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Abstract — In the development of a multifunctional and multi-standard analog frontend module in emerging and future wireless systems, multifunction
antenna array is an indispensable component. To this end, the aperture-shared technique has come of age, and demonstrated significant advantages in the
cost-effective design of efficient, compact, multiband, multibeam, and polarization-diversified antenna arrays, particularly with high frequency ratios. In
this paper, various antenna topologies and surface architectures based on this technique, which have been proposed and developed thus far for a wide va-
riety of applications, are reviewed, examined, and categorized to highlight the nature of electromagnetic aperture-shared schemes and merits. Finally, we
briefly discuss future research directions in this context for multifunction millimeter-wave and terahertz wireless systems development.
Keywords — Aperture-shared array, Multiband antenna array, Electromagnetic radiation surface, Polarization-diversified antenna array, Multifunc-
tional antenna array.
Citation — Amirhossein Askarian  and  Ke Wu,  “Aperture-Shared  Radiation  Surface:  A  Promising  Technique  for  Multifunctional  Antenna  Array
Development,” Electromagnetic Science, vol. 1, no. 3, article no. 0030082, 2023. doi: 10.23919/emsci.2023.0008.

 
 I. Introduction
Millimeter-wave  (mmW)  and  terahertz  (THz)  frequency
bands have been selected for and dedicated to the support of
B5G and  6G  wireless  communication  systems  as  a  funda-
mental  solution  to  address  the  spectrum  scarcity  issue  to
improve the capacity/speed of existing wireless systems. In
particular,  those  electromagnetic  frequency  bands  due  to
their  shorter  wavelengths  and  propagation  properties,  are
highly demanded  for  emerging  applications  such  as  imag-
ing, sensing, locating, and spectroscopic systems, which go
far beyond the conventional domains of wireless communi-
cation, as shown in Figure 1 [1], [2]. However, they suffer
from  high  path  loss  and  low  wave  penetration  in  objects,
which presents numerous technical hurdles for wireless sys-
tems. Radiofrequency (RF) and microwave (MW) frequen-
cy bands, in contrast, have the potential to propagate longer
in space, as they present lower propagation loss. However,
due to  the  crowded existing  spectrum,  low data  rate  trans-
mission  and  poor  spatial  resolution  in  these  frequency
ranges,  they  cannot  meet  current  and  future  requirements.
To take  full  advantage  of  each  allocated  frequency  spec-
trum, multiband  operation  is  a  viable  and  promising  ap-
proach [3].

Obviously, multiband and multistandard operation can
be used for a variety of purposes and applications, such as
1)  the  integration  of  radar  and  communication  (RadCom)
functions in a multifunctional transceiver, which provides a
novel low-cost,  low-footprint,  and  power-efficient  multi-
functional intelligent  front-end  module,  2)  synthetic  aper-
ture radar (SAR) applications for acquiring additional infor-
mation about  objects,  such  as  backscattering  and  penetra-
tion information [4]−[6], and 3) in scenarios involving con-
current  power  transfer  and  data  transmission  in  an  IoT-
oriented wireless  systems [7]−[9].  Since  antennas  are  used
to accomplish such critical functions as the “ears and eyes”
of  wireless  systems,  the  most  important  requirement  for
the forthcoming cutting-edge MW, mmW, and THz multi-
functional  transceivers  is  undoubtedly  the  development  of
highly efficient,  compact,  high-gain,  and  multiband  anten-
na arrays with polarization diversity. Of course, the techni-
cal requirements of antenna arrays can differ from one ap-
plication to another.

Conventional  multiband,  dual-polarized  antenna  array
architectures based on the independent and side-by-side ar-
rangement  of  various  antenna  apertures  typically  suffer
from a bulky size, a low aperture efficiency, and an insuffi-
cient  isolation  level  between  different  frequency  bands
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(caused  by  strong  electromagnetic  (EM)  mutual  couplings
and interactions between those antenna arrays). In approxi-
mately  1997,  the  aperture-shared  technique  was  proposed
and  demonstrated  [10]  for  synthetic  aperture  radar  (SAR)
applications, which represents a promising approach for the
development  of  low-cost,  low-footprint,  and  low-weight
multifunctional antenna arrays. This is of particular interest

for  high-aperture-efficiency  multiband  antenna  arrays  with
a  large  frequency ratio,  using a  common antenna aperture.
As  schematically  suggested  in Figure  2, this  emerging  an-
tenna technique  can  be  effectively  applied  to  the  develop-
ment of a low-footprint, multi-functional receiver as well as
a cutting-edge multiband analogue radio-over-fiber (ARoF)
wireless system [11].
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Figure 2  (a) Block diagram of a typical multifunctional receiver integrated with a multiband aperture-shared antenna array; (b) General diagram of a dual-
band ARoF wireless system integrated with a dual-band aperture-shared antenna array.
 

 II. Aperture-Shared Technique
The aperture-shared technique has been studied and exploit-
ed  over  the  past  years  to  successfully  incorporate  diverse
antenna operations, such as multiband, multibeam, multipo-
larization, or any combination thereof, in a shared radiating
surface. The conventional approach is based on the proxim-
ity or simple interlacing of numerous antenna elements op-
erating in different frequency bands [10]. Generally, this is
not  an efficient  solution strategy for  future  multifunctional
wireless systems. Strong mutual coupling, inter-modulation
products, and harmonic components as well as antenna de-
tuning  would  be  some  of  the  undesired  or  even  disastrous
consequences  of  the  conventional  approach  that  severely

degrade the performance of a transceiver. To address these
issues  a  timely  optimization  process  is  imposed  on  the
codesign procedure making this methodology an inefficient
design strategy.

In the  recently  developed  and  demonstrated  innova-
tive  aperture-shared  concept,  each  antenna  element  is
“reused” to operate as a multifunctional component that ef-
fectively contributes  to  the  operation  in  entire  antenna  ar-
ray frequency bands.  In  this  codesign  scenario,  all  EM in-
teractions (resonance, coupling, and propagation, for exam-
ple)  are  utilized  to  achieve  the  desired  or  targeted  antenna
performance.  The  ratio  of  aperture  reuse  (RAR  = Sr/S)  is
used to measure the performance of this technique, where S
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larization-diversity for 5G and 6G wireless systems [1], [2].
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is  the occupied area of  a  larger  radiating structure (operat-
ing in a lower frequency band), and Sr is the occupied area
of  the  radiating  structure  (operating  in  a  higher  frequency
band)  integrated  in  the  larger  radiating  structure  [12].  In
general,  various  antenna  topologies  based  on  the  aperture-
shared  technique  can  be  evaluated  and  compared  using
some  key  factors  as  figures  of  merit  (FoMs),  as  shown  in
Figure 3. Depending on the application scenario, some fac-
tors may be more prominent than others. However, the ma-
jority  of  these  factors,  for  instance,  1)  the  efficiency  (in-
cluding aperture,  radiation,  and  aperture-reused),  2)  isola-
tion, 3) radiation pattern (including cross polarization, gain,
directivity, side-lobe level, and back radiation), and 4) band-
width (including  impedance,  and  gain  bandwidth),  are  es-
sential  factors  that  require  special  consideration during the
design stage for a wide range of applications.
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Figure 3  The general  key  factors  for  evaluating  and  designing  an  aper-
ture-shared antenna array.
 

