ⎡⎣1 + 

λ0
P
 GTx GRx t ⎤⎦,
4πr
N0

(1)

which shows that the achievement of higher data rates is only
possible by increasing the operational bandwidth (B) and the
antenna gain at the transmit and/or receive ends (GTx , GRx )
and by enhancing the signal-to-noise ratio (Pt /N0 ). This
explains the beneﬁt associated with the use of the mm-wave
spectrum, though at the cost of a larger free-space attenuation. In order to further improve the channel capacity, one
can also enable multiple spatial data streams by supporting,
concurrently, diﬀerent beams and dual polarization at both
the transmitter and receiver.
A key requirement of the antenna solutions for mmwave communications is to feature high-gain characteristics
so as to compensate for the signiﬁcant propagation losses
experienced at the considered frequencies. The solution to
this challenge consists in the integration of antennas in array
conﬁguration [17], in combination with a suﬃciently high
density of deployment of cells in a given network. Upon
increasing the number of radiating elements in an antenna
array, one can increase directivity and thereby focus the
radiated power in a given direction. The most common array
structures are in rectangular/square conﬁguration. A M × N
planar array is shown in Figure 1, together with the coordinate system used as a reference in the rest of the document.
In order to achieve adequate radio coverage of the operating environment, it is imperative to perform an accurate
link budget analysis. A key parameter in this respect is the
path loss, which determines the level of attenuation of the
radiated energy following the electromagnetic propagation
process in the radio channel. Diﬀerent models are available
in the literature for the estimation of the path loss between
transmitter and receiver. Of particular interest are the CloseIn (CI) and the Alpha-Beta-Gamma (ABG) models which
rely on experimental measurement data [18, 19]. An accurate
evaluation of the link budget in Line-of-Sight (LOS) and
Non-Line-of-Sight (NLOS) propagation scenarios for 5Gand-beyond communications is reported, also, in [20, 21]
based on the 3GPP standard [22].
The main ﬁgures of merit that deﬁne the performance of
an antenna array, as per the illustrations in Figure 2, are used
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Figure 1: Schematic of a regular M × N planar array in a spherical coordinate system.
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Figure 2: Figures of merit for the analysis of antenna arrays for (a) point-to-multipoint (PtM) communications and (b) point-to-point (PtP)
communications.

in the following sections for bench marking of the technical
solutions investigated in this review. For convenience, two
diﬀerent scenarios (PtP and PtM communications) have
been examined in order to provide a more meaningful
overview of the diﬀerent antenna concepts considered here.
Each operative scenario requires indeed diﬀerent radiation
characteristics.
When developing antenna arrays for PtP wireless
communications, the main concern is to achieve high-gain
characteristics in order to compensate for the propagation
losses at mm-waves and obtain, in this way, a stable radio
link while avoiding unexpected misalignment between the
transmitter and receiver. Examples of PtP systems are found
in midrange networks such as mm-wave backhaul/fronthaul
as well as board-to-board communications. When an antenna array is used, instead, for PtM communications, one of
the main challenges is to achieve wide-angle beam scanning.
This allows minimizing the number of array antenna panels
necessary to enable proper coverage of the operating

environment and, in this way, reducing the overall system
costs. A relevant example in this respect is given by 5G base
stations (BSs) that have to ensure a suitable 360° coverage of
multiple users while they are in motion (as illustrated in
Figure 3). In this case, in accordance with the aforementioned propagation loss models, one should target values of
peak gain of about 26 dBi in order to enable a reliable quality
of service up to 100 m in the frequency band at 28 GHz, as
well as a scanning range of at least ±60° so to limit the
required number of sectors to three or four (including some
overlap margin). In this and several other operative scenarios, besides the wide-angle scanning capability, it is key to
have antenna array solutions that feature stable gain and low
Side-Lobe Level (SLL) characteristics. In addition to that, an
important aspect to take into account during the design stage
is the appearance of grating lobes. With reference to a
uniformly spaced planar antenna array, the following criterion is typically enforced to avoid the formation of grating
lobes [8]:
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Figure 3: 5G wireless communication scenario where the use of
PtP and PtM systems is shown in order to set up a communication
system with user equipment (UE).

dx , dy <

λ0
,
1 + sin θmax

(2)

where dx and dy denote the interelement separation along
the horizontal and vertical directions, respectively, λ0 is the
wavelength in free space at the highest operational frequency, and θmax is the maximal steering angle along each of
°
the scan planes; that is, ϕ � 0 and ϕ � 90° (see also Figure 1).
As it can be inferred from (2), grating lobes can be avoided
by using a dense array grid. This can, however, cause unwanted high mutual coupling which, in turn, aﬀects the
array performance negatively. While scanning, broadside
antenna arrays are subjected to a degradation of the mainlobe gain due to the aperture projection loss [23]. In ideal
conditions, the gain degradation while scanning oﬀ boresight, also referred to as scan power loss, follows the cos θ
law. In real life, because of the impact of parasitic mutual
coupling, scan loss is actually more severe and can be effectively modeled as cosn θ, where n is a real-valued parameter larger than 1. The following considerations can be
made [23]:
(i) The main-lobe gain decays at least as cos θ while
scanning in diﬀerent directions.
(ii) A broadside array cannot scan up to the end-ﬁre
direction since cos(π/2) � 0. Dedicated arrays
should be designed to ensure end-ﬁre coverage.
Grating lobes avoidance, high isolation between antenna
elements, and stable gain over the scanning range are among
the most relevant challenges and somehow conﬂicting requirements in the design of wide-angle scanning arrays.
An important ﬁgure of merit for antenna arrays is the
active reﬂection coeﬃcient (ΓAm ), which provides an eﬀective
means for evaluating antenna return-loss characteristics
inclusive of mutual coupling eﬀects while scanning [24]. For
the general mth array element, ΓAm can be calculated as

m � 1, . . . , Na ,

(3)

where Na is the overall number of antenna elements, an and
am denote the incident waves at the input terminals of the nth
and mth array element, respectively, and Smn denotes the
coupling coeﬃcient. The operational bandwidth of a phasedarray antenna is typically deﬁned as the frequency range
where the magnitude of the active reﬂection coeﬃcient is
below −10 dB. Blindness (|ΓAm | ≃ 1) may occur while scanning due to spurious coupling between antenna elements
[24]. A detailed analysis of mutual coupling in phased arrays
is provided in [25].
Among various aspects, the attainment of high eﬃciency
over the entire frequency band of operation is important to
enable eﬀective power management at system level. With the
billions of objects wirelessly connected to upcoming 5G
communication networks, it becomes indeed crucial to
reduce the power consumption of the individual devices and
components.

