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Abstract—This paper presents a novel anisotropic metasur-
face (AMS)-based integrated antenna system to facilitate dual-
polarized fan-beam patterns with independent beam-scanning
ability. In the proposed configuration, the antenna subsystem
comprises a specially designed differentially fed microstrip patch
antenna (source antenna) along with a polarization rotator (PR).
The differential antenna arrangement is realized using a square
shaped microstrip patch capacitively coupled with two metallic
strips, which are connected to a specially designed wideband
hybrid coupler using two metallic vias for the microstrip feeding.
This source antenna is loaded with a PR by placing it at a height
of 0.351¢ from the radiating aperture. The PR comprised two
identical metallic layer patterns, separated by two substrates.
Depending upon the relative orientation of these layers, the polar-
ization of the linearly polarized impinging spherical electromag-
netic (EM) waves (originating from the source antenna) either
remains preserved or gets rotated by 90° while transmitting
through this PR. After realizing the antenna subsystem, a novel
AMS lens is designed and placed above the PR. The proposed
AMS lens is realized by integrating two cylindrical MS (CMS)
lenses, CMSy and CMSy. This integration provides a unique
phase profile to the AMS lens, thus introducing appropriate phase
correction to the incident orthogonally polarized spherical EM
waves along their respective polarization direction. The proposed
configuration of AMS lens, thus, results into formation of the
independent dual-polarized fan-beam radiation beams. Finally,
the steering of the generated fan-beams along the direction of
their respective polarization is facilitated using the proposed sys-
tem by translating the AMS lens parallel to the source antenna.

Index Terms— Anisotropic metasurface (AMS), beam-
scanning, capacitive coupling, cylindrical phase profile,
differential feed, dual-polarized, fan-beam, hybrid coupler,
polarization rotator (PR).

I. INTRODUCTION

N MANY applications such as the airborne collision

avoidance system, the resolution in the azimuth plane is
more critical than in the elevation plane (or vice versa).
Under these situations, the fan-beam-like pattern is more
effective than the pencil-beam pattern in order to facilitate fast
scanning of the target area [1]. The antennas with fan-beam
radiation patterns are also demanded for various applications
such as the imaging [2], [3], the satellite communication [4],
the wireless communication [5], and the radar detection [6].
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These antennas are especially required in the radar config-
urations like pulse radar [1], the Doppler weather radar [7],
the automotive radar [8], and the scanning millimeter wave
radar [9]. In the fan-beam pattern, the half-power beamwidth
along the azimuth and elevation planes are different and its
ratio varies from 2 to 25, as per the system requirement [10].
In order to achieve the fan-beam-type radiation pattern, dif-
ferent configurations based on the reflector antenna [2]-[4],
the antenna array [1], [5], the dielectric lens antenna [11],
just to name a few, have been reported in the literatures.
However, problem of radiation blockage in reflector antennas
and high losses in the feed structure of antenna array may
deteriorate the overall performance of these kinds of antenna
configurations. Although the antenna configuration reported
in [11] mitigates these shortcomings (radiation blockage and
feed losses) up to certain extent, the complex design process of
the dielectric lens involving different dielectric materials seems
less attractive from the implementation point of view due to
various fabrication constraints. Apart from the requirement
of the fan-beam-type radiation pattern, most of the point-to-
multipoint communications, the aircraft landing, the RF imag-
ing, and the radar configurations preferably use dual-polarized
antennas in order to avoid any interference at the transmit-
ting/receiving stations [2], [3]. In these kind of configurations,
dual-polarized fan-beam-type radiation patterns have usually
been obtained in the past by utilizing two separate antenna
systems, resulting into overall bulky configuration. In order
to facilitate effective communication between the transmitting
and the receiving antennas in all types of situations, the
inclusion of scanning capability using the single antenna for
such kinds of dual-polarized fan-beam antenna configurations
appears to be quite desirable.

It is investigated in this work that the dual-polarized fan-
beam compact antenna system with beam-scanning capabil-
ity can easily be realized by utilizing the transmission-type
metasurface (MS)-based lens structure. An MS inspired
lens structure basically modulates the phase of the imping-
ing electromagnetic (EM) waves and, thus, radiation beams
with different shapes such as pencil-beam, multiple-beam,
or fan-beam can be obtained [12], [13]. Recently, numerous
structures based on MS lens have been reported to focus
the radiation beam either into a single direction using the
pencil-beam pattern [14]-[16] or along multiple directions
using the multiple-beam pattern [17]. In order to tilt and
further steer the direction of pencil-beam pattern, the MS
structures with high transmission/reflection characteristic have
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also been presented [18]-[22]. From the above discussion,
it can be inferred that the simple MS-based lens struc-
tures have been employed in the past for processing the
pencil-beam pattern. However, they have not been widely
utilized for generation and steering of the fan-beam pat-
tern. Moreover, the reported MS-based structures were usu-
ally polarization independent and, hence, their response is
not suitable for obtaining the dual-polarized configuration.
Therefore, a new kind of polarization-sensitive MS that is
an anisotropic MS (AMS) is investigated in this work for
obtaining dual-polarized configuration. This AMS (also known
as the birefringent MS) can actually be used to control the
amplitude and the phase of the impinging EM waves depend-
ing upon their polarization state [23]. It should be noted here
that the previously reported AMS-based configurations have
primarily been utilized for focusing, diffusing, phase shifting,
or separating the two orthogonally polarized impinging EM
waves in the reflection/refraction mode [24]-[28].