In  several  applications,  a  specific  structure  geometry
(antenna  profile,  footprint,  and  complexity)  of  an  antenna

array is not a limiting factor, as it may only increase fabri-
cation costs; however, in an integrated design scenario, this
factor becomes a determining and pivotal parameter for se-
lecting antenna types and design methodologies. Therefore,
the types  of  antenna  elements,  feeding  networks,  fabrica-
tion techniques,  antenna  geometries,  and  array  arrange-
ments will  be determined according to the desired applica-
tion  and  performance.  Based  on  the  applications,  different
key  factors  can  be  globally  considered  through  a  unified
metric, namely FoMs in the design stage. For instance, for 5G/
B5G MIMO systems, the isolation, polarization, and band-
width are crucial factors; for antenna on chip (AoC) appli-
cations, the antenna footprint and profile (structure geome-
try)  and  aperture  efficiency  are  key  parameters,  and  for
ARoF applications,  the  bandwidth  and radiation  efficiency
are key factors that need to be considered through FoMs.

This article reviews and focuses on the technical mer-
its and  potential  drawbacks  of  the  “aperture-shared”  tech-
nique in the development of multiband, multibeam, and du-
al-polarized antenna arrays from a historical perspective up
to the most recent research progress in the performance en-
hancement for various frequency ranges and applications. It
is worth noting that this technique has been referred to as or
called  by  a  variety  of  names  in  the  literature,  including
1) shared-aperture, 2) aperture-shared/sharing, and 3) com-
mon  radiating  aperture/surface.  However,  throughout  this
paper, we refer to it as “aperture-shared”.

In  accordance with  the  open literature,  many types  of
aperture-shared antenna arrays have been proposed and de-
veloped in  connection  with  polarization  diversity,  multiple
beams, and frequency bands. As shown in Figure 4, we may
essentially categorize  the  published  techniques  and  struc-
tures in  terms  of  polarization  including  1)  single  polariza-
tion and 2) dual-polarization consisting of dual-linear polar-
ization  and  dual-circular  polarization  in  which  numerous
techniques  for  planar  and  nonplanar  realizations  such  as
SIWs,  metasurface  and  holographic  antenna,  Fabry-Perot
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antennas (2D  leaky-wave  antenna),  transmitarrays,  reflec-
tarrays,  and  metallic  waveguides  have  been  used  in  the
demonstration of aperture-shared antennas.

Figure  5 illustrates  the  evolution  of  publications  on
aperture-shared  antenna  arrays  for  each  major  subdivision
(according to Figure 4). These trends cover journal and con-
ference articles with contributions from both IEEE and non-
IEEE  organizations  and  events.  Obviously,  this  technique
was  first  proposed  for  the  development  of  a  dual-linearly

polarized antenna  array,  which  has  experienced  exponen-
tial  growth,  particularly  in  recent  years.  Thereafter,  it  was
applied to  the  development  of  linear-polarized  (LP)  anten-
nas, which have likewise experienced rapid growth. As de-
picted by the pie graph, single-polarized aperture-shared an-
tenna  array-related  publications  account  for  almost  half  of
all publications. Subsequently, a linear rise in research and
development  interests  in  circularly  polarized  aperture-
shared antennas occurred during the past ten years.
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Figure 5  Chronological trend of aperture-shared publication records (including both journals and conferences) in the global community (extracted from
the Compendex database) according to polarization, and pie chart representing the percentage of publication for each category.
 

 III. Single-Polarized Aperture-Shared Antenna
Arrays

As illustrated  in Figure  5,  single-polarized  aperture-shared
antennas have drawn considerable attention in the past few
years [12]−[45]. Various antenna elements,  such as dielec-
tric  resonator  antenna  (DRA)  and  patches  [13],  patch  and
slot arrays [12], [14], [33], perforated patches [17], patches
and  square  rings  [45],  gap  waveguide  antenna  arrays  [15],
patch  and  grid  arrays  [16],  cavity-backed  slot  arrays  [18],
dipole  and  bowtie  arrays  [19],  [22],  Fabry-Perot  cavity
(FPC) antennas [23]−[27], [29], and metasurfaces [30]−[32],
[46],  [35]−[39],  [41],  [42],  [44], have been used in the de-
velopment of dual-band aperture-shared antenna arrays.
 1. Dual-band and single beam antenna array
A  dual-band  antenna  array  operating  at  26  GHz  and  3.5
GHz  was  proposed  in  [13]. A  2×4  substrate-integrated  di-

electric  resonator  antenna  (SIDRA)  array  operating  at  26
GHz was placed within a 2×2 segmented patch antenna op-
erating  at  3.5  GHz.  Due  to  the  use  of  low-profile  antenna
elements (patch antennas and DRAs), the total profile of the
antenna array is 0.03λ0L, where λ0L is the free space wave-
length  at  the  lower  resonant  frequency.  To  reduce  mutual
couplings, the DRAs were surrounded by metallic  concen-
tric  grooves.  In  addition,  the  element-to-element  spacing
was increased up to 0.75λ0 to further diminish mutual cou-
plings. Due to the large interelement spacing, however, the
scanning  range  of  this  antenna  is  limited  to  ±25°.  The
impedance  bandwidth  of  the  antenna  is  11.7%  and  11.9%
for the lower and higher frequency bands, respectively.

Another dual-band  aperture-shared  antenna  array  pre-
sented in [14] includes a large 3.5 GHz segmented perforat-
ed  patch  antenna  and  two  cavity-backed  1×2  mmW  patch
antenna subarrays. This low-profile, low-footprint, and dual-
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band antenna array operates within 3.38–3.64 GHz and 26.4–
29.8 GHz with 7.4% and 12.1% impedance bandwidths, re-
spectively. Owing to the use of SIW cavities, high isolation
levels are achieved over both frequency bands (45 dB at 3.5
GHz and 40 dB at 28 GHz). Furthermore, the peak gain in
the lower band is 6.9 dBi while it reaches 14.36 dBi in the
mmW frequency band.  The SIW cavity  not  only improves
the isolation level and impedance bandwidth of the antenna
array but also enhances the realized gain by creating a high-
Q resonance at the operating frequencies.

As mentioned earlier, the ratio of aperture reuse (RAR)
is  a  crucial  factor  in  an  aperture-shared  antenna  array  that
can  be  regarded  as  an  FoM.  A  high  RAR  value  indicates
that  the  antenna  aperture  is  being  effectively  used  in  both

frequency bands. A dual-band antenna array that operates at
60 GHz and 3.5 GHz was proposed in [12] with a frequen-
cy ratio of  17.  In this  antenna array,  a  12×12 SIW slot  ar-
ray operates at 60 GHz while the whole surface of the SIW
structure is reused to operate as a large patch antenna work-
ing at 3.5 GHz, as shown in Figure 6. As reported, the RAR
for this  antenna  architecture  is  0.77.  The  maximum  radia-
tion occurs at the antenna edges in the S-band, whereas the
slot  antennas  etched  on  the  patch  antenna  surface  radiate
primarily  at  the  aperture  center  in  the  mmW  frequency
band.  With  the  high-pass  nature  of  the  SIW  structure  and
the  use  of  a  compact  microstrip  resonant  cell  (CMRC)  in
the feeding line, high isolation levels of approximately 130
dB at 3.5 GHz and 65 dB at 60 GHz are achieved.
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Figure 6  Outline of the dual-band aperture-shared antenna array proposed in [12] operating at 3.5 and 60 GHz.
 