3. Antenna Concepts and Technologies
The diﬀerent antenna concepts available in the scientiﬁc
literature oﬀer a variety of design choices for array antennas
which, with diﬀerent characteristics, can strongly aﬀect the
overall system performance. An overview of the advantages
and disadvantages of commonly used antenna elements
integrated into mm-wave arrays is reported in Table 1.
Microstrip patch antennas are relatively easy to manufacture using technologies which are commonly available in
industry [26]. They represent a quite versatile solution in
several applications which require pencil beams, fan beams,
or omnidirectional radio coverage. The antenna polarization, whether it is linear or circular, can be controlled in
rather simple ways. Furthermore, microstrip antennas can
conform to the shape of the hosting platform on ﬂat or
curved surfaces [27, 28]. Patch antennas are particularly
suitable for PtM communications, since they feature a radiation pattern with broad coverage that is instrumental to
the achievement of wide-angle scanning properties at array
level.
Thanks to their characteristics, Vivaldi antennas [29]
may represent a valid alternative to other antenna solutions
in diﬀerent applications. One of the main advantages of this
type of antennas is the broadband behavior [30]. Vivaldi
antennas are typically printed on dielectric substrates, thus
making the relevant integration with other components of
easier implementation. Vivaldi antennas have been extensively studied in literature with various design improvements [31, 32]. Many techniques have been developed to
enhance the gain of this class of antennas, such as those
based on the use of dielectric lenses [33–35], metamaterial
lenses [36], and parasitic elliptical patches [37]. As Vivaldi
antenna, end-ﬁre radiation can also be realized with printed
dipole or bow-tie antenna arrays, which have a similar builtup as shown in [38].
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Table 1: Advantages and disadvantages of commonly used antenna technologies for array development.
Technology
Patch
Vivaldi
DRA
Open-ended waveguide
Gap waveguide
Resonant cavity

Advantages
(i) Integration
(ii) Low cost
(i) Wideband
(ii) High gain
(i) No conductor loss
(ii) High eﬃciency
(i) Stable radiation pattern
(ii) High eﬃciency
(i) Low losses
(ii) Wideband
(i) High gain
(ii) Low cost

Dielectric resonator antennas (DRAs) display excellent
characteristics for high-frequency applications and in particular for mm-wave communications and remote sensing
[39]. DRAs feature low losses, high eﬃciency, and wide
bandwidth and can support multiple polarizations, as well as
diverse radiation patterns by excitation of suitable resonant
√��
modes [40, 41]. The DRA size is proportional to λ0 / ϵr ,
which translates into the possibility of controlling the antenna dimensions by properly selecting the relative permittivity (ϵr ) of the material forming the basic dielectric
resonator. DRAs are easy to fabricate and enable good design
ﬂexibility based on diﬀerent geometries. One of the main
characteristics of DRAs is the absence of conduction losses,
which makes them a very promising candidate for mm-wave
applications [42]. Electrically large DRAs exploiting higherorder propagation modes are used to enhance antenna gain.
At the same time, one should notice that the bandwidth is
inversely proportional to the relative permittivity, and this
may limit the choice of dielectric materials for a given application [43].
Thanks to high-gain and high-eﬃciency characteristics,
open-ended waveguide antennas are largely employed in
array conﬁguration for mm-wave applications. This type of
antennas, however, is not very attractive for commercial
applications at mm-wave frequencies above 60 GHz because
of the inherently high manufacturing costs, bulky dimensions, and less easy integration with a chip or in a package as
compared to other technologies [15]. Nowadays, some of
these limitations have been overcome thanks to the concept
of substrate-integrated waveguide (SIW). The advantages of
conventional waveguides are preserved with SIW structures.
The SIW technology has recently replaced the conventional
transmission lines in mm-wave communications due to
favorable propagation characteristics, such as high-Q factor
and high power handling capability [44]. The most important advantage of SIW technology is represented by the
possibility of enabling full integration of all the system
components on the same substrate [45]. Since SIW components are bounded by conducting surfaces on both sides of
the substrate, they exhibit extremely low (completely negligible) spurious radiation losses and insensitivity to outer
electromagnetic interferences (EMIs) [46]. Gap-waveguides
are also presented in the technical literature as a possible

Disadvantages
(i) Losses
(ii) Isolation
(i) Bulky
(i) Manufacturing precision
(i) Bulky
(ii) High costs
(i) Design complexity
(i) Narrow 3 dB gain bandwidth

solution for mm-wave wireless communications [47]. Gapwaveguide technology oﬀers indeed good performance at
mm-wave frequencies thanks to the relevant low-loss
characteristics. Gap-waveguiding structures rely on the
propagation of electromagnetic waves between two parallel
metal plates, while the propagation direction is controlled
through metal pins that do not have electrical contact with
the lid that covers them [48]. The losses in gap-waveguides
are comparable to the losses in conventional waveguides.
Resonant cavity antennas (RCAs) can also be a class of
antennas to be considered for mm-wave applications. RCAs
feature very high-gain characteristics with the drawback of a
narrow gain bandwidth at 3 dB level. An extensive review of
RCAs for 5G wireless communications is provided in [49].