The major focus of this work is to design a novel
AMS lens-based compact integrated antenna system to
facilitate dual-polarized fan-beam patterns with independent
beam-scanning ability. This type of configuration is achieved
here with the help of a source antenna [differentially fed
microstrip patch antenna (MPA)], a polarization rotator (PR),
two actuators, and the newly designed transmission-type AMS
lens. The source antenna in the present situation is realized
using a MPA along with a differential feed arrangement. Due
to this kind of arrangement, the source antenna can generate
spherical EM waves with low cross-polar radiation, which are
basically suitable for effectively illuminating the AMS lens
in order to obtain fan-beam pattern with satisfactory radiation
characteristics. The proposed source antenna is novel in terms
of its specific design, where both the radiating aperture and
the feed network (comprising a hybrid coupler and metallic
strips) are sharing a common ground plane. The PR in
the proposed configuration comprises two identical metallic
patterned layers, and for controlling the relative orientation of
these metallic layers, a passive mechanical system (designated
as the actuator-1) is used here. This PR can directly process
the incoming spherical EM waves as it is placed in the near
field of the source antenna. The linearly polarized EM waves
originating from the source antenna may pass through the PR
either with the same or 90° rotated polarization depending
on whether the two metallic layers of the PR are parallel
or orthogonally oriented to each other. Therefore, with the
help of actuator-1, the antenna subsystem (source antenna
and PR) can generate two orthogonally polarized EM waves
which are separately used to illuminate the aperture of the
newly designed AMS lens. The planar AMS lens proposed
here is quite novel as it is the first configuration of this
type, comprising two individual cylindrical MS (CMS) lenses,
CM Sy and CM Sx. The phase distribution across the aperture
of both CMSy and CM Sy lenses is cylindrical in nature,
oriented along the Y- and X-directions, respectively. In the
design process of AMS lens, first the basic design parameters
of the CMS lens are analytically obtained from the basic theory
of optics. After this, both the designed CMS lenses (CM Sy
and CM Sy) are integrated in order to obtain a single AMS
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lens structure. Due to this kind of integration, a unique phase
profile of the AMS lens is obtained which facilitates phase
correction for both types of orthogonally polarized impinging
spherical EM waves (originating from the antenna subsystem)
along the direction of their respective polarization only. As a
result, two independent fan-beam-like radiation patterns with
narrow beamwidth along the direction of their polarization
and a wider beamwidth along the orthogonal direction are
obtained. Now, in order to effectively scan the 2-D space,
with the help of one passive mechanical system (actuator- 2),
the AMS lens is translated by a distance of 60 mm along
the direction of polarization of EM waves (where beamwidth
is comparatively less) resulting into the beam steering in the
elevation plane with the total scanning range of 60°.

To summarize, in the proposed configuration, the polariza-
tion rotation capability of the PR (aperture length: Lpr =
1.92540) in addition to the polarization-dependent phase cor-
rection ability of the proposed AMS lens (aperture length:
Ly = 3.851p) are utilized by placing them at a height
of 0.351p and 0.774¢ from the source antenna, respectively.
The overall height of the proposed configuration (including a
source antenna, a PR, and an AMS lens structure) is around
28.92 mm (Ag), which reveals its compactness. Moreover,
the designed PR and the AMS lens in the proposed config-
uration are quite thin planar structures with the individual
thickness of only 0.074¢ and 0.165/¢, respectively. To the best
of authors’ knowledge, this type of AMS-based multifunction
integrated antenna system with a compact configuration has
not been earlier proposed in the literature.

II. OPERATING PRINCIPLE AND DESIGN GUIDELINES

In this section, the operating principle, the basic design
guidelines, and the simulation method of the proposed con-
figuration are elaborated. The proposed planar AMS lens
is basically a combination of two identical CMS lenses,
CMSy and CM Sy, which are oriented along the orthogonal
directions. Since the design guideline and the corresponding
beam-scanning principle for both the CMS lenses are the same,
only a single CMS lens (CM Sy) is elaborated here.

A. Design Guideline of the Cylindrical MS (CM Sy) Lens

In the proposed configuration, the source antenna is linearly
polarized along the Y-direction and generates EM waves with
the spherical wavefront, as shown in Fig. 1(a). Here, the
Y-component of the electric field (Ey) dominates over other
electric field components that are Ex and Ez. To obtain a
fan-beam-like pattern, these spherical EM waves are incident
on a specially designed CMS lens (CM Sy) by placing it at a
focal distance F from the aperture of the source antenna. The
cylindrical phase profile (¢;, i = 1 to n) of CM Sy lens along
the Y-direction is obtained here by discretizing it with 2n
number of unit cells (UCs), denoting by UC; (i = 1 to n). The
aperture dimension of this lens is L4 x L4, whereas the lateral
dimension of each UC; is Lyas x Lya. In this case, these
UCs are symmetrically oriented from the center of the CM Sy
lens along the Y-direction, as depicted in Fig. 1(a). Here,
the UCs placed in the middle of the CM Sy lens introduce
maximum phase delay to the impinging EM waves, whereas
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Fig. 1.  (a) Phase correction of Ey of spherical EM waves along the
Y-direction by using CM Sy lens. (b) Two orthogonally oriented fan-beam
patterns with the orthogonal polarizations.

this phase delay gradually decays as one moves away from the
center along the 4+Y- and —Y-directions. Due to this type of
cylindrical phase distribution, the CM Sy lens provides phase
correction for the Y-polarized impinging spherical EM waves
along the Y-direction only resulting into the fan-beam-like
radiation pattern with the narrow beamwidth along the same
direction (Y -direction).

The spherical EM waves originating from the source
antenna are impinged on the UC; of the planar lens by
traveling a distance of L;. This distance (L;) is traveled by
the EM waves along a path, making an angle of a; from
the normal direction (Z-direction). Here, the unit cells UC;
(i = 1 to n) of the discretized CM Sy lens are introducing
progressive transmission phase delay of ¢; (i = 1 to n) to
the impinging Y -polarized spherical EM waves. Due to which
the phase of these spherical EM waves are corrected along the
same Y-direction. In order to obtain plane EM waves (along
Y-direction) at the output of CM Sy lens while illuminating
through Y-polarized (Ey) spherical EM waves, the different
transmission phase delay ¢; required for each UC; of CM Sy
lens can be calculated using the following relation:

kL; + ¢; = constant(i = 1,2...n) (1

where k(= 2z /) is a wave propagation constant in the free
space. Here, distance L; can easily be calculated using basic
trigonometry, as given below

L =F/Cos(ai),a; = tanfl{{LUA x (i —0.5)}/F} (2)
where
La=2nxLyy. (3)

Therefore, using the given values of focal distance F,
the CMS aperture dimension L4, and the number of UCs
2n, the transmission phase delay ¢; required by each UC
(UCj) can easily be determined. This 1-D phase correction
actually facilitates a fan-beam-like radiation pattern with a
narrow beamwidth along the direction of polarization of EM
waves (Y -direction in this case) and a wide beamwidth along
the orthogonal direction, where the cross-polar component of
the corresponding EM waves is oriented.

B. Fan-Beam Scanning

It is observed that the system with this kind of fan-beam
pattern can easily detect any object located in the direction
of its wide beamwidth. However, sometimes detection may be
quite challenging if the object is placed along the orthogonal
direction, where beamwidth of the corresponding fan-beam
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is somewhat less. Therefore, in order to effectively scan 2-D
space, this fan-beam is now being steered along the direction
of its polarization, where the beamwidth is comparatively less.
This 1-D beam scanning in the elevation plane (the Y Z plane)
is obtained here by translation of the CM Sy lens along the
direction of polarization (which is Y-direction in this case)
of fan-beam. This translation of the lens actually introduces
a linear phase slope along the direction of its movement,
resulting into the beam tilts in the Y Z plane by an angle
of Oy from the normal direction. From simple array theory,
the direction of the main beam (fy) can be estimated as

Oy =sin"'{Ayy/(k x Lya)}. 4)

Here, Ayy a relative phase difference between the feed
signals of the consecutive UCs of the lens is actually intro-
duced by the movement of the lens. From the above relation,
it is found that the continuous translation of the lens provides
gradual variation in Ayy, resulting into the fan-beam scanning
(varying fy) along the direction of the lens movement.