Gap  waveguide  (GW)  technology  can  be  adopted  in
the antenna structure to eliminate substrate loss and devel-
op a high-efficiency and high-gain antenna. It is realized by
two parallel  plates  in  which one of  them is  a  metallic  sur-
face  and  the  other  is  a  high-impedance  surface  created  by
periodic  metal  nails  [15].  This  guiding  structure  confines
the EM fields along the propagation path; therefore, the EM
leakage  is  very  low.  Ferrando-Rocher at  el. [15]  showed
that  using  GWs  in  an  aperture-shared  antenna  results  in  a
high-gain and highly efficient dual-band antenna array. The
proposed 8×8 antenna array operates in K-band (19.5–21.5
GHz) and Ka-band (29–31 GHz).

As  illustrated  in Figure  7,  the  radiating  elements  in
both frequency bands are circular apertures.  These circular
apertures are realized by GWs in both layers, which are ex-
cited in two orthogonal polarizations. A grating lobe is an-

ticipated to appear in the antenna pattern as the antenna op-
erates  at  two  distant  frequencies  (20  and  30  GHz),  which
decreases  the  antenna  radiation  efficiency.  To  circumvent
this issue, a waffle grid was designed and applied to the an-
tenna  aperture,  making  the  aperture  fields  uniform  and
eliminating  the  grating  lobe.  The  realized  gain  in  K-  and
Ka-bands  are  26  dBi  and 29.5  dBi,  respectively.  The peak
radiation  efficiency  of  the  antenna  array  is  above  85% for
both frequency bands.

A  multilayer  dual-band  antenna  array  operating  in  S-
and Ka-bands was reported for 5G applications in [17]. The
perforated patch  antenna  (S-band  element)  is  fed  by  prox-
imity  coupling  and  a  3×3  square  patch  array  (operating  in
Ka-band)  was  fed  by  an  aperture  coupling  technique.  To
improve  the  impedance  bandwidth  in  the  S-band,  a  square
ring  antenna  was  introduced into  the  topmost  layer,  which

Aperture-Shared Radiation Surface: A Promising Technique for Multifunctional Antenna Array Development 0030082-5  
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was EM-coupled  to  the  perforated  patch  antenna.  A  band-
width of  around 8% and 19% were reported in  the  S-band
and Ka-band, respectively.

Another  dual-band  aperture-shared  antenna  array  was
designed by  interlacing  bowtie  and  rectangular  slot  anten-
nas for low earth orbit (LEO) satellite communication in [18],
as detailed in Figure 8. The proposed dual-band antenna ar-
ray  functions  in  K-band  (19  GHz)  and  Ka-band  (29  GHz)
with a frequency ratio of 1.5. The 8×8 antenna array func-
tions  in  K-band  consists  of  16  substrate-integrated  coaxial
line (SICL)-fed bowtie slots, while the array in Ka-band in-
cludes 16 cavity-backed SIW-fed slot pairs. With reference
to Figure 8, since the TE120 mode is excited in the cavity, a
pair of slots etched on the top of the cavity are fed in-phase,
generating broadside radiation. The SIW and SICL incorpo-
rated feeding networks are set to drive the Ka-band cavity-
backed slot pair antennas and K-band bowtie slot antennas,
respectively. Owing to the use of the SIW cavity, SIW, and
SICL transmission lines  (TLs),  high isolation level  (50 dB
and  60  dB)  and  broad  impedance  bandwidth  (14.7%  and
20.7%) are achieved in both frequency bands.

As mentioned in [18], the electric field is perpendicu-
lar to  the  cavity-backed  slots  in  Ka-band  while  it  is  trans-
verse to the bowtie slots in K-band; therefore, this antenna
shows  a  vertical  polarization  in  Ka-band  (with  cavity-
backed slots) and a horizontal polarization in K-band (with
bowtie  slots).  The  peak  measured  gains  were  reported  as
21.4 dBi and 22 dBi in K-band and Ka-band, respectively.

The fabrication  of  multilayer  antenna  arrays  typically  in-
volves a time-consuming, expensive, and sophisticated pro-
cedure, which increase the antenna profile, and is therefore
not an appropriate solution for all applications. A novel sin-
gle layer dual band aperture-shared dipole antenna was pro-
posed  in  [19].  This  antenna  operates  at  both  28  GHz  and
3.5 GHz with a 20% impedance bandwidth. A 1×4 array of
Yagi antennas operating at 28 GHz was integrated in a large
dipole antenna operating at 3.5 GHz. To improve the port-
to-port isolation levels, a SIW structure was applied to both
the  Ka-band  and  S-band  feeding  lines.  The  impedance
bandwidth  of  the  Ka-band antenna array  was  improved by
introducing  an  interdigital  coupling  (IDC)  structure.  This
dual-band  antenna  with  a  simple  structure  showed  peak
gain of  7.1  dBi  and  11.3  dBi  in  S-band  and  Ka-band,  re-
spectively.

The Fabry-Perot cavity (FPC) antenna or equivalently
the  2D  leaky-wave  antenna  concept  is  popular  in  antenna
design due  to  its  simple  structure  and ability  to  generate  a
highly directive  radiation  pattern  without  a  complex  feed-
ing network [20], [21], [47]−[50]. The operation of this an-
tenna is  based on partial  leakage of  EM waves that  propa-
gate radially in a cavity, as shown in Figure 9. The cavity is
formed between a  ground plane (at  the  bottom) and a  par-
tially reflecting  surface  (PRS)  at  the  top  separated  by  ap-
proximately half a wavelength. The PRS in its classical and
conventional  form  is  a  metallic  surface  in  which  periodic
discontinuities  (i.e.,  slots)  are  etched  (inductive  PRS)  or  a
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planar surface on a dielectric substrate in which tightly cou-
pled  square  metallic  patches  are  periodically  arranged (ca-
pacitive PRS). The antenna is generally designed to operate
based  on  the  first  higher  order  mode  of  a  parallel  plate
waveguide [48]; therefore, according to the EM field distri-
bution in this mode, it can be efficiently excited by an elec-
tric  current  (dipole)  at  the  middle  of  the  cavity  (where  the
electric  field  is  maximum)  or  a  magnetic  current  (etched

n = 0

n = −1

slot) on  the  ground  plane  (where  magnetic  field  is  maxi-
mum). A uniform/quasi uniform 2D leaky-wave antenna is
realized with an air-filled cavity in which radiation is based
on  the  fundamental  leaky-wave  mode  (or  equivalently  the

 space  harmonic)  [48],  [49]  while  a  periodic  leaky-
wave  antenna  (e.g.,  a  dielectric-filled  cavity  with  a  large
relative permittivity) primarily radiates based on the 
space harmonic [20].
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Figure 9  Conceptual illustration of a 2D leaky-wave antenna excited by a magnetic current on the ground plane.
 