4. Wide-Angle Scanning Antenna Arrays for
PtM Communications
In this section, we provide an extensive review and comparison of the most common wide-angle scanning antenna
array technologies available at mm-waves for PtM communications. The antenna array solutions considered here
are detailed in Table 2 where the relevant ﬁgures of merit (see
Figure 2(a)) are evaluated. The aperture eﬃciency (ηeff ), as
reported in Table 2, is calculated starting from the antenna
gain characteristics through the following formula [50]:
ηeff �

Gλ20
,
4πAphys

(4)

where G denotes the peak gain at the boresight and Aphys is
the physical area of the antenna structure.
The scan loss of the relevant antenna arrays analyzed in
this review is illustrated in Figures 4(a) and 4(b) along the
azimuth plane and the elevation plane, respectively, and
compared to the ideal case with cos θ behavior. One can
notice that the state-of-the-art solutions have scanning capabilities up to ±60° but at the cost of at least 4 dB scan loss.
In [51], a 5G communication link at 28 GHz is demonstrated using a 64-element (8 × 8) phased-array consisting
of stacked patch antennas. The design is based on fourchannel (2 × 2) transmit/receive (TRX) beamforming chips
in SiGe BiCMOS technology with 6-bit phase control.
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Table 2: State of the art of antenna arrays for PtM mm-wave wireless communications.

Antenna
technology

Bandwidth
(GHz)

Peak
gain
(dBi)

Dimensions
(mm2)

SLL
(dB)

Aperture
eﬃciency
(%)

28–32

22.5

50 × 63

−10

57

Number Dimension of
Max scan Scan loss
of
beam
Polarization
angle
coeﬃcient
elements
scanning
Azimuth and
Az.: ±50° Az.: n � 1.5
8×8
Single
El.: ±25°
El.: NA
elevation

Stacked
patch [51]
Patch on
PCB [52]
Dipole [56]

26–31.4

12

23 × 23

−8

26

4×4

Azimuth

Dual

Az.: ±42°

26.5–29.5

12

NA

−9

NA

8 ×1

Single

Patch [57]

57–66

21.5

14.1 × 22.4

−11

85

48

Azimuth
Azimuth and
elevation

28–29.5

14

NA

−7

NA

2×4

Azimuth and
elevation

Dual

Az.: ±50° Az.: n � 2
Az.: ±60° Az.: n � 1.7
El.: NA
El.: ±10°
Az.:
°
Az.: ±45
n
�
2el.:
El.: ±45°
n � 1.7

27.5–29.5

14

11.6 × 22

−8

79

2×4

Azimuth

Dual

Az.: ±30° Az.: n � 1.7

28–32

24

70 × 70

−9

47

8×8

Azimuth and
elevation

Dual

Az.: ±50°
El.: ±50°

80–100

30

45 × 45

−8

44

384

Azimuth and
elevation

Dual

Az.: ±20°
El.: ±30°

27.4–28.6

12

60 × 130

−10

30

1×8

Azimuth

Single

Az.: ±70° Az.: n � 0.5

26–30

23.5

63.1 × 69.4

−12

44

8×8

Azimuth and
elevation

Dual

Az.: ±60° Az.: n � 1.5
El.: ±60° El.: n � 1.5

26.5–31

24

135 × 122

−12

13

16 × 16

Azimuth and
elevation

Dual

Az.: ±45°
El.: ±10°

26.5–29.5

24

50 × 50

−13

90

8×8

Azimuth

Single

Az.: ±45° Az.: n � 1.7

20–40

43

830 × 255

−12

80

200

Azimuth

Single

Az.: ±20°

AiP patch/
dipole for
UE [59]
AiP patch for
UE [61]
Patch for BS
[62]
AiP patch
[65]
Vivaldi for
UE [66]
DRA for BS
[68]
Gap
waveguide
[69]
Horn for BS
[70]
FPA [77]

Sixteen chips are integrated on a 12-layer Printed Circuit
Board (PCB) which includes a suitable Wilkinson power
dividing/combining network. The antenna elements are
spaced 5 mm (about 0.5λ0 at 30 GHz) apart in the horizontal
direction and 6.3 mm (about 0.63λ0 at 30 GHz) apart in the
vertical direction, as shown in Figure 5. The selected
interelement spacing enables a maximal scan angle up to
±50° along the azimuth plane and up to ±25° along the
elevation plane while achieving relatively low SLLs (below
−10 dB) in combination with a peak gain of 22.5 dBi and a
bandwidth of 4 GHz (from 28 GHz to 32 GHz). The antenna
array is characterized by an Eﬀective Isotropic Radiated
Power (EIRP) of 50 dBm and is designed in such a way as not
to require a dedicated calibration network. It has been tested
and veriﬁed for radio links over a distance of up to 300 m.
A wideband patch antenna array that can support two
linear orthogonal polarizations concurrently is presented in
[52]. The antenna array is formed by 16 elements in a 4 × 4
conﬁguration which is optimized so to operate in the frequency band between 26 GHz and 31.4 GHz. As known from
theory, conventional rectangular or circular patch antennas
typically feature a rather limited fractional bandwidth, up to
about 7% [53]. In [52], a broader band of operation is
achieved by realizing circular cutouts at the four corners of
the basic square patch (see Figure 6). The individual radiating
element
has
maximal
dimensions
of
2.65 mm × 2.65 mm, whereas the radius of the cutouts is

