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ABSTRACT A novel approach for designing a circularly polarized (CP) transmitarray (TA) by resorting to
the characteristic modes analysis (CMA) is presented. Two miniaturized dual-layer polarization-insensitive
unit cells are tailored to provide the two copolar transmission coefficient phase states that act as a 1-bit
spatial phase shifter in the TA. The exploitation of a pair of characteristic modes (CMs), radiating either
right-handed CP (RHCP) or left-handed CP (LHCP) scattered field, is at the basis of the TA operation.
The TA provides a forward CP scattered field ensuring a low copolar insertion loss (IL) as well as a
copolar transmission phase difference of 0° or 180°. To validate the proposed CMA-inspired theoretical
study, a CP 1-bit TA has been designed, simulated, fabricated and tested. Measurements assess a good
agreement with simulations, showing a maximum TA gain of 21.8 dBic with a remarkable 3 dB gain
bandwidth of 15.22 % (7.77 GHz - 9.05 GHz), a peak aperture efficiency of 28.5 % and a very low

profile.

INDEX TERMS Circular polarization, transmitarray, planar lens, characteristic modes (CMs).

l. INTRODUCTION

IGH-GAIN antennas represent a pivotal feature for

enabling wireless communications with the required
quality of services (QoS) in most of the modern wireless
systems and will represent a key factor in driving their evo-
lution with the advent of future 6G wireless technologies [1].
Moreover, the exploitation of higher carrier frequencies
such as millimeter wave (mmWave) or terahertz (THz) are
envisioned to play a crucial position in coping the ever-
increasing system requirements such as high data-throughput
and improved energy efficiency for beyond 5G (B5G) and 6G
systems [2], [3]. Nevertheless, high frequency bands undergo
larger propagation loss and suffer the presence of obstacles
that lead to considerable coverage limitation compared to
sub-6 GHz communication systems [4]. Therefore, highly
directive antennas turn out to be an essential component to
counteract these drawbacks and fulfill the system needs, as
well as enabling the realization of the next wireless commu-
nications technologies such as Internet of Everything (IoE),
device to device (D2D), autonomous vehicles in addiction
to a ubiquitous and seamless wireless connectivity [5]. In

this context, circularly polarized (CP) radiation represents
another appealing asset in several applicative scenarios such
as radio frequency identification [6], indoor propagation
and space-based communications [7], [8] as well as non-
terrestrial networks [9], [10].

The most traditional approach for fulfilling a very direc-
tive antenna is represented by phased arrays [11], [12].
However, their use is questioned in many applications by
the related cost and power consumption, although some
unconventional techniques with the purpose of providing a
performance tradeoff between cost and radiative performance
were designed [13], [14].

An alternative solution, in the framework of high-gain
pencil beam antenna, is represented by transmitarrays (TAs),
where sub-wavelength elements on a surface re-phase the
impinging spherical wave and transmit it as a plane
wave [15]. Indeed, as complementary solution to reflectors
or lens antennas [16], [17], TAs provide several prominent
advantages such as lightweight, easy fabrications process,
low cost as well as the capability to adapt to conformal
structures [18]. TAs are generally composed by planar unit
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cells capable to transform the incident spherical wavefront
coming from a primary feeder to an outgoing planar
wavefront toward the desired direction (6,p). TAs represent
an appealing solution in many applications spanning from
satellites systems [19], [20], mobile communications [21],
[22], [23] to radar applications [24] by providing a tailored
phase shift profile without the significant insertion losses
typical of arrays feeding networks.