Over the past years, the aperture-shared technique has
been adopted  to  the  FPC  antenna  theory  for  the  develop-
ment of a multiband single and dual-polarized antenna with
a  large  frequency ratio  [22]−[29].  The proposed dual-band
air-filled  FPC  antenna  in  [22]  operates  within  0.68–1.07
GHz  and  1.7–2.7  GHz  with  36%  and  46.5%  impedance
bandwidths,  respectively.  As  shown  in Figure  10,  a  cross-
bowtie  antenna  operating  in  the  higher  band  (called  high
band antenna (HBA)) was placed under four loop antennas
working in the lower band (called low band antenna (LBA))

positioned at the top layer, and then, all  antennas were ex-
cited  by  coaxial  TLs.  In  this  aperture-shared  architecture,
the LBA has some shielding effects, which blocks the HBA
radiation.  To  address  this  issue,  the  authors  added  a  low-
pass  11×11  PRS  (capacitive  PRS)  between  the  HBA  and
the LBA. In a transverse equivalent network (TEN) model,
the PRS is represented by a shunt capacitor; thereby, the ca-
pacitive  PRS  realizes  a  low-pass  circuit.  As  result  of  the
low pass nature of the PRS, it is transparent to the low fre-
quencies  but  opaque  to  the  higher  frequencies.  Therefore,
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Figure 8  Overall and layers views of the dual-band antenna array proposed in [18].
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an  FPC  antenna  was  realized  with  the  HBA  because  the
PRS sheet is partially reflective (opaque) in this band while

having  a  minor  effect  on  the  radiation  of  the  LBAs  (four
loop antennas).
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Figure 10  Outline view, gain profile (for different topologies), and circuit model of the proposed dual-band FPC-based aperture-shared antenna [22].
 

Another PRS layer (PRS 2 in Figure 10) was incorpo-
rated above the LBA to further improve the antenna perfor-
mance. As this  layer  is  highly  transmissive  in  the  low fre-
quency band and reflective in the higher frequency band, it
is set to enhance the gain of the HBA while having no im-
pact  on  the  LBA radiation  as  shown  in Figure  10.  A  PRS
layer can  be  effectively  used  in  two  or  more  distinct  fre-
quency  bands  with  various  functions  as  a  multifunctional
element.  In  this  case,  the  aperture  reuse  ratio  approaches
unity, which improves the antenna performance.  This  con-
cept has been reported in [23], in which the top layer serves
as  a  Fresnel  zone  plate  (FZP)  or  a  PRS  depending  on  the
frequency band.

With  reference  to Figure  11,  a  dual-functional  layer
(PRS and FZP) was applied in [23] for the development of
a dual band aperture-shared antenna operating in the sub-6
GHz (3 GHz) and mmW (28 GHz) bands. An FPC antenna
in the sub-6 GHz band was created by printing periodic grid
patches on the substrate while an FZP lens was realized by
employing periodic  double-screen  dipoles.  These  two  lay-
ers  were  stacked  and  unified  to  form  an  engineered,  dual-
functional layer at the top. Therefore, this layer concurrent-
ly functions as the PRS of an FPC antenna in the sub-6 GHz
band and an FZP lens in the mmW band. To create a high
gain FPC in the sub-6 GHz band, the ground plane should
be highly reflective. However, this highly reflective ground
plane  has  destructive  effects  on  the  mmW  band  since  the
consecutive  reflections  of  EM  waves  between  the  ground
plane and the FZP lens degrade the antenna performance in
the  mmW  band.  To  solve  this  issue,  instead  of  a  solid
metallic  plate,  a  grid-based  ground  plane  was  used,  as
shown in Figure 11. This engineered ground plane is trans-
parent to the mmW band while it is reflective to sub-6 GHz.
This technique improves the radiation pattern in the mmW

while having minor effects on the sub-6 GHz performance
as  illustrated  in Figure  11.  The  FPC  antenna  is  excited  in
the sub-6 GHz by a large patch antenna on the bottom layer,
and a WR-34 waveguide, which feeds the patch antenna at
28 GHz, is housed in an opening within the patch antenna.
The measured gains are 15 dBi at 3 GHz and 20.4 dBi at 28
GHz.

Metasurface theory and SIW techniques have been in-
vestigated over the past years for the development of a mul-
ti-band,  multipolarized,  and  multibeam  antenna  with  an
aperture-shared technique [30]−[46], [51], as elaborated be-
low.  A  metasurface-based  low-profile  (0.04λ0),  and  dual-
band antenna operating in S-band and X-band with a wide
beam  scanning  ability  (±50°)  has  been  proposed  in  [30].
The antenna elements at both bands are square mushrooms
(patches  with  a  metallized  via  at  its  center).  The  designed
multilayer stacked antenna array consists of 11 elements in
a  triangular  lattice  operating  in  S-band  and  8×16 elements
in  a  rectangular  arrangement  operating  in  X-band.  The  S-
band elements were placed under the X-band antenna array
to avoid  radiation  blockage.  This  configuration  and  archi-
tecture allow  the  antenna  to  properly  operate  in  both  fre-
quency  bands  without  grating  lobes  during  broad  beam
scanning.  The measured gain and impedance bandwidth in
S-band are 12.8 dBi and 11.7%, respectively, and these val-
ues are 13.7 dBi and 11.1% for the X-band operation.
 2. Single-band multibeam antenna arrays
Although the  aperture-shared  concept  was  initially  devel-
oped to create multiband antenna arrays, it  can also be ap-
plied to form single-band antenna arrays where multiple ra-
diation beams are generated from a single shared aperture.
The  use  of  SIW is  a  promising  and  well-known technique
that can  be  effectively  applied  to  generate  multiple  radia-
tion patterns from a common aperture in an end-fire anten-
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na array. The SIW incorporated feed beamforming network,
compact SIW Rotman lens, and Butler matrix-fed SIW an-
tenna array  are  some  of  the  examples  of  SIW-based  aper-
ture-shared multibeam antenna arrays that can be employed
in  in-flight  satellite  communication,  automotive  radar,  and
5G mobile devices [34].

n = −1

Holographic leaky-wave theory [35] can be applied to
establish beamforming-free multibeam and high-gain anten-
nas from a single aperture. The number of beams and their
directions are first defined in this technique, and then a cor-
responding  pattern  is  printed  and  arranged  on  a  guiding
structure.  This  pattern  “modulates ”  the  guided  wave  as  it
travels through  the  antenna  structure.  Floquet  spatial  har-
monic  expansion for  periodic  events  is  used to  expand the
aperture EM field and each field component in this expan-
sion is called a “space harmonic”. In a periodic leaky-wave
antenna,  the  radiation  is  primarily  caused  by  the 
space harmonic [20].

In [35], a novel holographic-based 2D leaky-wave an-
tenna  was  reported  for  the  generation  of  four  radiation
beams from a common surface. Surface waves, which serve
as guiding waves in this antenna, are excited at the aperture
center  by a small  monopole antenna.  The antenna aperture
is  then  divided  into  four  sections.  A  sinusoidal-modulated
surface impedance based on the holographic theory was re-
alized in  each section by printing patches of  various sizes.
Excited surface waves in each section are modulated in dif-
ferent manners, resulting in the generation of four radiation
patterns in four directions. A holographic-based dual-beam

and polarization-diversified antenna was described in  [37].
The fundamentals of this antenna are similar to [36]; how-
ever one pattern in this antenna has the vertical polarization
while the other has horizontal counterpart.

A more complicated metasurface-based antenna can be
deployed to generate several radiation beams from the sur-
face.  Gonzalez-Ovejero et  al. [38]  proposed a  novel  meth-
odology for generating multiple beam from a surface with-
out  sectorizing  the  surface.  In  this  technique,  all  apertures
are used for the superposition of several modulations. Each
modulation generates a radiation pattern in a specific direc-
tion. In addition, a scenario based on multiple sources was
investigated in which all radiation beams generated by sev-
eral sources can be combined to generate a single radiation
pattern. This  technique  could  be  adopted  in  some  applica-
tions such as “spatial power combining”.