Single

Az.: n � 2

Az.:
n � 2el.:
n � 1.5
Az.: n � 4.2
El.: n � 4.7

Az.: n � 2
El.: NA

NA

0.95 mm. The antenna element is excited by two feeding pins
in order to support dual linear polarization. In the ﬁnal 4 × 4
array conﬁguration, the antenna elements are spaced 5.5 mm
(about 0.57λ0 at 31.4 GHz) apart from each other along both
the horizontal and vertical directions. The array beamsteering network is based on a Butler Matrix (BM) [54, 55],
which is implemented on a circuit board with dimensions of
120 mm × 70 mm × 1.62 mm. The array is characterized by a
maximal scan angle of ±42° and a peak gain level of 12 dBi.
A microstrip array dipole-based operating in the 28 GHz
frequency band is detailed in [56]. A PTFE board of 15 printed
dipoles is used to construct an array in a 15 × 8 conﬁguration.
The antenna elements are connected to the PCB through
SMPM connectors and kept at a center-to-center distance of
6 mm. This supports a beam-scanning range beyond ±50° in
the azimuth plane, in combination with a saturated EIRP of
39.8 dBm at the boresight.
A tile-based array for backhaul applications at 60 GHz
has been presented in [57]. The unit cell consists of a slotcoupled microstrip patch that is parasitically loaded by four
auxiliary patches (forming an H-shape). The position of the
auxiliary patches has been chosen so to broaden the operational bandwidth while achieving an active reﬂection coeﬃcient with magnitude below −10 dB in the frequency
range between 57 GHz and 66 GHz. A tile with 48 unit cells is
designed in a 6 × 8 array conﬁguration. Measurements
carried out on the individual tile have shown a peak gain of
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Figure 4: Scan loss of the most relevant antenna arrays along the azimuth plane (a) and the elevation plane (b).
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Figure 5: Top and bottom views of the 12-layer 64-element phasedarray Printed Circuit Board (PCB) [51] ©2018 IEEE.

about 22 dBi at the boresight, which drops by 3 dB at ±45°
and by 5 dBi at ±60° while scanning in the azimuth plane.
When six of the aforementioned 48-element tiles are placed
together in two rows to form a 288-element array, a peak
gain of 29.5 dBi is achieved.
As documented in the previous section, microstrip
antennas are particularly suitable for close integration
with circuit components such as ampliﬁers and switches,
so to realize an Antenna-in-Package (AiP) [58]. The need
for AiP technology is going to increase dramatically for
applications at mm-wave frequencies and beyond. AiPs
are already being widely employed for 5G cellular network
deployment at 28 GHz [59, 60]. In [59], a relevant phased-

array transceiver with 24 channels and dual-polarization
support is described. The UE module relies on diﬀerent
antenna array conﬁgurations, such as 1 × 4 dipole arrays
and 2 × 4 patch arrays with integrated radio frequency
integrated circuits (RFICs). The BS makes use of a 4 × 4
patch antenna array with 2 rows of dummy elements on
one edge. Measurements carried out on the UE module
with 2 × 4 integrated array have shown an uncalibrated
scan range up to ±45° for both the horizontal and vertical
polarization channels along the azimuth plane, whereas
the achieved peak EIRP level is 35 dBm for horizontal
polarization and 34 dBm for vertical polarization.
A similar dual-polarized design for UE (see Figure 7) is
proposed in [61]. The relevant 2 × 4 patch antenna array with
dual feeds is integrated into a Flip Chip-Chip Scale Package
(FC-CSP) with a relative permittivity of 3.9 and 8 metal
layers having a thickness of 800 μm and a total area of
11.6 mm × 22 mm. The separation between antenna

8
elements is equal to 5.25 mm (i.e., λ0 /2 at the center frequency of 28.5 GHz). The individual antenna element occupies an area of 2.35 mm × 2.35 mm and features an average
peak gain of 5 dBi when integrated into an array conﬁguration. The complete array displays a peak gain along the
broadside direction of about 14 dBi with a scan range of ±30°
along the azimuth plane. In the frequency band between
27.5 GHz and 29.5 GHz, the maximum EIRP of the considered array is 31.5 dBm.
An antenna module operating at 28 GHz is proposed in
[62] and is shown in Figure 8. In this design, the multilayered phased-array antenna consists of 64 dual-polarized
active patch antennas and 36 dummy elements. The dummy
elements are placed along the periphery of the array, whereas
the active elements are fed by 4 RFICs. An air cavity is
implemented underneath all the array elements to improve
bandwidth and, at the same time, suppress spurious antenna
coupling processes. The measured peak gain of the individual antenna element is about 7 dBi at 30.5 GHz. The array
is claimed to scan from −50° to ±50° and features an EIRP
larger than 50 dBm. The module has a size of
70 mm × 70 mm with a thickness of 2.3 mm.
AiP technology is being broadly employed, also, for smart
sensing and short-range wireless communications in the 60 GHz
band. An example of this is reported in [63], where a package
that integrates 6 patch antennas is designed in such a way so as to
deliver a combined gain of about 10 dBi. Thanks to the very
compact dimensions, namely, 14 mm × 14 mm × 0.8 mm, the
aforementioned AiP has the potential of being integrated into a
wide range of wearable devices [64].
The use of W-band technology for 5G applications has
been investigated in [65] using a scalable tile-based phasedarray architecture. The individual tile consists of a 5 × 5
aperture-stacked patch antenna array which is partitioned
into 16-element and 8-element subarrays, in addition to a
dummy element. The antenna spacing is selected to be 0.63λ0
at 90 GHz (i.e., 2.1 mm) along both the vertical and horizontal directions. In order to avoid grating lobes while
scanning, it is advisable to keep the array elements at a
separation smaller than or equal to 0.5λ0 . However, such
layout could not be implemented in [65] because of the
physical constraints set by the adopted RFIC solution as well
as by the limitations of the adopted PCB manufacturing
process. The developed single tile covers the frequency range
from 80 GHz to 100 GHz, with simulated directivity, gain,
and eﬃciency better than 18.5 dBi, 18 dBi, and 87%, respectively. The integration of 16 array tiles results in a total
EIRP level of 60 dBm and a beamwidth of less than 4° at
90.7 GHz. The 2D beam-steering function can be achieved
by integrating any number of tiles.
Vivaldi antenna arrays have been proposed for 5G
mobile terminals in [66]. The design consists of 8 antenna
elements integrated along the edge of the device PCB and
optimized in such a way so as to feature a central working
frequency of 28 GHz with an operational bandwidth larger
than 1 GHz. The array is characterized by a scan range up to
±70° with a total eﬃciency of more than 84%. The peak gain
of the array beam is shown to be nearly ﬂat around 12 dBi
over the scan range from the boresight to ±40°.
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Figure 7: Antenna array for UE proposed in [61] ©2017 IEEE.