One of the most straightforward ways to control the TA
spatial phase profile is inspired to the cascade of multiple
frequency selective surfaces (FSSs) layers [25], [26]. A
FSS is capable of modifying the impinging electromagnetic
wave characteristics such as magnitude and phase of the
transmitted field, or its polarization status, by the periodic
arrangement of a single unit cell [27], [28]. In the TA case,
the transmission magnitude and phase of each element is
controlled by varying the unit cells and over the past years
several CP TA designs have been presented [19], [20], [29],
[30], [31], [32]. However, they are based on the cascade
of at least three conductive layers, printed on dielectric
substrates or realized with metallic sheets separated by air
gaps. Therefore, these solutions need both precise realization
and accurate multilayers alignment as well as an efficient
assembly that inevitably complicate the fabrication process
and increase the manufacturing cost, especially at high
frequencies. Thereby, one of the most challenging aspects
consist of having a simple and low-profile TA geometry by
employing the least number of FSS layers compliant with
the system needs. It is worth noting that CP TA solutions
comprising only two metallic layers have been presented
in [33], [34], [35]. Nevertheless, the bulky size or the narrow
frequency response make them not compliant to the required
specifications in many applicative scenarios.

Among the several TA technologies, the ones that have
a quantized phase resolution stand out since they, in
general, guarantee larger working bandwidths, less complex
design and fabrication, a certain suitability for implementing
reconfigurability even though they exhibit lower aperture
efficiency [36], [37], [38], [39], [40], [41]. Hence, from
the radiative performance perspective, the selection of the
phase correction scheme for a TA is a tradeoff between the
achievable working bandwidth and the aperture efficiency.
For example, a dual band 1-bit TA employing a polarization-
converter spatial phase shifter is illustrated in [38]. A
wideband and low cross-polarizations 1-bit TA has been
designed in [39]. Dealing with CP TAs, some solutions
are presented in [42], [43], [44], [45], [46], although they
require at least three metallic layers. Therefore, the design
of a low profile (lower than 0.1 ) CP TA employing
only two metallic layers has not been reported yet, despite
various phase quantized-based solutions have been already
proposed.

To this end, the purpose of this work is to propose a
novel CP 1-bit TA, namely with two phase states, by exploit-
ing a miniaturized polarization-insensitive transmitting unit

cells composed by two metallic layers only. Specifically,
systematic design guidelines for the synthesis of the two
compact unit cells are provided based on the scattered
modal fields calculated with the characteristic mode analysis
(CMA) [47]. More in detail, a unit cell supporting CP-
radiating characteristic modes (CMs) with a CP handedness
opposite to that of the primary CP feeder, turns out to be
almost transparent. On the contrary, the exploitation of a unit
cell supporting a pair of CMs radiating a CP field with the
same handedness of the primary CP feeder is at the basis of
a TA producing a forward CP scattering field liable for both
a low copolar transmission insertion loss (IL) and a copolar
transmission phase difference of 180°.

This paper is organized as follows. Section II highlights
the required properties of the CP 1-bit TA in terms of
its scattered field (E®). Section III is devoted to the
identification of two kinds of scatterers capable of supporting
CMs characterized by a CP radiation with a proper CP
handedness by exploiting CMA. The following Section IV
is paid to the design of CP 1-bit TA whereas Section V
addresses the manufactured prototype and measurements.
Finally, Section VI provides the conclusions.

Il. FEATURES OF THE CP 1-BIT TA SCATTERED FIELD

A theoretical analysis aimed to derive both the operating
principle and the required conditions of the CP 1-bit TA unit
cells scattered field, E, illuminated by a feeder with the same
polarization is carried out in this section. To this end, let us
consider a planar TA illuminated by an orthogonally incident
left-handed CP (LHCP) plane wave, E', propagating along
z-axis. Thus, to realize a TA with 1-bit phase resolution, the
designed transmitting unit cells must be able to generate a
scattered field (E*) that, once added to the incident one (E),
provides the following transmitted wave (E) propagating
along z-axis:

E'= E'+ E° = Eo(iy +Jiy) + E* = ' ¢5)

where iy and i, are the unit vector along x and y axis,
respectively whereas ¢ represents the phase delay due to the
presence of the planar TA that must assume the value 0° or
180° according to the desired phase state. From (1), the two
possible scattered fields propagating along z-axis assume the
following general form:

E'(p=0°)=0
E'(p = 180°) = —2E' )

By looking at (2) it can be inferred that ESof the unit
cells must be null, in case of ¢ = 0°, or be the double of
the incident field (E'), as well as out-of-phase, in case of a
desired phase delay (¢) of 180°. It is worth pointing out that
the overall radiated power is the same of the incident one.
To further develop the theoretical analysis, it is convenient
to decompose the impinging LHCP plane wave as the sum
of two orthogonal linearly polarized (LP) components as
follow:
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where each LP component E', and Ey is decomposed as
the sum or the difference of two CP waves with opposite
handedness. Hence, for each impinging LP component is
associated to a corresponding scattered field E°, and E°

Under the assumption that the incoming LP plane wave
stimulates on the planar TA a surface current distribution
capable of radiating a LHCP scattering field only along i,
axial directions, namely without back radiation, and with a
phase delay of 180° with respect to the incident component,
the transmitted scattered fields propagating along i, are equal
to [48]:

EMP = EFHICP = o7 By (i + iy “

namely, the double of the LHCP component related to each
incident LP EM wave shown in (3) with the addition of a
180° phase delay. Thereby, the transmitted wave (E') turns
out to be:

E'=E +E + E-T + BT = —Eo (i + jiy) (9)

where it is visible that the transmitted wave keeps the
polarization status (i.e., LHCP) with the addition of the 180°
phase delay (¢) with respect to the incident field.

On the contrary, for an impinging LP wave inducing on
the TA unit cells a right-handed CP (RHCP) scattered field
along i, axial direction, the transmitted scattered fields along
i; assume the following form:

E:S\}RHCP — ean()(ix _]ly)
ESRICP = By (i — jiy) (6)

namely, the double of the RHCP component related to the
incident LP EM waves shown in (3) with the addition of a
180° phase delay. Thus, the transmitted wave (E') turns out
to be:

E'=E +E + BT + BT = Bo(ic+jiy) - (D)

Therefore, equations (5) and (7) prove that a structure
capable of supporting unidirectional fields (i.e., along i;)
with both CP handedness, yields either 180° or 0° phase
shifting by maintaining the same polarization status of the
incident field and therefore turns out to be eligible to be
used as 1-bit phase shifter in TA. In the following, a novel
systematic design procedure based on CMA will be exploited
for the synthesis of suitable TA unit cells on the basis of the
scattered field guidelines derived from the described analysis.

lll. CP 1-BIT PHASE SHIFTING POLARIZATION
INSENSITIVE UNITCELL

The novel design procedure for the synthesis of the CP 1-bit
TA unit cell relies on the CMA and it exploits the useful

insights about the scattered field of an examined object [47].
Unlike traditional TA designs, based directly on both the
transmission coefficient magnitude and phase for the unit cell
design of a periodic structure, an initial step for identifying
the promising unit cells is carried out by exploiting the CMA.
In fact, the modal analysis provides insightful guidelines to
control the radiation performance of the examined object
by tailoring its geometry with the aim of fulfilling the TA
scattering features.

The first step of the novel approach consists of iden-
tifying two isolated scatterers capable of supporting CMs
characterized by a CP radiation with an opposite handedness.
Then, it is necessary to verify that the promising set of
CMs radiating CP fields are efficiently stimulated by the
incoming CP plane wave and that, once superimposed, they
satisfy the desired characteristics on the scattered far field
derived in Section II. Finally, since the CMA is performed
by considering an isolated structure, the identified potential
cells must be then employed as the unit cell of a periodic
structure to finally assess the 1-bit unit cell performance in
terms of both transmission coefficient amplitude and phase.

A. CMA OF THE ISOLATED UNIT CELL

According to the CMA, the total current distribution on an
object can be decomposed as a weighted linear superposition
of orthogonal current modes (J,) [49], [50], [51]. The
inspection of the modal analysis and the related far fields
provide meaningful insight of the scattering and radiation
proprieties of a structure, based only on its geometry and
regardless of the feeding arrangement [52], [53]. Therefore,
the CMA provides helpful design guidelines to control the
radiation performance of the examined object by tailoring
its geometry.