Table  1 provides a  thorough  summary  of  some  pub-
lished  articles  on  single-polarized  aperture-shared  antenna
arrays,  in which the critical factors of these antenna arrays
are listed and compared for various antenna topologies and
techniques. As shown in this table, the antenna arrays based
on FPCs [13], [23], [25], [26], [28], [29] generally provide
relatively  high  gain,  and  high  aperture-reuse  efficiency,
while these antenna arrays suffer from a high profile struc-
ture  compared  to  the  other  types  of  arrays.  In  contrast,
waveguide  antenna arrays,  including gap waveguides  [15],
SIWs [12] and the antenna arrays in [18], offer high levels
of isolation between frequency bands with very low profile
structures.
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 IV. Dual-Polarized Aperture-Shared Antenna
Arrays

The channel capacity of a wireless system can be improved
by several fundamental techniques such as 1) spatial diver-
sity (i.e.,  using several  antennas operating at  the same fre-
quency), 2) frequency diversity (i.e., using a multiband an-
tenna), and 3)  polarization  diversity  (i.e.,  using a  polariza-
tion-diversified  antenna  operating  at  the  same  frequency),
or any combination of  these  techniques.  Among them,  po-
larization diversity is more spectral and space efficient, and
is less sensitive to channel distortions. In this technique, at
least  two  orthogonal  polarizations  are  used  to  develop  a
full-duplex data transmission system operating in the same
frequency band.  It  can  be  effectively  used  in  the  develop-
ment  of  a  compact,  low-cost,  and  spectrally  efficient  full-
duplex  transceiver.  Thus,  the  development  of  a  space  and
power-efficient,  low-cost,  polarization-diversified  antenna
array with high levels of isolation between the ports and po-
larizations is highly desired. In this section, we first review
several  state-of-the-art  methodologies  for  creating  a  dual-
linearly polarized antenna array, and then, we proceed to a
dual-circularly polarized  antenna  array  based  on  the  aper-
ture-shared technique.
 1. Dual-linearly polarized aperture-shared arrays

 1) Dual/tri-band single-beam antenna arrays
The conventional and classical structure of a dual-band and
single-beam  aperture-shared  antenna  array  realized  by  a
perforated-patch array in the lower band and a square patch
array in the higher band is presented in Figure 12. This mul-
tilayer architecture  is  the  most  prevalent  type for  SAR ap-
plications and has been widely reported in the literature [10],
[52]−[59]. The perforated antenna array at the top is trans-

parent to the radiation of the patch antenna array in the bot-
tom layer. This technique was applied in [10], [53] to devel-
op  a  dual-band and  dual-polarized  antenna  array  operating
in the L-band and C-band with an impedance bandwidth of
100 MHz  and  scanning  range  of  ±25°.  One  of  the  funda-
mental challenges for this type of antennas is to handle and
govern mutual couplings between the antenna elements op-
erating  in  the  higher  frequency  band  (square  patch  array)
and the feeding network of the lower-band array, which are
both  housed  on  the  same  substrate.  To  address  this  issue,
the  interelement  spacing  is  typically  selected  as  0.8λ0 or
0.9λ0, which, in turn, reduces the array scanning ability.

A dual-band antenna array operating in S-band and X-
band  was  designed  in  [54]  using  a  stacked  dipole  antenna
and  square  patches.  In  this  configuration,  the  impedance
bandwidths  for  the  low  band  (S-band)  and  high  band  (X-
band)  are  9%  and  17%,  respectively.  Perforated  patches,
stacked patches, and slim crosspatches were utilized to de-
velop  a  tri-band  (X/Ku/Ka-bands)  aperture-shared  antenna
array  in  [59]  with  impedance  bandwidths  of  3.6%,  6.7%,
and 5.3%. Although this type of antenna array architecture
and topology is  very compact  and allows for  a  wide range
of frequency band selections, it suffers from low impedance
bandwidth, scanning range, and poor isolation.

In recent years, more advanced and sophisticated tech-
niques  have  been  applied  to  develop  multiband  and  dual-
polarized  aperture-shared  antenna  arrays  with  improved
performance (e.g.,  isolation level,  bandwidth,  gain,  and ra-
diation and aperture efficiency) using more complex fabri-
cation  processes  and  technologies  [56],  [57],  [60]−[74].  In
[60],  a  dual-band  and  dual-polarized  antenna  with  vertical
and  horizontal  polarizations  was  proposed  for  operation  in
Ka-band  (33–34  GHz)  and  Ku-band  (15–17  GHz)  with  a
scanning  range  of  up  to  ±50°. Figure  13 shows  a  unitcell

  

Table 1  Summary of the critical factors of single-polarized aperture-shared antenna arrays

Ref. Freq. (GHz) Antenna type Peak gain (dBi)
Fractional bandwidth (%) Peak efficiency (%) Isolation

level (dB)
Scane

range (±°)
Antenna

profile (λ0)Imped. Gain Reuse Rad.

[13] 3.5/26 SIDRA/Patch 5/12.9 11.7/11.9 – – – 40/18 25 0.03

[14] 3.5/28 Perforated patch/ Patch 6.9/14.6 7.4/12.1 – – – 45/40 30 0.04

[12] 3.5/60 Patch/SIW slot 7.3/24 2.6/6.4 –/2.4 77 – 130/65 – 0.02

[15] 20/30 Gap waveguide 26/29.5 10/6 – – 85 – – –

[18] 19/29 Bowtie slot/SIW slot 21.4/22 14.7/20.7 – – 61/33.3 60/50 – –

[19] 3.5/28 Dipole/Dipole 7.1/11.3 20.7/20.5 – – – 15/15 25 –

[22] ~1/~2 Air-filled FPC 8/8 36/46.5 36/46.5 – – – – ~0.5

[23] 3/28 FPC/FZP 15/20.4 4.9/7.1 6.4/7.1 ~100 – 17/10 – –

[25] 0.9/6.5 Patch/FPC 9/16.6 25.6/30.5 25.1/21.3 100 – 40/22 – 0.15

[26] 5.4/25 Reflect array/FPC 15.5/22.4 3.6/16 – 100 – 80/30 – 0.54

[28] 3.45/5 Patch/FPC 13.7/16.8 1.45/2.2 1.45/2.2 100 – 32.6/41.2 – 0.56

[29] 2.4/28 Patch/FPC 8/15 4/2 – 100 – 38/25 – –

[30] ~3/~9 Metasurface 12.6/4.3 10/11.7 10/11.1 – 91 10/21 50 0.04

[31] 2.7/5.75 Patch/Metasurface 7.9/11.7 25.8/3.8 – 100 – 25/20 – –

[32] 3.6/25.8 Metasurface 10.88/22.4 23.45/4.8 – 100 – – – 0.59
 

  0030082-10 Electromagnetic Science, vol.1, no.3



EL
EC

TR
O
M
A
G
N
ET

IC
 S

C
IE

N
C
E

along with radiation patterns of the antenna containing both
Ka-  and  Ku-band  dipole  antennas.  With  reference  to  this
Figure,  to  compensate  for  the  shading  effects  of  Ku-band
antennas  on  Ka-band  antennas  and  improve  the  scanning
ability, parasitic directors were loaded in the Ka-band to in-
crease the height of the phase center in these antennas. The
advantage of this antenna array is that it provides a reason-
able impedance bandwidth while  also offering a  high real-
ized  gain  and  a  wide  scanning  range  in  both  frequency
bands.  The  peak  gains  of  the  antenna  in  Ku-band and  Ka-
band are 19.7 dBi and 22.8 dBi, respectively.