Another interesting solution for wide-angle scanning arrays is represented by DRA technology. The introduction of
DRAs in literature dates back to 1983 when Long et al. presented the ﬁrst detailed mode analysis of resonant cylindrical
dielectric cavities in [67]. After that, DRAs have been used in a
variety of applications over a wide frequency range, from
55 MHz up to 340 GHz [43]. A relevant study concerning the
application of DRA technology in mm-wave antenna arrays for
5G applications is proposed in [68]. The array demonstrator
discussed in the said study is shown in Figure 9. Each parallelepipedal DRA element forming the array structure is fed by
a slot aperture which, in turn, is excited by proximity coupling
through a dedicated microstrip line. The array elements are
placed along a uniformly spaced 8 × 8 grid on the top of a
feeding network integrated into a PCB with an overall size of
63 mm × 69 mm. It is shown that a total eﬃciency larger than
80% is achieved in the frequency band from 28 GHz to 30 GHz
in combination with a maximal scan range of ±60° along both
the azimuth and elevation planes. The realized gain displayed
by the array along the broadside direction is about 23 dBi at
28 GHz, with a minimum level of 21.5 dBi across the frequency
range from 24 GHz to 30 GHz.
A relevant design solution for 5G BSs based on gapwaveguide technology is presented in [69]. In this research, a
slotted-waveguide array antenna is implemented by means
of a fully integrated all-metal multilayered assembly.
Waveguide-like feeding lines are realized using artiﬁcial
magnetic conductors, without the need for electrical connections between the layers forming the array structure. This
enables the integration with substrate-based components.
The radiating antenna layer consists of an 8 × 8 array of slots
and is characterized by an active reﬂection coeﬃcient with a
magnitude below −10 dB in the wide frequency range from
26.5 GHz to 31 GHz. The array features a peak main-lobe
gain of 23 dBi with a maximum scan range of ±45° along the
azimuth plane and ±10° along the elevation plane.
In [70], a phased-array based on compact horn antennas
is proposed. Such an array is optimized for operation in the
26.5 GHz–29.5 GHz frequency band. A 2 × 2 subarray is used
as a building block to realize a scalable M × N array. In the
subarray, the feed of each radiating element is at a distance of
5.84 mm from the neighboring elements along both the
vertical and horizontal directions. The numerical simulation
results of the 4 × 4 array, as illustrated in Figure 10, show a
scanning capability of ±45° along the azimuth plane with a
peak gain ranging from 21.48 dBi to 23.99 dBi. The array has
been scaled up to 8 × 8 array elements and in this case, the
main-lobe gain level is comprised between 27.81 dBi and
29.99 dBi.
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Figure 8: Top view (a) and bottom view (b) of the antenna module as presented in [62] ©2019 IEEE.

Figure 9: Top view of the 8 × 8 DRA array proposed in [68].

In [71] a multimode horn antenna is used, instead, in a
linear array conﬁguration with sparse topology. The size of
the individual radiating element is 2.0λ0 × 1.8λ0 at 28.5 GHz.
This results in a peak gain of 11.5 dBi in combination with a
120° scanning range along the azimuth plane of the array. It
is shown that the irregular sparse array can improve the
system performance by decreasing the outage probability
(referring to the probability that the Carrier to Noise Ratio is
lower than 3 dB).
An alternative to horn and gap-waveguide technologies
is represented by the use of open-ended waveguide arrays.
The design presented in [72] is capable of scanning up to
±60° along both principal planes. A drawback of such
technology, however, is the signiﬁcantly more complicated
manufacturing process. Furthermore, the integration of such
radiating structures with printed circuits and components is
not mature yet and requires additional research.
The design concepts presented up to now make use of phase
shifters and variable gain ampliﬁers for each antenna element in
order to realize beamforming. This requires the use of multiple
power-hungry ICs. In [73, 74], an alternative solution is presented, where the use of a lens is investigated as a replacement to
said ICs. The lens-based array antenna reported in [75] is

optimized for 5G PtM wireless communications at mm-wave
frequencies. The prototype is shown in Figure 11. The basic
radiating structure is formed by a standard 4 × 4 patch antenna
array with a size of 55 mm × 55 mm. The size of the individual
patch antenna is 3.05 mm × 3.05 mm with an interelement
spacing of λ0 at the frequency of 30 GHz. The design relies on a
hyperbolic dielectric lens made out of polyethylene, with a diameter of 155 mm. The concept is based on the independent
control of the individual patch antennas so to focus the radiation
beam in diﬀerent directions according to a suitable beamswitching scheme. The working frequency band of the radiating
structure is rather narrow and is limited to the range from
27.8 GHz to 28.4 GHz. The peak gain achieved with the considered design is about 12.12 dBi with an improvement of about
8 dBi as compared to the same radiating structure without integrated dielectric lens. The maximum scan range is about 15°
but, as mentioned in [75], this can be further improved by using
higher-order patch antenna array conﬁgurations.
Another alternative hybrid beamforming concept is
represented by focal-plane arrays (FPAs) [76, 77]. Similar to
the use of lens antennas, they provide a more limited scan
range, which makes these concepts, in general, less suited for
PtM applications.

5. High-Gain Array Antenna-Based
Concepts for PtP Communications
In this section, we provide an overview of available antenna
array concepts and technologies for mm-wave PtP communications. For such applications, key design aspects are
the antenna beamwidth and directivity. These need to be
carefully optimized to prevent system performance failure
due to unwanted misalignment. Most of the PtP radio links
are in fact designed for LOS communications in outdoor
scenarios where devices are exposed to weather and environmental factors which can cause degradation of the quality
of service (QoS). Reﬂectors, lens or DRAs, FPAs, and
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Figure 10: Top view of a 4 × 4 horn-based array antenna as presented in [70].
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Figure 11: Patch array (a) and lens antenna array prototype (b) proposed in [75] ©2018 IEEE.