The potential candidate transmitting unit cells (i.e., cell-0
and cell-1) to be employed in the CP 1-bit TA belong to
the class of cells supporting a CP scattered field presented
in [48]. As shown in Fig. 1 each of them comprises two
metallic layers, connected through vias with a diameter of
0.3 mm realizing four tight three dimensional (3D) mean-
dered dipoles arranged with a fourfold rotational symmetry.
This feature allows achieving the polarization insensitive
characteristic as well as to improve its frequency response
robustness with respect to the oblique incidence [54].
Specifically, cell-1 (Fig. 1b) is derived from cell-0 (Fig. 1a)
by swapping the top and bottom metallic layers.

The modal behavior of the structures in Fig. 1 is then
investigated to reveal their field radiated. The eigenvalues
(1) of the first five CMs as a function of the frequency are
shown in Fig. 2. It can be drawn that, within the addressed
frequency band, just the first three CMs could give a signif-
icant contribution to the scattered field, since they resonate
(i.e., 1, = 0) within the considered frequency range. More
in detail, the 3D unit cells support two degenerate modes
(i.e., Mode#1 and Mode#2) with a resonance frequency of
8 GHz and a high-quality factor mode (i.e., Mode#3) with
a resonance frequency close to 7.55 GHz whereas Mode#4
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(b)

FIGURE 1. Meandered dipoles with a fourfold rotational symmetry layout:
L =3.94 mm, W = 0.65 mm, g = 0.4 mm and h = 4.3 mm; (a) cell-0 and (b) cell-1.
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FIGURE 2. Eigenvalues as a function of the frequency of the 3D structure with a
fourfold rotational symmetry.

and Mode#5 are identified as higher order capacitive modes
(A < 0) since their resonance is above 8.5 GHz. Particularly,
the length of the employed meandered dipoles turns out to
be 0.5 A where A represents the wavelength at the resonance
frequency of degenerate modes (i.e., 8 GHz).

Fig. 3 shows the modal current distribution and the 3D
normalized radiation patterns of the first three CMs.

More in detail, degenerate modes exhibit a modal current
mainly distributed along two of the four meandered dipoles
capable of radiating a scattered field with maximum values
along 6 = 0° and 8 = 180° (i.e.,i; and —i;) as depicted
in Fig. 3a-b. On the contrary, Mode#3 provides a modal
radiation pattern with a pattern null along broadside direction
(@ = 0° and with four peaks toward 6 = 90° due
to a major current distribution over the entire structure
(Fig. 3c). Therefore, the set of CMs that could satisfy the
derived scattered field requirements to realize a CP 1-bit TA
comprises only the two degenerate modes.

FE o
it

FIGURE 3. Normalized current distributions (left column) and normalized scattering
field (right column) related to (a) Mode#1@8 GHz, (b) Mode#2@8 GHz and
(c) Mode#3@7.55 GHz.
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FIGURE 4. Normalized scattered field in dB related to Mode#1 and Mode#2 as a
function of the # angle evaluated at 8 GHz for ¢ = 90°; (a) cell-0, (b) cell-1.

The normalized scattered fields for both Mode#1 and
Mode#2 are shown in Fig. 4 as a function of the 6 angle
in a principal plane (¢ = 90°) to identify their modal field
polarization.

From Fig. 4 it is evident that the degenerate modes for
cell-0 and cell-1 are characterized by a bidirectional radiation
pattern with a circular polarization. Specifically, the couple
of modes related to cell-0 radiate mainly a LHCP along
6 = 0° and 6 = 180° (EI,LHCP and E2,LHCP) with a
cross polar component below —17 dB (Fig. 4a). Conversely,
the opposite CP sense, namely a RHCP (E/,RHCP and
E2,RHCP), is provided by swapping the metallic layers
(Fig. 4b).