C. Source Antenna, PR, and AMS Lens

From the above discussion, it can be observed that the
configuration of source antenna and C M Sy lens can facilitate
both the generation and the 1-D scanning of the Y-polarized
fan-beam pattern. In order to enhance the capability of the
system in terms of polarization and beam scanning, in lieu of
using simple CM Sy lens, a novel AMS-based lens structure
is utilized here. This AMS lens is basically a combination
of two orthogonally oriented CMS lenses that are CM Sy
(oriented along the Y-direction) and CM Sy (oriented along
the X-direction), which facilitate two orthogonal cylindrical
phase profiles using a single lens structure. Due to this novel
phase profile, the AMS lens corrects the phase of Y- and X-
polarized spherical EM waves along the Y- and X-directions,
respectively. The value of transmission phase delays (¢;)
introduced by UC; of the AMS lens is maximum at the center
of its aperture and it is gradually decaying in the Y- and
X-directions for the Y-polarized (Ey) and X-polarized (Ex)
impinging spherical EM waves, respectively. Hence, this AMS
lens can facilitate two individual fan-beam-like radiation pat-
terns corresponding to two orthogonally polarized impinging
EM waves, as also shown in Fig. 1(b). The beamwidth of these
fan-beams are narrow in the direction of their polarization
and wide in the orthogonal directions, where corresponding
cross-polar component of the electric field is oriented. In order
to scan the 2-D space more effectively, these orthogonally
polarized fan-beams are individually steered in the direction
of their polarization by in-plane translation of the AMS lens,
as already discussed in Section II-B.

It is important to note that due to the special design of the
AMS lens (comprising CM Sy and CM Sx lenses), apart from
correcting the phase of the copolar radiation, it certainly affects
the phase of cross-polar radiation, which may degrade the
overall radiation performance of the proposed configuration.
In order to overcome this problem, the AMS lens in the
present situation should be illuminated through the spherical
EM waves with the low cross-polar radiation component.
By reducing the cross-polar radiation level of the EM waves
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by the source antenna itself, the AMS lens would produce
fan-beam radiation patterns more precisely. Therefore, for the
polarization purity (low cross-polar radiation), a differentially
fed linearly polarized (in Y-direction) MPA is used here as a
source element. Moreover, in order to illuminate the AMS lens
with two orthogonally polarized spherical EM waves individ-
ually, a PR is placed in the cavity formed between the source
antenna and the AMS lens. This PR either maintains the polar-
ization (Ey) of the impinging spherical EM waves originating
from the source antenna or rotates it by 90° to achieve spher-
ical EM waves with the orthogonal polarization Ex. These
two independently obtained orthogonally polarized spherical
EM waves at the output of the PR are finally used to excite
the AMS lens individually. Here, it is to be mentioned that
the AMS lens can produce either Y-polarized (Ey) fan-beam
(narrow beamwidth in the Y-direction) or X-polarized (Ey)
fan-beam (narrow beamwidth in the X-direction), depending
upon the polarization of the impinging spherical EM waves
obtained through the antenna subsystem (source antenna and
PR). It basically means that these fan-beam patterns [shown
in Fig. 1(b)] are not obtained simultaneously.

D. Simulation Method

First, each element of the proposed configuration such as the
hybrid coupler, the capacitively coupled MPA, the PR, and the
AMS lens are individually designed using the CST Microwave
Studio software. The MPA along with two metallic strips are
simulated here by exciting the structure using two out of phase
signals with equal amplitudes. After that, a hybrid coupler
operating in a wide frequency band (including frequency band
of the MPA) is designed and coupled to the input ports of the
antenna using two metallic vias. This source antenna (MPA
and feed network) is now used as a source of the spherical
EM waves in the proposed configuration. In the next step,
the UCs corresponding to PR and AMS lens are individually
simulated using a two-port simulation model, as discussed in
Section III. After this two-port simulation, the response of each
of the aforementioned UCs is individually used to design the
PR and the AMS lens independently. These designed PR and
the AMS lens are placed at a certain height (in the near field
of source antenna) from the aperture of the source antenna.
Afterward, the simulation is carried out to slightly optimize
the parameters (height and other dimensions) of the antenna
subsystem (source antenna and PR) and the proposed configu-
ration (source antenna, PR, and AMS lens) in order to obtain
better beam shapes. Finally for beam scanning, the simulations
are carried out for various orientations of the AMS lens placed
above the antenna subsystem (source antenna and PR).

III. PERFORMANCE OF THE INDIVIDUAL ELEMENTS

In the proposed configuration, the source antenna (MPA
and feed network), the PR, and the AMS lens are placed
in a specific arrangement, as depicted in Fig. 2(a). The
design methodology and results of each element including its
individual performance are discussed in this section.

A. Feed Network

In order to excite the MPA with differential signals, a feed
network comprising a microstrip line, a wideband hybrid
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Fig. 2. Geometry of the proposed configuration. (a) Proposed structure (hp =
10 mm, hp5 = 10 mm). (b) Part of the feed network placed at the bottom
side of the ground plane. (c) MPA with metallic strips placed at the top side of
the ground plane. (d) Geometry of the PR with two metallic layers (aperture
length: Lpr = 55 mm). (e) Geometry of the AMS lens with four metallic
layers (aperture length: L 4 = 110 mm).

coupler, two metallic vias, and two metallic strips is used here
[shown in Fig. 2(b) and (c)]. A hybrid coupler is a four-port
(P1 to Py) device, where the input port (Py) is connected to the
microstrip line. The signal is fed in the microstrip line through
input port (P;) of the hybrid coupler. In the ideal case, two
out of phase signals with equal amplitudes are obtained at the
output ports that are Port 2 (P>) and Port 3 (P3) of the hybrid
coupler. These ports (P, P3) are connected with the metallic
strips [which are coplanar to the MPA, as shown in Fig. 2(c)]
using two metallic vias, passing through the substrate and the
circular slots etched out in the ground plane. Here, in order to
provide perfect isolation between the ground plane and these
metallic vias, two circular slots are etched on the ground
plane. Finally, differential signals obtained at the metallic
strips are capacitively coupled to the MPA. These differential
signals mainly ensure here lower cross-polar radiation of the
MPA [29], [30]. In the hybrid coupler, small amount of the
signal is also coupled from P; to the isolated port that is
Port 4 (P4). Hence, P4 is terminated here with a 50 Q chip
resistor in order to minimize the reflected signals from this
port (P4). The other end of 50 Q resistor is connected to the
ground plane using one metallic via, as shown in Fig. 2(b).
It is to be noted here that both the hybrid coupler and the
MPA are sharing a common ground plane, which is placed
in-between of them.