A more complicated structure was designed in [62] for
dual-band  operation  in  S-band  (2.4  GHz)  and  V-band  (60
GHz)  with  a  frequency  ratio  of  17.  A  large  patch  antenna
radiates in S-band and an orthogonal long-slot array etched
on the  large  patch  radiates  in  V-band.  Therefore,  the  sur-
face of the large patch antenna is “reused” for creating slot
antenna  array  in  V-band.  A  circular  V-band  SIW-based
structure with five ports was used to feed the V-band anten-
na, as shown in detail in Figure 14. Since the antenna is dif-

ferentially fed in both frequency bands, a stable beam direc-
tion (particularly  in  V-band)  is  observed over  the  frequen-
cy  band  of  interest.  With  reference  to Figure  14,  the  five-
port  hybrid  junction  consists  of  a  vertical  cylindrical  TL
connected to a circular cavity.

Two differential ports (i.e., 2 and 3 as well as 4 and 5)
excite two degenerate modes (i.e.,  TE11(1)  and TE11(2))  in
the circular cavity. Then, the cavity is connected to the SIW
power dividers on the top layer through port 1. At 2.5 GHz,
a quarter-wavelength coaxial cavity excites the TM01 mode
of the top patch antenna. This antenna shows peak gains of
27.8 dBi in V-band and 8 dBi in S-band.

The  isolation  levels  in  S-band  and  V-band  are  better
than 25 dB and 55 dB, respectively. Although this antenna
shows a high gain and a high isolation level, it still suffers
from low impedance bandwidth. The impedance bandwidths
in S-band and V-band are approximately 3.27% (2.4 to 2.48
GHz) and 3.5% (59.7 to 61.3 GHz), respectively.

The  impedance  and  pattern  bandwidths  are  improved
by  the  concurrent  use  of  magnetic  and  electric  currents  (a
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Huygens source) in antenna design. This type of antenna is
called magnetoelectric  dipole  (ME-dipole)  or  complemen-
tary  antenna  in  literature.  In  fact,  this  antenna  is  well-
known  for  its  broad  impedance  and  gain  bandwidth,  low
cross-polarization,  and  high  radiation/aperture  efficiency.
Although this type of antenna has been investigated and de-
veloped  with  a  variety  of  architectures  and  structures,  a
conventional type is basically realized by using an orthogo-
nal arrangement of a half-wavelength dipole and a quarter-
wavelength patch antenna, which serve as electric and mag-
netic  currents,  respectively  [75].  In  this  scenario,  slot  and
dipole  modes  are  properly  coupled,  realizing  multimode
resonances and wide impedance and gain bandwidths.

An aperture-shared  dual-band  and  dual-polarized  an-
tenna based on an ME-dipole antenna was proposed in [64]
for 5G communication systems. The antenna operates at 2.35
to  3.93  GHz  and  24  to  34  GHz  with  50.31%  and  33.91%
impedance bandwidths, respectively. A 2×2 ME-dipole an-
tenna array operating in the higher frequency band was de-
signed  within  a  large  SIW  rectangular  cavity.  Through  a
proper arrangement of the four ME-dipole antennas, a larg-
er ME-dipole antenna was realized that operates in the low-
er frequecy band.

Therefore,  the  2×2  ME-dipole  antenna  array  was
“reused” to create a larger antenna. Two degenerate-modes
TE120 and  TE210 are  excited  in  the  SIW cavity  for  a  dual-
polarized  operation.  Four  horn  antennas  with  tilted  inner
walls were  then  placed  over  the  four  small  ME-dipole  an-
tennas (a 2×2 array) to increase the realized gain of the ar-
ray. The antenna peak gains are 10.67 dBi at 3.8 GHz and
14.85  dBi  at  32.2  GHz.  Although  high  realized-gains  and
broad impedance  bandwidths  were  reported  for  this  anten-
na, the scanning range of this antenna is limited to ±20°.

A high-gain antenna operating in X-band and Ka-band

was  developed  in  [24] using  the  FPC  concept  in  conjunc-
tion with a transmitarray (TA). According to Figure 15, the
top  layer,  or  shared  surface,  serves  two  functions:  1)  as  a
PRS (an opaque surface)  for  the FPC antenna operating in
X-band,  and  2)  as  a  phase  shifting  surface  (a  transparent
surface with a small attenuation) for the TA antenna operat-
ing in Ka-band, which results in a 100% aperture-reuse effi-
ciency.  The  antenna  architectures  in  both  frequency  bands
are similar,  as both antennas consist  of a feeding source,  a
ground  plane,  and  a  multifunctional  surface  above  the
ground plane. Therefore, independent control frequency re-
sponses of the top layer in both frequency bands are critical
in this scenario. The top layer consists of four stacked dou-
ble concentric rings, which can operate as both a TA and a
PRS. Due to its Cartesian-symmetric design, it can be used
for  dual-polarized  radiation.  Finally,  two  dual-polarized
patch antennas were employed and placed at the proper po-
sitions to feed the dual-functional aperture in both frequen-
cy bands. This antenna successfully achieves high levels of
isolation between frequency bands, 15 dB for Ka-band and
30 dB for X-band, respectively. The peak realized gains are
14.8 dBi and 24.4 dBi at 10 GHz and 28 GHz, respectively.

Recently, a class of dual-band aperture-shared antenna
arrays based on electromagnetic transparent structures (i.e.,
cross dipole in [76], [77] ) has been proposed for base sta-
tion  antenna  systems  [76]−[78].  These  antennas  achieve
electromagnetic  transparency  for  high-frequency  antennas
through  the  design  of  low-frequency  subarrays,  thereby
avoiding  blockage  of  high-frequency  antennas  by  low-fre-
quency antennas.
 2) Single-band and single-beam antenna arrays
Unlike conventional  dual-polarized  aperture-shared  anten-
na arrays (c.f. Figure 12), which are intended to operate in
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multiple  frequency  bands  with  orthogonal  polarizations,
this type  of  array  is  designed  to  function  in  a  single  fre-
quency band while sharing a common radiating surface be-
tween two or more radiation beams with orthogonal polar-
izations [61], [63]. This type of antenna can be employed in
a wireless  communication  system to  boost  the  channel  ca-
pacity and reduce the effects of multipath fading.