It is worth pointing out that, although the pair of
degenerate modes for both the cell-0 and cell-1 are char-
acterized by a circular polarization, each CM provides a
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FIGURE 5. Normalized scattering field (E¢) as a function of the frequency for cell-0
(left column) and cell-1 (right column) structure in case of a normally impinging (a)-(b)
LHCP plane wave and (c)-(d) RHCP.

bidirectional radiation pattern (Fig. 3) and hence cannot meet
the unidirectional radiation constraint derived in Section II.
Hence, it is necessary to understand if a suitable CMs
excitation can lead to a backscattering suppression. To this
aim, the normalized scattered field (E) as a function of
the frequency for cell-0 and cell-1 under the illumination
of either normally impinging LHCP or RHCP plane wave
is investigated. By looking at Fig. 5 it can be inferred
that, in case of a normally impinging CP plane wave
propagating along z-axis, both the investigated platforms
guarantee either a CP transmitted scattered field with a
strong back scattering reduction or a negligible scattered
field value, meeting the derived CP 1-bit TA scattered field
(E®) conditions of Section II. More in detail, by considering
a LHCP incident wave, cell-O (Fig. 5a) provides a robust
scattered field with the same polarization (E°;gcp(0°)) with
a maximum value around the degenerate modes resonance
frequency of 8 GHz, whereas the cell-1 (Fig. 5b), turns out
to be almost transparent since its normalized scattered field
is around 25 dB lower than the maximum scattering of
cell-0. The same scattering field behavior occurs in case of
a RHCP incident wave (Fig. 5c-d) but with an exchange of
the sensitive cell to the incoming plane wave, namely cell-1
instead of cell-0. The frequency selectivity depends on the
supported CMs of the structure as previously shown in the
modal scattered field (Fig. 4).

The forward scattering field guaranteed by the investigated
cells is due to the efficient modal excitation of both Mode#1
and Mode#2, as depicted by the modal weighting coefficient
(MWC) amplitude [55] reported in Fig. 6. In fact, for cell-0
in case of an impinging LHCP plane wave, nearby both the
Mode#1 and Mode#2 resonance, namely 8 GHz, the CP CMs
reach the maximum stimulation on the platform (Fig. 6a).
This pivotal feature, necessary for obtaining a phase delay
(¢) of 180° as will be shown in the following sub-section,
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FIGURE 6. MWC amplitude as a function of the frequency by considering both the
RHCP and LHCP normally impinging plane wave; (a) cell-0 and (b) cell-1.

occurs since the couple of excited CMs has a MWC phase
difference close to 90° within the investigated frequency
band. Conversely, when a RHCP plane wave impinges on
cell-0 (Fig. 6a) the modal excitation degree of degenerate
modes is considerable reduced since they support mainly an
opposite CP handedness (Fig. 4b). It is worth noting that the
other CMs are not stimulated since they are characterized by
a modest MS value or a pattern null toward broadside. The
same behavior can be observed with cell-1 but exchanging
the LHCP and RHCP MWC response as visible in Fig. 6b.
The described scattered field behavior, for both the cell-0
and cell-1 with respect to the incoming CP plane wave sense,
is at the basis of the CP property of the proposed CP 1-bit
TA. Therefore, CMA emphasized in a very effective way that
the 3D meandered dipoles with fourfold rotational symmetry
satisfies the necessary scattering field requirements thanks
to the pair of CP CMs. In particular, by exchanging the
metallic layers it is possible to alter the CP CMs handedness
necessary to provide 180° or 0° phase state as shown in (5)
and (7). Hence it can be suitably adopted as the unit cell of
a periodic structure to realize a 1-bit phase shifter in TA.