The hybrid coupler used in this configuration is a wideband
two-section coupler printed on a Taconic TLY-5A (¢, = 2.17,
thickness = 0.51 mm) substrate, as shown in Fig. 3. The
lengths and impedances of different lines are taken from [31],
which are further calculated and optimized to operate the
hybrid coupler in a desired frequency band. The S-parameter
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Fig. 3. Top view of the hybrid coupler with parameters (W, = 1.58,
W = 0937, W3 = 1.2, Wy = 1.455, W,s = 2.49, W.6 = 0.9, and
Lo =5.5) (all lengths in millimeters).

response of the stand-alone hybrid coupler in terms of ampli-
tude and phase is plotted in Fig. 4(a). At the operating
frequency of 10.5 GHz, matching characteristics (magnitudes
of S11, S22, and S33) for all the ports of the hybrid coupler are
better than —20 dB, whereas isolation (S3;, between output
ports P> and P3) is better than —17.0 dB. It is also found that
the coupling from P; to P> (S21) and P; to P3 (S31) are almost
identical and approximately equal to —3.0 dB. The differential
behavior of the coupler can easily be observed here by the
parameter /S»; — ZS31, which is approximately equal to 180°.
This parameter basically shows the phase difference between
the signals appearing at the O/P ports (P, and P3), while a
hybrid coupler is fed through port P;. Hence, the designed
coupler is operated in a wideband centered at the frequency
of 10.5 GHz and providing the desired differential signals in
order to feed the MPA.

B. Capacitively Coupled MPA

A differentially driven MPA with the lower cross-polar
radiation is used here to excite the AMS lens. The antenna
can be differentially driven by feeding through two out of
phase signals with the equal amplitudes. As mentioned in
Section III-A, these kind of feed signals can easily be extracted
from the O/P ports (P> and P3) of the hybrid coupler. Here,
distance between feed ports (or O/P ports, P> and P;3 of the
hybrid coupler) of antenna plays a vital role for achieving
the resonance, which must be greater than 0.14¢, as reported
in [29]. Since these feed ports are incorporated along the
resonating length of the MPA, this distance would also be
lesser than 0.5 Ag. In the operating frequency band centered
at 10.5 GHz, the physical length of the resonating arm of the
MPA becomes very less (only in few millimeters). Therefore,
with this design constraint (minimum separation: 0.11¢ and
maximum separation: 0.54¢), sometimes fabrication of the
MPA with these two feed ports becomes quite challenging.
Hence, in lieu of a dual-feed simple MPA, a capacitively
coupled MPA is used here, where location of the feed ports
becomes quite far from each other. Moreover, limitations of
the maximum separation of 0.54, is also get abolished. The
detail investigation of a capacitively coupled single port MPA
is already explored in [32], hence omitted here for brevity.
Therefore, in the configuration of source antenna, the MPA is
capacitively coupled with the two metallic strips, which are
connected with the O/P ports of the hybrid coupler using two
metallic vias.

The top view of the linearly polarized (in the Y-direction)
MPA with two metallic strips and their corresponding design
dimensions are given in Fig. 4(b). This antenna is printed
on the Taconic TLY-5A (¢, = 2.17, thickness = 1.58 mm)
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Fig. 4. (a) S-parameter response of the hybrid coupler. (b) Top view of the

MPA with the metallic strips (Lp = 7.8, L1 = 2.0, g = 0.5, W1 = 5.0,
and Lg = 55.0) (all lengths in millimeters).

substrate. Here, individual centers of each metallic strips are
separated by a distance of 10.8 mm (L,+2g + L,1) and
connecting with the O/P ports (P>, and P3) of the hybrid
coupler using two metallic vias. The source antenna is basi-
cally fed through input (I/P) port P; of the hybrid coupler,
where the simulated and measured reflection coefficients are
obtained. It is investigated that in addition to the resonating
length (L, = 0.54,) of the MPA, matching characteristics of
the source antenna is also influenced through two parameters
that are g (separation between radiating edge of the MPA
and the metallic strip) and L,; (width of the metallic strip).
These parameters (g and L 1) basically controls the capacitive
coupling between the MPA and the metallic strips, hence
plays a dominant role while achieving the overall matching
performance. In order to achieve adequate matching at the
operating frequency of fo = 10.5 GHz, these parameters are
optimized as shown in Fig. 5(a) and (b). The source antenna is
designed with the finally optimized parameters of g = 0.5 mm
and L,; = 2.0 mm, where maximum matching is achieved,
as shown in Fig. 5(c).

The simulated and measured impedance bandwidths
of the finally optimized source antenna are 960 MHz
(10.28-11.24 GHz) and 1200 MHz (10.4-11.6 GHz), respec-
tively. Here, slight discrepancy between the simulated and
the measured results may be due to the spacing between the
substrate and the ground plane of the MPA, which was not
taken into the account during the simulation process, although
appeared in the final fabricated prototype. However, both the
simulated and measured S-parameters are better than —15 dB
at the operating frequency of fy = 10.5 GHz. The simulated
and measured 2-D radiation patterns of the source antenna in
the XZ plane (H-plane) and Y Z plane (E-plane) are shown
in Fig. 5(d). In this case, electric field components Ey and Eg
are the copolarized components in the XZ and Y Z planes,
respectively. These results confirm that the source antenna is
linearly polarized along the Y-direction and radiates in the
broadside direction with the lower cross-polar radiation (cross
polarization level less than —30 dB), which shows the utility
of using the differential feed signals. It is to be mentioned
here that the ground plane also minimizes the effect of the
unwanted spurious radiation of the hybrid coupler on the
radiation pattern of the MPA.

C. Polarization Rotator

In order to achieve two orthogonally polarized spherical
EM waves independently, a PR is placed at a height of
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Fig. 5. Variations of reflection coefficient (S11) of the source antenna with:
(a) g (in millimeters). (b) L p1 (in millimeters). (c) Reflection coefficient of the
finally optimized source antenna. (d) Radiation patterns of the source antenna
(at fo = 10.5 GHz) in the two orthogonal planes.

hp(= 0.3540 = 10 mm) from the aperture of the source
antenna, as depicted in Fig. 2(a). It is to be noted that the
spherical EM waves originating from the source antenna are
basically polarized along the Y-direction, while impinging on
the bottom layer of the PR. The PR [Fig. 2(d)] comprised two
identical metallic pattern layers, Layer-1 and Layer-2 printed
on two dielectric substrates Sub-1 (thickness = 1.58 mm)
and Sub-2 (thickness = 0.51 mm) of material Taconic
TLY-5A (e, = 2.17), respectively. Now, with the help of one
actuator (actuator-1), Layer-1 can be independently rotated
above Layer-2. In this case, Layer-2, along with the source
antenna, is kept in a fixed position. For each 90° rotation of
the Layer-1, the PR either preserves the polarization Ey of
the impinging EM waves or rotates it by 90° to achieve EM
waves with the orthogonal polarization Ey.