reﬂectarrays are usually preferred to other classes of radiating structures for PtP communications by virtue of the
high-gain characteristics they display. Alternative antenna
technologies can, however, provide solutions in speciﬁc
operative scenarios and are often employed [8]. The antenna
concepts for mm-wave PtP communications reviewed in this
study are illustrated in Table 3.
Thanks to the relevant high-gain characteristics, reﬂectarrays are becoming appealing for 5G applications. The
solution proposed in [78] is a reﬂectarray based on
microstrip patch antennas. The array operates in two frequency bands (around 27 GHz and 32 GHz) by integration
of two sets of radiating elements which cover each band,
separately. A horn antenna is used as a feeding structure. As
mentioned by the authors, the considered reﬂectarray is not
optimized in terms of bandwidth, and information in this
respect is not made available. The design is optimized to
support dual polarization. Such performance is achieved by
properly rotating the radiating elements by 90°. The 2 × 2

patch assembly that constitutes the subarray cell has an
overall size of 5.5 mm × 5.5 mm (which is 0.58λ0 at 32 GHz).
The reﬂection phase is corrected for each frequency band/
polarization by independently tuning the dimensions of each
element. The total size of the reﬂectarray based on a 15 × 15
subarray
conﬁguration
is
approximately
82.5 mm × 82.5 mm. A peak gain of 27.5 dBi is observed at
32 GHz. Because of the relatively small dimensions, the
design is aﬀected by high spillover losses which result in an
aperture eﬃciency of 29% at 27 GHz and 38% at 32 GHz.
The reﬂectarray proposed in [79] for operation in the
frequency range from 30 GHz to 40 GHz is instead based on
the use of DRA elements. The unit cell has a circular shape
with four arms, and the relevant radius is tuned in a suitable
way when moving from the center to the edge of the
reﬂectarray so to synthesize the required reﬂection phase
response. The unit cells embedded in the structure are 446,
arranged in a circular array with a maximal radius of 60 mm.
A horn antenna is used as a feeder. The choice of DRAs as
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Table 3: State of the art of high-gain array-based antenna concepts for PtP mm-wave wireless communications.
Antenna technology
AiP patch [63]
Lens antenna [75]
Patch reﬂectarray [78]
DRA reﬂectarray [79]
Double-ring
reﬂectarray [80]
DRA [81]
GDRA [83]
GDRA [84]
3D printed horn [85]
Vivaldi [86]
SIW horn [88]
SIW horn with lens
[89]
SIW stacked patch [90]
Slotted waveguide [91]
Gap waveguide [92]
Resonant cavity [93]

Bandwidth
(GHz)
57–64
27.8–28.4
NA
30–40

Peak gain
(dBi)
10
25
27.5
24.8

Dimensions
(mm2)
14 × 14
100 × 100
82.5 × 82.5
60 × 60 × π

SLL
(dB)
−7.5
−8
−12
−10

Aperture eﬃciency
(%)
11
30
38
26

Number of
elements
2×2
2×2
15 × 15
446

26–35

37.8

177 × 177 × π

−14

60

NA

Single

29–34.3
29.3–35.2
55–62
27.6–38.1
28–38
25.25–32.6

16.29
12
19.4
33.8
24.1
17.2

NA
36.5 × 8
23 × 20
140 × 140
97.5 × 42
70 × 2.8

−10
−10
−14
−15
−7.7
−12

NA
38
38
86
32
80

4×4
1×8
8×8
16 × 16
4×4
1×4

Circular
Single
Single
Single
Single
Single

26.7–27.3

15.65

112 × 2.5

−9.63

63

1×8

Single

25–33.7
71–81
57–66
26–31.3

20.3
39.4
33.3
14.1

100 × 90
210 × 220
80 × 80
19 × 19

−9
−18.9
−12
NA

20
24
64
65

4×4
512
256
2×2

Circular
Single
Single
Circular

basic radiating elements allows removing conductor losses
and, in this way, attaining a measurably high peak gain of
23.9 dBi at 34 GHz and of 24.8 dBi at 35 GHz.
In [80], a reﬂectarray with very high-gain characteristics
over a wide frequency range is presented. The design approach adopted for this purpose is based on a spatial dispersion compensation concept. The reﬂectarray is formed by
a single-layer printed structure consisting of patch and
double-ring (multiresonant) elements with properly selected
dimensions, arranged according to a circular array scheme.
The array has a maximal radius of 350 mm and is divided
into two areas: the ﬁrst area, closer to the center, is formed by
double-ring elements, whereas the second area, towards the
edge, is formed by patch elements. The frequency-phase
response of each element can, in this way, compensate for
the dispersion process caused by diﬀerent propagation
paths. The considered reﬂectarray is characterized by peak
gain up to 37.8 dBi at 34 GHz, with a minimum level of
36 dBi across the entire operational frequency band from
26 GHz to 35 GHz.
As mentioned above, lenses are often employed for PtP
wireless communications, thanks to their capability of
drastically enhancing the antenna gain. The design presented
in [75] demonstrates this once more. A conventional patch
antenna is used as a basic radiating element with a peak gain
of about 6 dBi. Thanks to the integration of a suitable cubic
lens, the gain level is increased up to 12 dBi. The dimensions
of the individual antenna, inclusive of lens, are
50 mm × 50 mm × 60 mm. The radiating element can be
easily arranged in a linear or planar array conﬁguration.
Measurements of the 1 × 4 array and 2 × 2 array have shown
a peak gain of approximately 25 dBi at 28 GHz.
In [81], a circularly polarized dielectric resonator antenna array for mm-wave frequencies is presented. In order
to achieve circular polarization, X-shaped slots are etched oﬀ
the ground plane so to excite the radiating elements while
removing the need for more complex pin probes. In order to