A 15-layer (with Ferro A6M with εr = 5.9 and a thick-
ness of 94 μm for an individual layer) 16×16 antenna array
produced  with  low-temperature  co-fired  ceramic  (LTCC)
process was designed in [60] to operate at 60 GHz, offering
both vertical and horizontal polarizations. The radiating ele-
ments  are  SIW  cavity-backed  slot  antennas,  and  they  are
fed by an incorporated vertically coupled SIW feeding net-
work. The port-to-port isolation level is 22 dB and the peak
aperture,  and radiation efficiencies are 87.1% and 50% for
both  polarizations,  respectively.  This  antenna  provides  a
peak realized gain of 24.6 dBi in both polarizations. As re-
ported in [63], a 4×4 single-band and dual-polarized anten-
na  array  was  designed  to  operate  at  23–29.7  GHz  with  an
impedance bandwidth of 25.4%. The radiating elements are
differential-fed  ME-dipole  antenna,  which  were  fed  by  L-

probes.  The  port-to-port  isolation  level  is  18  dB,  and  the
aperture efficiencies are 55% in both polarizations.
 2. Dual circularly polarized aperture-shared arrays
Circular polarization (CP), which is widely used in satellite
communications, can  be  used  in  a  variety  of  wireless  sys-
tems to  reduce  polarization  mismatch  losses,  and  offer  ro-
bust  immunity  to  channel  multipath  distortions.  Several
techniques  for  generating  CP  radiation  in  antenna  arrays
have been proposed in the literature, including using LP an-
tenna  elements  and  then  an  LP-to-CP  polarizer  surface
close  to  the  antenna  aperture  [79],  employing  CP  antenna
elements  [80]−[82],  exploiting  LP  antenna  element  along
with  the  sequential  rotation  technique  in  feeding  networks
[82]−[85],  using  two  orthogonally  overlapped  LP  antenna
arrays  with  a  90°  phase  difference  between  their  feeding
networks  [86],  and  using  metasurfaces  [87].  This  section
begins with a review of dual-band and dual circularly polar-
ized (DCP)  antenna  arrays,  and  then  proceeds  to  a  discus-
sion on single-band and DCP antenna arrays using aperture-
shared techniques.
 1) Dual-band and single-beam antenna arrays
A  dual-band  DCP  antenna  operating  in  K-band  and  Ka-
band  was  designed  and  analyzed  in  [79].  The  antenna  has
right-hand CP (RHCP) radiation from 19.7 to 20.2 GHz and
left-hand CP (LHCP) radiation from 29.5 to 30 GHz. First,
the dual-band LP aperture-shared  antenna  array  was  creat-
ed by interlacing loop antennas of various sizes. This anten-
na array was used as a source to launch LP radiation. A du-
al-band LP-to-CP polarizer  sheet  was then placed over  the
dual-band LP aperture-shared antenna array to generate du-
al-band CP radiation, as shown in Figure 16. The CP anten-
na array can provide a wide beam scanning range (±55° to
±60°) with an axial ratio (AR) of less than 4 dB in both fre-
quency bands.

Since  the  polarizer  is  in  the  near-field  of  the  antenna
array, both  co-  and  cross-polarization  components  are  re-
flected from it, which degrades the antenna performance. In
this  case,  the  reflected  waves  were  properly  considered  in
the design, and the antenna and polarizer components were
accordingly  optimized.  The  measured  peak  gains  at  19.95
and  29.75  GHz  are  17.65  and  20.94  dBi,  respectively.  As
shown in Figure 16, the gain drops by 4.3 dB when antenna
scans up to 55°. The aperture efficiencies at 19.95 and 29.75
GHz are 81.4% and 77%, respectively.

In [80], a SIW cavity-backed slot antenna integrated in
a square patch antenna was proposed as a radiating element
for  the  development  of  a  dual-band  and  DCP  aperture-
shared antenna array operating in X-band and C-band. The
X-band  antenna  element  is  a  cavity-backed  circular  slot
with  two  perturbation  vias  symmetrically  positioned  at  a
proper distance around the slot. These two vias separate the
two degenerate modes of TE102 and TM201 in the cavity and
generate a CP wave. A square patch antenna in C-band was
designed with a set of asymmetrically placed vias loaded on
the diagonal line. These two vias effectively excite two de-
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generate modes, TM010 and TM100, in the patch antenna, re-
sulting in the radiation of a CP wave in C-band. These two
antennas  were  stacked  together  in  a  two-layer  structure  in
which the bottom layer contains the via-loaded patch oper-
ating in the C-band and the SIW cavity-backed slot antenna
operating in X-band is at the top. Due to this compact struc-
ture, the aperture-reuse efficiency is 88.3%. The AR band-
widths  are  1.04% in  the  band  of  5.765  to  5.825  GHz,  and
0.75% in the band of 9.29 to 9.36 GHz. The peak gains are
8.4 dBi and 6.35 dBi in C-band and X-band, respectively.

In [83], a 4×4 DCP waveguide antenna array was pro-
posed for dual-band operation in K-band (20 GHz) and Ka-
band  (30  GHz)  with  RHCP  and  LHCP,  respectively.  As
shown in Figure 17, the antenna element is a dual-port and
DCP waveguide horn connected to a square feeding waveg-
uide with a ridged septum polarizer. The five-section ridge

polarizer  inside  the  square  waveguide  transforms  the  TE10
mode to the TE01 mode, and a 90° phase shift is realized by
adjusting the septum polarizer size to generate CP wave. To
eliminate grating  lobes  in  the  radiation  pattern,  some  cor-
ner stubs  were  introduced  into  the  radiating  cavity  to  uni-
formize the aperture field distribution. The sequential rota-
tion feed technique was then used to improve the CP prop-
erties.  The  overlapped  impedance  and  the  AR  bandwidths
(AR < 2  dB)  are  20% (18–22 GHz)  for  RHCP and 13.3%
(28–32  GHz)  for  LHCP.  The  measured  peak  gains  in  K-
band and Ka-band are 23.94 and 26.87 dBi, respectively.
 2) Single-band and single-beam antenna arrays
A 15×15 single-band DCP antenna array was designed in [86]
for operating at 94 GHz. The antenna consists of two layers,
the bottom layer of which is made up of two overlapped or-
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thogonal  long  SIW slots,  while  the  SIW feeding  networks
are located at the top layer, as illustrated in Figure 18. Two
SIW 16-way power dividers in the first layer are excited by
a 90° coupler to provide the required phase shift for CP ra-
diation.  The two layers  are  EM-coupled by slots  etched in

the SIW line. The isolation level between RHCP and LHCP
is better than 15 dB and the antenna has a peak gain of 26
dBi  with  a  total  radiation  efficiency  of  57.5%  at  94  GHz.
And  the  AR  bandwidth  is  approximately  1%  (93.5–94.5
GHz).
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Figure 18  Overall configurations of the single-band and dual circular-polarized antenna array proposed in [86].
 

Table  2 provides  a  comprehensive  summary  on  some
published articles for dual-polarized aperture-shared anten-
na  arrays,  in  which  critical  factors  of  these  antenna  arrays
are listed and compared for various antenna topologies. As
indicated,  the  dual-polarized  ME-dipole  antenna  arrays
[63], [64] provide a large impedance bandwidth, and mod-
erate peak gains, and isolation levels between polarizations
as compared to the other types of antenna arrays. Unlike the
ME-dipole antenna arrays, the waveguide antenna arrays [83]

can provide high gain and isolation levels in both frequen-
cy  bands  while  a  more  complicated  fabrication  process
should be adopted for realization. The types of antenna ar-
rays are selected considering both the advantages and disad-
vantages  of  each  type  of  antenna  array  and  depending  on
the applications and required specifications.

 3) Single-band and multibeam antenna arrays

In  recent  years,  a  class  of  design methods  based on quasi-

  

Table 2  Summary of the critical factors of dual-polarized aperture-shared antenna array

Ref. Freq. (GHz) Antenna type Peak gain (dBi)
Bandwidth (%) Peak efficiency (%)

Isolation (dB) Scan. range (±°) Pol. (Dual)
Imped. Pattern Aper. Rad.