The PR in the proposed configuration comprised an array
of 5 x 5 UCs, where each UC is consisting of two identical
metallic pattern layers. Here, one V-shaped slot etched out
from each metallic layer is basically a combination of two
orthogonal slots of dimensions L{/2 x W, as depicted with
its design dimensions in Fig. 6. The operating frequency of
the UC of PR is controlled by the resonating length (Lj)
of the V-shaped slot, which must be equal to A¢/2 [33]. The
response of this UC for the Y-polarized (Ey) impinging EM
waves depends on the relative orientations of the V-shaped
slots etched at the top and the bottom metallic layers, as clearly
observed from Fig. 6(a) and (b). In the first case (Case-I), both
V-shaped slots present at the top and the bottom layers of the
UC are parallel to each other. Due to this kind of configuration,
the UC of PR transmits the Y-polarized EM waves without
altering its polarization, as shown in Fig. 6(a), whereas in the
second case (Case-II), the top layer of the UC is rotated by an
angle of 90° while keeping bottom layer in a fixed position.
Although, for this new configuration, V-shaped slot present at
the bottom metallic layer of UC still supports the ¥ -component
of electric field (Ey), this Ey eventually gets rotated by 90°
and becomes Ex after transmitting through the V-shaped slot
present at the top metallic layer, as clearly observed from
Fig. 6(b).

7209

ﬁ Pz(EY) Top Layer

()
ﬁPZ(EX) Top Layer

Bottom

ﬁ]) Z(EY) Layer

(b)
Fig. 6. Response of UC of PR in (a) Case-I and (b) Case-II (dimensions:
Lyp =11, L1 =143, and Wy = 1.6) all length in millimeters.

Hence, on the basis of the relative orientations of these
aforementioned V-shaped slots present at the top and the
bottom metallic layers, the PR can transmit the imping-
ing EM waves either with the same Y-polarization (con-
sider as a Case-I) or rotates it by 90° into the X-polarized
EM waves (consider as a Case-II). In order to charac-
terize the UC of the PR in both of the aforementioned
cases (Case-I and Case-II), three parameters (Tyy, Txy,
and Ryy) relating the electric field components of the incident
and the transmitted/reflected EM waves are defined here.
Theses parameters are copolarized transmission coefficient
(Tyy = (|E:yl/|Eiyl)), cross-polarized transmission coef-
ficient (Txy = (|E:x|/|Eiyl])), and copolarized reflection
coefficient (Ryy = (|E;y|/|Eiy|)). Here, E;y, E;y, and
E,y are the electric field components of the Y-polarized
incident, transmitted, and reflected EM waves, respectively,
whereas E; is the electric field component of the X-polarized
transmitted EM waves. The variations in the aforementioned
parameters with frequency is shown in Fig. 7(a). It is found
that Tyy for Case-I and Txy for Case-II are better than 0.95,
whereas reflection coefficients (Ryy) for both cases are less
than 0.1 in the operating frequency band. It is to be mentioned
that this response is obtained by simulating aforementioned
UC of PR in CST Microwave Studio software using a two-port
simulation model, as shown in Fig. 7(b). Since this model is
the same for both cases (except relative orientations of top
and bottom layers), it is depicted only for Case-I. During this
simulation, the plane waves are impinged on the UC from the
normal direction (Z-direction). Here, UC boundary conditions
are imposed in the two orthogonal planes (the YZ and XZ
planes), which are also perpendicular to the direction (Z-
direction) of the propagation of plane waves.

D. Anisotropic Metasurface Lens

In the proposed configuration, a novel AMS-based lens
structure is designed and placed at a focal distance F from
the aperture of the source antenna, as shown in Fig. 2(a).
This AMS lens is basically a combination of two CMS lenses,
CMSy and CM Sx, as portrayed in Fig. 8. The UC of CMS
lens with the cross section of Lys X Lya is made up of
four identical patch-shaped metallic pattern layers, separated
by three dielectric substrates (Taconic TLY-5A, ¢, = 2.17,
thickness = 1.58 mm). It is to be mentioned here that the
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Fig. 7. (a) Simulated response of UC of PR for Y-polarized (E;y ) incident
EM waves in two different cases (Case-I and Case-II). Two-port simulation
model of UC of (b) PR for Case-I and (c) CMS lens (CMSy).

four metallic layer structure is chosen here to enhance the
transmission phase range [27]. A single metallic layer of
CM Sy and CM Sx lenses comprised metallic patches, Patch-1
(W, x Y,) and Patch-2 (X, x W,), respectively. In order
to obtain cylindrical phase profile of CM Sy lens along the
Y -direction, the Y-directed dimension Y,, of Patch-1 is varied
in the Y-direction, as shown in Fig. 8(b). In the same way,
the X-directed dimension X, of Patch-2 is varied along the
X-direction [Fig. 8(c)] for introducing cylindrical phase profile
of CM Sy lens along the X-direction. Due to this kind of phase
profile, CM Sy and CM Sx lenses introduce phase correction
for the Y- and X-polarized spherical EM waves along the
Y- and X-directions, respectively. The front view of the finally
proposed AMS lens (which is basically a combination of
CM Sy and CM Sx lenses) is shown in Fig. 8(d). The UC of
AMS lens is also a four identical cross-shaped metallic pat-
terned layer structure, where each single cross-shaped metallic
pattern is basically a combination of aforementioned rectangu-
lar patches, Patch-1 and Patch-2. These two orthogonal patches
are mainly responsible here for introducing two independent
orthogonal cylindrical phase profiles in a single AMS lens
structure, as discussed in Section II-C.