Polarization
Single
Single
Dual
Single

enhance the bandwidth of the array, a sequential feeding
network is used, similarly to the design concept illustrated in
[82]. The simulated impedance bandwidth extends from
24.1 GHz to 31.1 GHz, whereas the simulated axial ratio (AR)
bandwidth at 3 dB level extends from 26.9 GHz to 33.7 GHz.
The antenna structure realizes, at the working frequency of
30 GHz, a peak gain of 12.44 dBi when arranged in a 2 × 2
array scheme and of 16.29 dBi in a 4 × 4 conﬁguration.
An attractive alternative solution to conventional dielectric resonator arrays for mm-wave applications is reported in [83]. Here, an artiﬁcial grid dielectric resonator
antenna (GDRA) is optimized in such a way so as to deliver
high gain in combination with wideband characteristics at
mm-wave frequencies. The size of the individual GDRA is
only
2.7 mm × 2.7 mm × 0.5 mm
(i.e.,
0.29λ0 × 0.29λ0 × 0.05λ0 at 32.2 GHz). Each GDRA is bonded
to the substrate and is excited through a slot whose length is
chosen to be approximately λeff /2, with λeff denoting the
eﬀective wavelength. The slot is realized in a SIW channel in
combination with a suitable transition in microstrip technology. The GDRA elements are arranged in 1 × 4 or 1 × 8
array conﬁgurations, as illustrated in Figure 12. The eightelement array shows an impedance bandwidth at 10 dB
return-loss level of 5.3 GHz (i.e., from 29 GHz to 34.3 GHz)
with an improvement of 2.65 GHz as compared to the fourelement array. The peak realized gain of the eight-element
array is 12.13 dBi against 10.2 dBi featured by the smaller
conﬁguration. An eﬃciency level above 85% across the
relevant operational frequency band is reported for both
arrays. The same design solution can be tailored for applications at 60 GHz as documented in [84]. Here, GDRAs have
been characterized in 4 × 4 and 8 × 8 array conﬁgurations.
The operational band is from 56.5 GHz to 63 GHz in the
former case and from 55 GHz to 62 GHz in the latter case.
Experimental measurements carried out on the 4 × 4 and
8 × 8 GDRA arrays have shown a peak gain of 15.2 dBi and
19.4 dBi, respectively. According to the authors, the
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proposed solution oﬀers a lower proﬁle and much wider
impedance bandwidth as compared to conventional DRAs.
A 3D printed horn antenna array is investigated in [85].
Using such radiating element, a 16 × 16 array including a
full-corporate air-ﬁlled waveguide network is designed for
operation in Ka-band. The overall footprint size of the
considered array is approximately 14 cm × 14 cm. The
maximum broadside gain is 33.8 dBi, whereas the impedance bandwidth at 10 dB return-loss level is from 28.2 GHz
to 35.8 GHz. The radiation eﬃciency is reported to be about
85% at the center of the operating frequency band.
In [86], a 4 × 4 array of slot-coupled Vivaldi antennas
(SCVAs) is presented. The structure is optimized for 5G
wireless communications and is demonstrated to have a
wide impedance bandwidth, from 25 GHz to 40 GHz, in
combination with high-gain characteristics. As a matter of
fact, the individual SCVA features a peak gain of 13 dBi. On
the other hand, the 4 × 4 array (see Figure 13) shows a
broadside gain of 22.3 dBi at 28 GHz and 24.1 dBi at 38 GHz.
SIW technology is often adopted to ease fabrication
and integration of horn antennas operating at mm-wave
frequencies [87–89]. A relevant example of that can be
found in [88], where a 1 × 4 array of hollow SIW (HSIW)
H-plane horn antennas are realized using conventional,
inexpensive though lossy, FR4 laminates. Under such
assumption, HSIW technology provides an eﬀective
means for avoiding/reducing dielectric losses. The size of
the
individual
horn
antenna
element
is
18 mm × 25 mm × 2.8 mm, while a long dielectric load is
used to improve the impedance matching characteristics,
as shown in Figure 14. It is claimed that the radiating
structure features an eﬃciency of 66.5% over the working
frequency band from 27.6 GHz to 38.1 GHz, in combination with a maximum realized gain of 17.2 dBi.
Diﬀerent methods have been introduced in the literature
to improve gain and impedance matching properties of SIWbased horn antennas. In [87], a perforated dielectric slab is
used to properly load the horn, whereas in [89], the horn
antenna gain is boosted using an elliptical dielectric lens.
In [90], a novel SIW-based feeding network is cooptimized
with a coplanar waveguide (CPW) fed array in such a way so as
to achieve a wide bandwidth in terms of AR for applications in
Ka-band. The basic radiating elements used in the considered
design are stacked microstrip antennas. The array is formed by
4 × 4 subarrays, with each subarray consisting of 4 × 4 stacked
patches. The relevant driven patches are embedded in the
middle layer as shown in Figure 15. The overall size of the array
is 106 mm × 90 mm × 1.016 mm. The radiation pattern features
strong grating lobes since the distance between adjacent driven
patches is 1.35λ0 . Measurements show a bandwidth at 2 dB AR
level from 25.25 GHz to 32.6 GHz in combination with a peak
gain of 20.32 dBi at 30.5 GHz.
For ﬁxed beam applications, slotted waveguides represent a sounding solution thanks to their high-gain and higheﬃciency characteristics. The array proposed in [91] is a
32 × 64 slot array antenna with unequal beamwidths in the
relevant horizontal and vertical planes. Measurement results
show a return loss above 14 dB in the entire frequency band
from 71 GHz to 81 GHz and a peak gain level of 39.4 dBi. The
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Figure 12: Illustration of the 1 × 8 (on the left) and 1 × 4 (on the
right) GDRA arrays realized in [83] ©2019 IEEE.
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Figure 13: Box for placement of the four 1 × 4 antenna arrays as
shown in [86].

design presented in [92] is, instead, a high-gain slotted
antenna array based on gap-waveguide technology. The
antenna elements are designed using groove ridge and
inverted microstrip solutions. The array consists of 16 × 16
radiating slots which cover the frequency band from 57 GHz
to 66 GHz, with a peak gain of about 33.3 dBi at the center of
the band in combination with an SLL below −12 dB.
As mentioned in Section 3, a high antenna gain can
also be achieved by means of RCAs. As an example, the
2 × 2 array described in [93] relies on a Fabry-Perot
resonant antenna structure. The individual array elements
consist of a corner-cut patch with a diagonal slot, and each
antenna is sequentially rotated by 90° in order to improve
the relevant isolation. The considered array is characterized by a broad 3 dB AR bandwidth that ranges from
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Figure 14: HSIW Horn antenna element (a) and antenna array (b) proposed in [88] ©2019 IEEE.
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26 GHz to 31.3 GHz, in combination with a peak gain of
14.1 dBi at 28 GHz.
In Figure 16, the aperture eﬃciency, as computed by (4),
and the relative bandwidth of each design concept for mmwave PtP communications analyzed in this section are illustrated. One can notice how antenna arrays manufactured
in waveguide/gap-waveguide technology tend to feature
high aperture eﬃciency and wide bandwidth. As discussed in
the previous sections, such beneﬁt comes at the expense of
signiﬁcantly larger complexity and more expensive
manufacturing process. Furthermore, this technology does
not lend itself to the support of dual-polarization characteristics as it is now typically required for antenna systems
for 5G communications.
Next to the overview in Table 3, it is important to stress
that several research groups have developed alternative
design approaches for gain enhancement of array antennas
[94–99]. In [98], a straight slot is transversely introduced at