[54] 1.25/9.65 Patch –/26 6.4/3 – 50/40 – 40/40 20 LP

[56] 5.3/9.6 FPC 16.4/~21 3.7/2.1 4.5/7.3 – 61.5/62 25/35 15 LP

[57] 9.6/14.8/34.5 Patch 13.8/18.1/19.2 3/2/8.7 – – 85/82/80 25/25/25 – LP

[60] 16/34.5 Dipole 13.5/22.8 12.5/8.7 12.5/8.7 – 90/75 – 50 LP

[61] 60 SIW slot 24.6 12.2 – 87.1 50 22 – LP

[62] 2.4/60 Patch/ slot 8/27.8 3.27/3.5 – – – 25/55 – LP

[63] 26.3 MED 19.8 25.4 – 55 – 25.4 – LP

[64] 3.5/28 MED 10.67/14.85 50.3/33.9 – – 80/70 55/33 20 LP

[65] 2.2/3.55 Ring/FSS 8.6/7.2 40/14.1 – – – – – LP

[67] 2.47/8 Patch 8.5/10.8 22/19.3 – – – 32 – CP/LP

[79] 19.9/29.7 Ring 17.65/20.94 2.5/1.6 – 19.95/29.75 – – 55/60 CP

[80] 5.77/9.3 Patch/Slot 8.4/6.35 4.5/2.7 – – – – – CP

[83] 20/30 Waveguide 23.9/26.8 20/13.3 – 61.4/53.6 – 40/40 – CP

[81] 1.15/6 Patch/FPC 5.8/13.8 3.9/9.9 – – – 35/20 – CP

[84] 5.3/8.2 Patch 14.5/17.5 21/21.2 – 59.4/55.6 – 15/20 – CP

[87] 20/30 Patch 27/28.5 15.8/13 14.1/11 35.3/23.9 – – – CP
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icosahedron (QICO) models  has  emerged that  utilize  dual-
polarized feeding antennas and Luneburg lenses to achieve
dual-polarized  aperture-shared  multibeam  antennas  [88].
Benefitting  from  the  structural  symmetry  of  the  Luneburg
lens, this type of antenna exhibits excellent performance in
terms of a wide operating bandwidth, wide axial ratio band-
width  (with  33.1% from 26.5  to  37  GHz),  and  wide  beam
scanning  angles  with  five  LHCP  and  five  RHCP  beams
with gains of 19–21.2 dBi and mutual coupling lower than
−20 dB.

 V. Future Prospects and Research Directions
According  to  the  published  literature,  the  aperture-shared
technique has shown numerous fascinating advantages over
traditional antenna array techniques that merit further inves-
tigation  and  development.  As  suggested  and  predicted  by
Figure 19, this technique could be further expanded and re-
searched in four main directions as elaborated and elucidat-
ed in the following subsections.
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Figure 19  Future prospects and research directions for the aperture-shared
antenna technique.
 

 1. Terahertz
As the  THz  regime  offers  unprecedented  merits  for  wire-
less systems,  it  has become increasingly accessible and at-
tractive for some applications such as nondestructive sens-
ing  and  imaging,  and  short-range  gigabit  (or  even  greater)
wireless communication. As a result,  the development of a
multiband,  dual-polarized,  and  high-gain  aperture-shared
antenna array for the upcoming multifunctional THz trans-
ceiver would be necessity. Excessive losses in both RF cir-
cuits and air (path loss), on the one hand, and a scarcity of
high-power  RF  sources  in  this  frequency  regime,  on  the
other  hand,  necessitate  the  investigation  of  high-gain,  and
highly space-  and  power-efficient  aperture-shared  tech-
niques  and  architectures  based  on  innovative  technologies
and methodologies.
 2. Integration
Due to the unavoidable loss in TLs and matching networks
(MNs)  in  mmW and THz systems,  deep  integration  (with-

out  TLs  and  MNs)  of  antennas  with  active  circuits  [89]
would be a principal design scenario of upcoming RF inte-
grated circuits.  In this design scenario, all  components and
functions  including  radiating  elements,  biasing  networks,
active circuits, TLs and MNs are aggregated and handled in
a  multifunctional  component  called  unified  circuit-antenna
(UNICA). Thus,  the development of  a  low-footprint,  high-
ly  aperture-efficient  aperture-shared  antenna  array  with  a
spartan structure and an architecture suitable for direct inte-
gration  of  active  circuits  with  antennas  is  indeed  a  pivotal
demand.

On  the  other  hand,  seamless  integration  of  antennas
with  active  circuits  is  necessary  to  eliminate  the  loss  and
parasitic effects  of  bond wires  in  integrated design scenar-
ios,  particularly  in  ARoF-based  wireless  systems  (c.f. Fig-
ure 2(b)). Since active circuits (transistors, diodes, photodi-
odes, laser diodes, etc.) are implemented on materials with
high relative permittivity (e.g., Si, SiGe, and InP), a highly
power-efficient  aperture-shared  antenna  array  should  also
be  implemented  on  materials  with  high  permittivity  [20],
[21].  In  this  case,  new  sets  of  space  and  power-efficient
techniques  for  controlling  surface  waves,  reducing  mutual
couplings  [90],  eliminating  scan  blindness,  and  edge
diffractions, and improving the antenna array radiation pat-
tern, gain, and impedance bandwidths (e.g., using magnetic
materials [91] etc.) need to be further investigated.
 3. Multifunctionality
Multifunctional wireless systems are one of the present and
future prospects  for  wireless  communication,  including  in-
telligent  transportation  systems  (ITSs)  [4],  [5],  integration
of  sub-6 GHz and mmW data  communication [3], integra-
tion of radar and communication (RadCom) [5], concurrent
power and data communication for IoT-oriented systems [7],
and synthetic aperture radar (SAR) applications. The devel-
opment  of  such  multifunction  systems  heavily  relies  on
multiband  antenna  arrays.  As  previously  mentioned,  the
aperture-shared technique is one of the approaches that has
promised  for  developing  a  multiband  antenna  array  with  a
small footprint,  a  lightweight,  and  high  efficiency.  There-
fore, further investigations should be undertaken to address
the growth of various aperture-shared techniques based on a
variety of applications.
 4. Aperture-reuse efficiency
As previously  stated,  the  innovative  aperture-shared  tech-
nique in antenna design is centered on the “reusing and re-
functioning ”  of  each  component  and  radiating  element  to
operate successfully and constructively in all antenna func-
tions  [12],  [23],  [24],  [62],  [92].  In  this  case,  according  to
the definition, the aperture reuse ratio would approach uni-
ty, or  equivalently  the  aperture-reuse  efficiency  would  ap-
proach 100%. In this scenario, all mutual couplings and EM
interactions could  be  incorporated  and  constructively  con-
sidered during the design process for effective and positive
employment in all  antenna functions.  As a result,  the need
for complex decoupling mechanisms and structures will be
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relaxed,  potentially  resulting  in  antenna  simplification  and
cost reduction. This design strategy merits further investiga-
tion and research.

 VI. Conclusion
In this article, numerous techniques and design approaches
for  the  development  of  multifunctional  antenna  arrays
based on the aperture-shared technique were reviewed and
studied. The published works were primarily classified ac-
cording to polarization, which including 1) single polariza-
tion and 2) dual polarization, which were further subdivid-
ed into  dual-linear  polarization  and  dual-circular  polariza-
tion,  and each subsection was expanded and elaborated on
the basis of open literature results from technical and appli-
cation perspectives. Finally, future research directions were
discussed and forecasted in the three fundamental aspects of
the terahertz  regime,  integration,  and  aperture-reuse  effi-
ciency. This  technique,  we  believe,  is  a  promising  ap-
proach for  realizing  multifunctional  and  multistandard  an-
tenna arrays for existing and upcoming wireless systems.
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