In the designing of AMS lens, first both CM Sy and CM Sx
lenses are separately designed. Afterward these lenses are
combined in order to accomplish the proposed AMS lens.
Although CM Sy and CMSx lenses are oriented along the
orthogonal directions, for symmetry, the dimensions Y, (n =
1-5) of Patch-1 are kept equal to X, of Patch-2. Therefore,
design description of the CM Sy lens is only demonstrated
here for brevity. The two-port simulation of UC of the CM Sy
lens is carried out using CST Microwave studio software,
as shown in Fig. 7(c). Here, this UC is illuminated through
Y-polarized and X-polarized plane EM waves, independently
while varying dimension Y, of Patch-1 from 4 to 9.3 mm
and keeping other dimensions (W, = 4 mm) at the fixed
value. The transmission response (in terms of phase and
magnitude) of this type of UC with different values of
Y, is depicted in Fig. 9(a). In this figure, rxx/¢xx and
tyyl/¢yy are denoting transmission magnitude/transmission
phase of the aforementioned UC, while illuminating through
X- and Y-polarized EM waves, respectively. For different
values of Y,, (Y, = 4 to 9.3 ), the values of rxx and tyy are
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MSs. Front view of (b) CM Sy, (c) CMSy, and (d) the proposed AMS lens
(Lya =11 mm).
found to be better than 0.85. Moreover, in terms of phase, ¢x x
is almost constant to —105°, whereas ¢yy is gradually varying.
It is interesting to observe that Y,,, the Y-directed dimension
of Patch-1, significantly affects the phase of Y-polarized
incident EM waves, whereas it merely affects the phase of
X-polarized EM waves. Hence, an array of these UCs with
different values of Y, can be used for correcting the phase of
Y-polarized incident spherical EM waves along the Y-
direction. In the same way, the CMSx lens is designed
by varying the X-directed dimension X, of Patch-2. This
designed CM Sy lens corrects the phase of X-polarized inci-
dent spherical EM waves along the X-direction, accordingly.

In order to design the CM Sy lens from the basic principle
illustrated in Section II, the transmission response of UC
[Fig. 9(a)] is utilized here. The CM Sy lens can be designed
with the given values of Focal distance F, aperture dimension
L4, and number of UCs 2n. In order to correct the phase
of spherical EM waves using a compact configuration, these
parameters are chosen here such that: F/Ls = 1/5 where
F=0.7740 (22 mm) and L4 = 3.854¢ (110 mm). Although,
different sets of focal distance (F) and aperture dimension
(La) can also be chosen. This CM Sy lens is discretized by
2n (= 10) number of UCs, where dimension of each UC is
obtained as Lya = 0.3851¢ (11 mm), as shown in Fig. 8.
These UCs are symmetrically oriented (n = 1-5) from the
center of the aperture of the CM Sy lens toward positive and
negative Y-axis. Now, with the aforementioned values of F =
0.7720, L4 = 3.8519, and 2n = 10, various parameters (listed
in Table I) of the designed C M Sy lens can be calculated using
Eqgs. (1)—(3), expressed in Section II. After designing CM Sy
lens, parameters of the CM Sy lens are also obtained while
considering Y, of Patch-1 = X,, of Patch-2 (where n = 1-5).
Finally, the proposed AMS lens is designed by combining
both CMS lenses, CM Sy and CM Sy, with the given values
of X, and Y, listed in Table I. Here, it is to be clarified that
the modulation of the broadside radiation pattern originating
from the antenna subsystem into fan-beam pattern basically
depends on the relative phase distribution (not absolute) of
the UCs. After calculation, dimensions Y,,/X;, of UCs are
slightly optimized in order to obtain better beam shape.

The front view of the finally designed AMS lens is shown
in Fig. 9(b). It can easily be observed from this figure that
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Fig. 9. (a) Transmission response of UC of CMSy lens. (b) Front view
of AMS lens with its phase response (AfSy/Afx) corresponding to two
orthogonally polarized impinging EM waves (L4 = 110 mm).

the dimension Y,, of Patch-1 is gradually decaying as one
moves away from the center of the aperture of the AMS
lens toward both +Y and —Y directions. In the same way,
the dimension X,, of Patch-2 is also gradually decaying from
the center of the aperture of the AMS lens toward both
+X and —X directions. This gradual decay in the dimension
of ¥, and X, actually facilitates a linear phase correction for
Y- and X-polarized impinging spherical EM waves along the
Y- and X-directions, respectively. Due to this unique phase
profile of the AMS lens, impinging spherical EM waves polar-
ized along the Y (Ey) and X-directions (Ey) feel the phase
correction of Afy and Apfx along the Y- and X-directions,
respectively. This results into the fan-beam-like radiation pat-
terns with the narrow beamwidth along the direction of phase
correction. It is to be mentioned here that the other dimensions
(W,, = 4 mm, n = 1-5) of both Patches (Patch-1 and Patch-2)
of UCs are kept constant in the designing of the AMS lens.
Therefore, the proposed planar AMS lens can provide two
independent fan-beam-like radiation patterns with the narrow
beamwidth in either the Y- or X-direction depending upon
the polarization of the impinging spherical EM waves. It is
also found that, apart from rotating polarization axis by 90°,
the PR (discussed in Section III-C) may also slightly modify
the spherical phase distribution of the EM waves originating
from the source antenna. Therefore, the AMS lens in the
present situation is illuminated through the EM waves which
are almost (not exact) spherical in nature and, hence, at the
output of the AMS lens a reasonably fan-beam-like radiation
patterns are obtained.

IV. DESIGN OF THE INTEGRATED SYSTEMS

The major performance including the results of the
stand-alone elements of the proposed configuration such as
hybrid coupler, source antenna, UC of PR, and UC of AMS
lens have already been discussed in Section III. In this
section, outcomes of the antenna subsystem (source antenna
and PR) and the proposed complete integrated antenna system
(source antenna, PR, and AMS lens) are validated through
both simulation and measurement. It is to be mentioned
here that in the first case (Case-I), the polarization (Ey) of
the spherical EM waves originating from the source antenna
remains preserved after passing through the PR and, hence,
the AMS leans gets illuminated through the Y-polarized EM
waves. Contrary to this, in the second case (Case-II), the PR
rotates the polarization (Ey) of the spherical EM waves by
90° and, hence, X-polarized (Ex) EM waves are obtained at
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TABLE I
DIFFERENT DESIGN PARAMETERS OF THE AMS LENS

UcC; a; L; (mm) kL; norm. ¢;  Yp/Xp
Uuc; 14.03° 22.67 285.64°  -397.28° 9.3
UCy  36.86° 27.49 346.37°  -336.55° 9.1
UCy 51.34° 35.21 443.64°  -239.28° 8.7
UCysy 60.25° 44.33 558.55°  -124.37° 7.8
UCs  66.03° 54.15 682.92° 0.0° 4.0

the output of the PR, which are finally used to illuminate the
AMS lens. This terminology (Case-I and Case-II) is adopted
throughout this paper.

A. Radiation Patterns

The radiation patterns of the antenna subsystem (source
antenna and PR) and the proposed configuration (source
antenna, PR, and AMS lens) are discussed in this section.