B. PERIODIC STRUCTURE PERFORMANCE
ASSESSMENT

With the aim of assessing the dual-layer-based CP 1-bit
phase shifting, the platform individuated by the help of CMA
has been employed as the unit cell of a periodic structure.
The full-wave simulation has been carried out with CST
Microwave Studio by setting a periodicity equal to 9.2 mm,
namely around 0.24 L@s gHz. In fact, it is favorable to keep
it as small as possible for avoiding the rise of grating lobes
as well as to reduce the frequency response sensitivity of
the unit cell in the event of oblique incidence [56].

The frequency response in terms of copolar (7.,) and
cross polar (T¢,s) transmission coefficient magnitude in case
of a LHCP incoming plane wave by considering various
incidence angles (6;) in the range 0° — 45° is shown in
Fig. 7.

Fig. 7 highlights that both investigated cells (i.e., cell-0
and cell-1) exhibit almost identical performance by behaving
like an all-pass filter within the addressed frequency. Indeed,
the copolar transmission coefficient (7,) turns out to be
superior to —1.3 dB for the whole examined frequency
range whereas at 8 GHz remains better to —0.49 dB. It is
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FIGURE 7. Copolar (T.,) and cross polar (T..s) transmission coefficient amplitude
in dB as a function of the frequency for different incidence angles (6;) by considering a
LHCP impinging wave; (a) cell-0 and (b) cell -1.

noteworthy to observe that the highest 7., occurs close to
8 GHz, namely at the resonance frequency of the supported
couple of CP CMs (Fig. 2). Hence, the periodic setting does
not alter the frequency response of the platform retrieved
by the help of CMA. Then, cell-0 guarantees a forward CP
scattered field (Fig. 5a) whereas a negligible scattered field
value occurs in case of cell-1 (Fig. 5b) since it supports
an opposite CP CMs handedness then the incoming LHCP
plane wave. Besides, the cross-polar transmission coefficient
(T¢r0s) is maintained below —20 dB for the whole addressed
frequencies and incidence angles (6;) by emphasizing a
prominent polarization purity of the transmitted LHCP wave.

Fig. 8a shows the copolar transmission coefficient phase
related to cell-0 (TO) and cell-1 (T1). It can be asserted that,
the impinging LHCP plane wave undergoes a sharp phase
delay included from —100° to —350° within the frequency
range 7 GHz — 9 GHz in case of cell-0. On the contrary, by
employing a cell-1-based periodic structure the transmission
phase undertakes a softer variation as a function of the
frequency. Moreover, since all the transmission coefficient
phase curves related to 70 and T! are largely overlapped,
the investigated unit cells provide a remarkable robustness
to oblique incidence, pivotal feature for a TA. The different
transmission phase behavior is due to the excitation or not on
the periodic structure of the supported degenerate CP CMs
previously identified as Mode#1 and Mode#2. Precisely, the
impinging LHCP plane wave on the cell-O-based periodic
structure efficiently stimulates the supported LHCP CMs
(Fig. 4a), whereas it passes almost unchanged in case of
cell-1 since it supports RHCP CMs (Fig. 4b) as accurately
predicted by the CMA. This phase trend leads to a copolar
transmission coefficient phase difference between cell-0 and
cell-1 (Fig. 8b) that decrease little by little with the increase
of frequency by reaching around —180° at 8 GHz. Both
the transmission coefficient amplitude (Fig. 7) and phase

(2)
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360 . . .
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(W]

FIGURE 8. (a) Copolar transmission coefficient phase and (b) phase difference
between cell-0 (T°) and cell-1 (T") as a function of the frequency for different incidence
angles (6;) by considering a LHCP impinging wave.

(Fig. 8) validate the scattered field guidelines derived in
Section II as well as the previous CMA by pointing out that
the mutual coupling effect among nearby unit cells in the
considered array structures is not significant. Moreover, they
confirm the suitability of the proposed two unit cells to be
employed in a CP 1-bit TA.