the center of a patch. The slot acts as a secondary radiator
which contributes to the enhancement of the antenna gain
by about 1.7 dB without increasing the patch size. In [99],
electromagnetic band-gap (EBG) structures have been
employed to improve the gain of a 2 × 2 patch array antenna
operating at 60 GHz. The merit of EBG structures is to
suppress TM-mode surface waves [99], resulting in a gain
enhancement of about 4 dB. On the other hand, the design
solution illustrated in [97] enables a measurable gain increase thanks to the integration of a dielectric superstrate
with circular holes. In combination with a 2 × 2 square patch
antenna array, the use of the aforementioned superstrate
structure results in a wider bandwidth of 15.35% and a
nearly ﬂat gain of 16 dBi in the frequency range from
26.5 GHz to 30.8 GHz.

6. Analysis and Discussion
The state-of-the-art overview provided in the previous
sections gives a ﬂavor of the wide variety of existing antenna
concepts available in the literature; each of them characterized by diﬀerent performance, beneﬁts, and limitations.
For mm-wave applications, ease of fabrication and a high
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level of integration are key. It is not uncommon that a
speciﬁc antenna technology is chosen mainly on the basis of
manufacturing costs and integration constraints even if that
results in largely suboptimal RF characteristics such as gain,
eﬃciency, and bandwidth. The radiation properties of a
given antenna element are also an important factor in the
technology selection process. Broadside antennas are usually
easier to integrate into array conﬁguration, while end-ﬁre
radiating elements are most amenable for edge integration.
To date, microstrip patch antennas are among the most used
radiating elements for mm-wave arrays, although microstrip
technology severely suﬀers from material losses and performance limitations at said frequencies.
One of the design challenges at mm-waves is associated
with the correct knowledge of the material properties. At
shorter wavelengths, it is certainly not straightforward to
characterize dielectric materials with high accuracy. Furthermore, manufacturers typically provide, in their datasheets, detailed information regarding the complex
permittivity of their own materials only up to 10 GHz. This is
a deﬁnitive gap and possible drawback since even secondary
materials such as soldermask may lead to unforeseen losses
at the considered frequencies when neglected [100].
The main two types of losses at mm-wave frequencies are
conductor and dielectric losses, with the former being typically
more severe than the latter. The conductor losses quickly increase with frequency, due to the skin eﬀect. The skin depth
quantiﬁes how close to the surface of a given conductor the
electric current ﬂows [101]. When the skin depth is approximately equal to the roughness of the conductor, a signiﬁcant
impact on the current ﬂow is noticed. In fact, under said
conditions, the surface roughness causes an increase of the
parasitic inductance and, in turn, of the insertion loss [102].
Conductors with high melting temperature, low resistivity, low
surface roughness levels, and good solderability are to be
preferred for high-frequency circuit design [103]. The most
common conductors with said characteristics are copper, gold,
silver, aluminum, and palladium-silver alloys [103].
At mm-wave frequencies, the assumption of electrically
thin dielectric substrates may be not valid any longer [104]. In
the presence of thick substrates, surface wave modes are excited
removing, in this way, power from the main beam radiation
process; because of that, they can be regarded as a loss
mechanism [12].
The choice of materials for mm-wave antenna array
design is also related to another important challenge, that is,
the thermal management. A growing number of research
studies is being devoted to this problem [105], and highly
eﬃcient antennas are important to reduce the ohmic losses
which contribute to the overall power dissipation budget. In
this perspective, as seen in the previous sections, DRA and
waveguide arrays showed good performance at mm-waves
thanks to the high-eﬃciency and low-loss characteristics
which they exhibit.

7. Conclusions
In this paper, an extensive overview of the state of the art of
the most recent antenna array solutions for mm-wave
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communications has been given. In the ﬁrst part of the
manuscript, the development challenges at mm-wave frequencies have been discussed with particular focus on the
antenna integration aspects associated with miniaturization,
as well as the constraints relevant to the channel propagation
characteristics and the need for cost and energy-eﬃcient
system design. In the subsequent sections, the recent developments in antenna technology for high-frequency applications have been surveyed, while highlighting the
advantages and disadvantages of the most relevant designs
available in the scientiﬁc and technical literature. In order to
provide the reader with a rational classiﬁcation, two diﬀerent
use cases have been identiﬁed: PtM and PtP wireless
communications. The former requires the use of widescanning arrays, whereas the latter relies on high-gain directional antenna technologies.
For the ﬁrst use case scenario, patch antenna arrays are
widely used thanks to the radiation characteristics, which
allow wide-angle scanning on both relevant planes. At the
same time, DRA solutions are also emerging as promising
candidates in this respect. For the second use case scenario,
instead, reﬂectarrays, FPAs, and lens or dielectric resonators
are preferred to other array technologies. In both cases,
integration and manufacturability are key aspects in the
selection of suitable antenna technology, while dedicated
design approaches have to be adopted in such a way so as to
ensure optimal scanning performance with stable gain, lowlosses, and high-eﬃciency characteristics.
In the future, important opportunities will be oﬀered by
the advent of 6G communication systems as broader frequency bands will become available at even higher frequencies. At the same time, new challenges will have to be
addressed, such as those associated with progressively higher
propagation losses and tighter integration between electronic circuitry and antenna subsystems.
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