1) Antenna Subsystem (Source Antenna and PR): The
2-D simulated and measured radiation patterns of the antenna
subsystem (source antenna and PR) in Case-I and Case-II
are shown in Fig. 10(a) and (b), respectively. It can be
observed from Fig. 10(a) that E4 and Ey are the copolarized
radiation components in the XZ and Y Z planes, respectively,
whereas in Fig. 10(b), these electric field components are
getting reversed that is Ey and Ey become the copolarized
radiation components in the XZ and Y Z planes, respectively.
The aforementioned results confirm the polarization rotation
capability of the PR by changing the relative orientations of
Layer-1 above Layer-2. Here, it can be noted that the measured
and simulated radiation patterns are almost identical; however,
a slight tilt in the direction of the main beam can be observed
in the measured radiation pattern of Fig. 10(b). In this case,
during the measurement process, the antenna subsystem was
probably not properly mounted in the direction of the main
beam of horn antenna, which may cause into the slight tilt of
measured radiation patterns. It is also observed that apart from
controlling the polarization state of the impinging EM waves,
the shape of the radiation beam originating from the source
antenna also gets modified due to the presence of the PR. This
reshaping of beam shape actually reflects slight modification
in the spherical nature of the EM waves, which are finally
used to illuminate the AMS lens.

2) Proposed Configuration (Source Antenna, PR, and AMS
Lens): The 2-D simulated and measured fan-beam-type radi-
ation patterns obtained from the proposed configuration in
two different cases are shown in Fig. 11. The half power
beamwidth (HPBW) of these fan-beam patterns depends on
the polarization and the phase distribution across the wave-
front of the corresponding impinging EM waves. In Case-I,
a fan-beam-type radiation pattern with narrow beamwidth
(HPBW: 22.0°) in the YZ plane and wider beamwidth
(HPBW: 45.0°) in the XZ plane is obtained, as depicted
in Fig. 11(a). Contrary to this, a fan-beam-type radiation
pattern with narrow beamwidth (HPBW: 27.0°) in the XZ
plane and wider beamwidth (HPBW: 48.0°) in the Y Z plane
is obtained, as shown in Fig. 11(b).

B. Beam Scanning

In order to achieve 1-D beam scanning, the AMS lens
is translated along the direction of polarization of fan-beam
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Fig. 10. 2-D radiation patterns (at fi = 10.5 GHz) of the antenna subsystem
(source antenna and PR) in (a) Case-I and (b) Case-II.

patterns, as discussed in Section II-B. It is interesting to
found that this translation (in millimeters) of AMS lens steers
the direction (fy or Ox) of the main beam in the elevation
plane with the resolution of 1°/mm. As a proof of concept,
the AMS lens is translated along the direction of polarization
of fan-beams by a total distance of 30 mm in the steps of
10 mm (Lay = 10 mm in Case-I and L,y = 10 mm in
Case-II). This displacement of AMS lens from Ly = 0 mm
to Loy = 430 mm in Case-I steers the direction of the
main beam in the Y Z plane from 6y = 0° to 6y = +30°,
as depicted in Fig. 12(a)—(d). In the same way, translation of
the AMS lens from Lyx = 0 mm to Lax = +30 mm in
Case-II steers the direction of the main beam in the X Z plane
from Oy = 0° to Ox = +30°, as depicted in Fig. 12(e)—(h).
It can be noted here that translation of the AMS lens by
total distance of 30 mm in one direction facilitates beam
steering with the total scanning range of 30°. Moreover, due
to the symmetric configuration, the in-plane movement of
the AMS lens by 30 mm in the —Y-direction in Case-I and
— X-direction in Case-II will also introduce beam steering upto
Oy = —30° and Ox = —30° from the normal direction in
the YZ and X Z planes, respectively. Therefore, the proposed
configuration facilitates total beam-scanning range of 60° by
total translation of the AMS lens by 60 mm. For validation
of the simulated results, measurements are also carried out
for all the aforementioned positions of the AMS lens above
the antenna subsystem (source antenna and PR) in both cases
(Case-I and Case-II). The 2-D simulated and measured results
are shown in Fig. 13. It is to be noted that these results are
plotted in the vertical planes (the Y Z plane in Case-I and the
X Z plane in Case-II), where beam steering is obtained.
Translation of the AMS lens by more than 60 mm in the
present situation can further enhance the beam-scanning range;
however, due to the diffraction from the edges of the AMS
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Fig. 11. 2-D radiation patterns (at fy = 10.5 GHz) of the proposed
configuration in (a) Case-I and (b) Case-II.

lens, sidelobe level (SLL) may also be deteriorated. In order
to suppress these SLL while achieving large beam-scanning
range, the AMS lens with comparatively large aperture size
(L4 > 3.851¢) can be placed at somewhat large focal distance
(F > 0.7740) from the aperture of source antenna. In that
situation, a new phase adjusting range will be incorporated
throughout the aperture of the AMS lens by discretizing it
by more than ten number (2n > 10) of UC elements. This
configuration with the same value of F'/L 4 would increase the
total scanning range beyond 60° by translating the AMS lens
by more than 60 mm. Here, although beam-scanning range can
be improved, the overall volume of the proposed configuration
will also significantly increase, which is undesirable in this
work. Since the objective of this work is to achieve inde-
pendent beam scanning of dual-polarized fan-beam radiation
patterns while utilizing the compact configuration, the AMS
lens is discretized here by only ten number of elements
(2n = 10) by considering comparatively less aperture size
(La = 3.8540) of the AMS lens. Therefore, in order to fulfill
the objective of this work, a tradeoff is to be made between
the aperture size of AMS lens and the total scanning range.
As our main aim in this work is to design multifunctional
integrated antenna system using a compact configuration, here
a somewhat lower value of the beam-scanning range can be
tolerated.

Apart from this, in these kind of configurations, beam scan-
ning can be obtained by mechanically moving either the source
antenna or the MS lens. However, in the first approach, a heavy
front-end is needed to be placed on the antenna-moving
platform which basically requires a bulky movable system and,
hence, overall volume of the structure would be increased [34].
For the movement of the source antenna, a rotatory joint
can also be employed between the front-end and the source
antenna, which may lead to impedance mismatching at the
input port of the antenna results into unreliable operation. The
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Fig. 12.  Simulated 3-D radiation patterns (at fo = 10.5 GHz) for different
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objective of this work is to design an integrated antenna system
for those specific applications where compact and reliable con-
figuration is required. Hence, in the proposed configuration,
source antenna is intentionally chosen to be stationary in order
to avoid bulky movable system and fault-prone rotary joints,
while maintaining the overall compactness of the proposed
configuration. Therefore, the proposed configuration utilizes
two actuators (actuator-1 for PR and actuator-2 for AMS lens)
to facilitate independent beam scanning of dual-polarized fan-
beam radiation patterns. It is to be mentioned that one addi-
tional actuator is tolerated here for facilitating multifunction
fan-beam antenna system.

C. Matching Characteristics, Gain, and Simulated Radiation
Efficiency

The simulated and measured reflection coefficients of the
proposed configuration in both cases (Case-I and Case-II) are
shown in Fig. 14. Although the source antenna is designed
to resonate in the frequency band centered at 10.5 GHz
[Fig. 5(c)], the matching characteristics of the overall con-
figuration are somewhat modified. This modification may be
due to the internal reflections of the EM waves inside the
cavities formed between the source antenna and the PR and
between the PR and the AMS lens. It is observed that overall
matching performance at the input port of the source antenna
is slightly modified due to these internal reflections, although
an adequate matching is still achieved for both cases at the
design frequency of 10.5 GHz. In the proposed configuration,
variation in the simulated gain and measured gain with fre-
quency are also shown in Fig. 14. In the overlapping frequency
range (—10 dB impedance bandwidth starting from 10.3 to
11.3 GHz) for both cases, the measured gain varies in the range
of 10.0-14.0 dBi. In the proposed configuration, since AMS
lens corrects the phase of the impinging spherical EM waves
along a single direction only as compared to pencil-beam
pattern, somewhat lower values of the gain are expected,
as also validated from these results.

In the operating frequency range (10.3-11.3 GHz), the
simulated radiation efficiency of the proposed configuration
for different orientations of the AMS lens that are Lay in
Case-I and L,y in Case-II are shown in Fig. 15(a) and (b),
respectively. For all the situations, these radiation efficiencies
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are directly obtained through simulation using a full-wave
EM solver, CST Microwave Studio. Since both PR and AMS
lens are designed with high transmission characteristics, these
elements would not significantly affect the overall radiation
efficiency of the entire system. Therefore, the overall efficiency
remains high although multilayered structure is utilized in the
proposed configuration. In the first stage, when PR is placed
above the source antenna, the approximate radiation efficiency
of 0.95 is obtained. The efficiency in the order of 0.9 is
achieved, when AMS lens is placed above the antenna
subsystem (source antenna and PR). Therefore, the overall
efficiencies in both cases (Case-I and Case-II) are almost the
same and better than 0.9 in the operating frequency range. The
performance of the proposed configuration in terms of effi-
ciency is also maintained during the beam-scanning process.

D. Fabricated Prototypes and Measurement Setup

The fabricated prototypes of the proposed configuration
with its different elements are shown in Fig. 16(a)—(f).
The back and front views of the source antenna are shown
in Fig. 16(a) and (b), respectively. The ground plane placed
between the hybrid coupler and the MPA is also shown
in Fig. 16(b). Since the PR comprised two identical metallic
layers, only one of them is shown in Fig. 16(c). In the same
way, one metallic layer of the AMS lens (basically comprising
four identical metallic layers) is depicted in Fig. 16(d). The
antenna subsystem (source antenna and PR), where PR is
placed at a height 7, = 10 mm from the aperture of the
source antenna, is shown in Fig. 16(e). Finally, the overall
configuration, where AMS lens is placed at an approximate
height of F = 22 mm from the aperture of source antenna
(or at a height of hys = 10 mm from the aperture of PR),
is depicted in Fig. 16(f).

The radiation pattern measurement setup of the proposed
configuration in the anechoic chamber is shown in Fig. 16(g).
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Fig. 15. Simulated radiation efficiency of the proposed configuration.
(a) Case-I. (b) Case-II.

Here, a standard horn (LB-101180) of size 244 x 164 x
204 mm? is used as a transmitting antenna and the proposed
configuration is placed at the receiving side, while satisfying
the far-field condition. The proposed configuration with two
actuators are shown in the inset. Here, source antenna, along
with Layer-2 (printed on 0.51 mm-thick substrate, Sub-2) of
the PR, is kept in a fixed position, whereas Layer-1 (printed
on 1.58 mm-thick substrate, Sub-1) of the PR can be freely
rotated around the axis of the source antenna using actuator-1.
Therefore, this actuator can easily alter the relative orientations
of the metallic layers of the PR in order to obtain either
Y- or X-polarized EM waves at the output of the PR.
Afterward, one additional actuator (actuator-2) is also adopted
here for linearly varying the location of the AMS lens
in-front of the antenna subsystem (source antenna and PR).
This actuator-2 facilitates independent beam scanning of both
orthogonally polarized fan-beam patterns. It is to be noted
here that the proposed configuration neither generates nor
steers these Y- and X-polarized fan-beams simultaneously.
However, aforementioned in-plane translation of the AMS
lens can steer either the Y-polarized (Ey) fan-beam along
the Y-direction or an X-polarized (Ey) fan-beam along the
X-direction, depending on the state of the PR and direction
of movement of the AMS lens. Therefore, with the help of
two actuators, the proposed configuration can easily provide
independent scanning of two orthogonally polarized fan-beam
radiation patterns.

V. CONCLUSION

A novel AMS-based integrated antenna system capable of
producing two orthogonally polarized fan-beam radiation pat-
terns with independent beam-scanning performance has been

IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 67, NO. 12, DECEMBER 2019

actuator-1 a¢tuator-2

®

Fig. 16. Fabricated prototypes. (a) Back view of the source antenna. (b) Front
view of the source antenna. (c) One layer of the PR. (d) One layer of the
AMS lens. (e) Antenna subsystem (source antenna and PR). (f) Proposed
configuration. (g) Measurement setup along with two actuators.

demonstrated in this paper. The phase profile of the proposed
AMS lens is obtained by combining two orthogonal cylindrical
phase profiles in a single lens structure. A differentially driven,
linearly polarized MPA has been used here to illuminate the
AMS lens. This source antenna basically produces the beam
in the broadside direction with low cross-polar radiation. The
source antenna is loaded with a PR in order to independently
obtain either Y-polarized (Ey) or X-polarized (Ex) EM waves
using one actuator. The antenna subsystem (source antenna
and PR) has then been integrated with the newly designed
AMS lens, which basically facilitates two orthogonally polar-
ized fan-beam-type patterns with narrow beamwidth along
the direction of their respective polarizations. Finally, the
in-plane movement of the AMS lens with the help of one
more actuator provides independent beam scanning of Y- and
X-polarized EM waves in the Y Z and X Z planes, respectively.
The proposed structure is facilitating two orthogonally oriented
fan-beam patterns with the orthogonal polarizations and inde-
pendent beam-scanning ability. Moreover, problem of radiation
blockage commonly appearing in the reflector antenna is not
present in the proposed topology due to the transmitting
characteristics of the AMS lens. Additionally, the absence
of the complicated feed network and the simple fabrication
process using the standard printed circuit board technology
make the proposed AMS-based fan-beam configuration quite
advantageous over similar types of structures reported earlier
in the literature. The proposed compact integrated antenna sys-
tem can potentially be used for various industrial applications
such as in the imaging system and the radar configuration,
where scanning of fan-beams with orthogonal polarizations
is sometimes required at the transmitter and the receiver
ends.
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