However, it is worth observing that, in general, once the
supported CMs of an isolated platform are known, it is
easier to cope with some possible performance alterations
due to the coupling of nearby cells. Indeed, the inspection of
the modal distribution could provide valuable insights and
guidelines to tackle the unwanted performance deterioration
of the periodic structure. This represents another notable
advantage of the CMA approach instead of a the traditional
one that turns out to be lacking in physical insights.

It is worth noting that, a frequency shift of the supported
degenerate CP CMs can be obtained by scaling the trans-
mitting unit cells that could be then exploited for achieving
a multi-bit spatial phase shifter TA.

IV. CP 1-BIT TA DESIGN

All the previous considerations provided the necessary
building blocks to realize the novel CMA-inspired CP 1-bit
TA by exploiting a miniaturized dual-layer polarization-
insensitive transmitting unit cells. To validate the concept,
the CP 1-bit dual-layer TA has been etched on a dielectric
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substrate layer (ISOLA 1S680-280, ¢, = 2.8, tand = 0.0025)
with a thickness of 3.04 mm. The converter geometrical
dimensions have been slightly adjusted from Section III due
to the presence of the dielectric layer, thus leading to an
FSS periodicity equal to 6.67 mm. The whole TA panel is
then illuminated by an ideal LHCP point-source acting as
the primary feeder, with a radiation pattern equal to that of a
horn antenna (MVG QR2000, 2—-18 GHz) characterized by
a gain of 15 dBi at 8 GHz, placed at a particular distance
from the TA structure, known as the focal point. The phase
profile on the TA panel of the primary feeder incident wave
was used for the selection of the TA unit cell types (i.e.,
cell-0 or cell-1) to collimate the beam at broadside direction
(6 = 0°) according to the following rule:

270° < ¢'(n, m, fo) < 90° — ¢*"(n,m) = T'
90° < ¢'(n, m, fo) <270° = ¢!, m) =T°  (8)

where ¢/(n, m, fy) represents the impinging electromagnetic
wave phase on the (n,m)™ unit cell evaluated at the reference
frequency fy whereas ¢““(n,m) is the additional phase
contribution to the scattered field of the (n,m)" unit cell.
Hence, if the impinging electromagnetic wave phase at the
reference frequency fo is smaller than 90° or larger than 270°,
the unit cell that provide a negligible copolar transmission
coefficient phase (cell-1) in case of a LHCP impinging wave
is applied. On the contrary, the unit cell with a copolar phase
difference transmission coefficient phase of 180° (cell-0) is
employed.

To calculate the TA radiation patterns in the far field, a
hybrid approach involving both full-wave simulations and
numerical calculations in MATLAB have been considered.
Precisely, the employed unit cells were simulated separately
using periodic boundary conditions as previously explained
in Section III for both transmission amplitude and phase
response related to each TA element. Indeed, they depend
on the frequency, the impinging wave incidence angle
(0;) and polarization. Then, each TA cell is considered
as an individual radiator with its corresponding amplitude
and phase, and a MATLAB code has been implemented
according to the phased array theory.

By considering a TA panel comprising 43x30 elements
with an aperture area equal to 287x200 mm? the impact of
the position of the employed horn antenna on the TA gain
toward broadside direction (9 = 0°) has been investigated by
assuming different focal point to maximum TA dimension
ratio (F/D) and a reference frequency for the TA panel
construction equal to fy = 8 GHz. From Fig. 9 it can be
asserted that the TA gain reaches a maximum value around
8.1 GHz and then it tends to go down with the increasing
of the frequency with dissimilar slope according to the
employed F/D value.

This happens because the unit cells present a maximum
copolar transmission coefficient amplitude (Fig. 7) along
with a copolar transmission coefficient phase difference
between cells-0 and cell-1 of around 180° (Fig. 8b) nearby
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FIGURE 9. Calculated TA gain toward § = 0° as a function of the frequency for
different F/D values.

8 GHz. In general, large F/D values lead to a wider
3 dB gain bandwidth (BW3 ;43) owing to the lower and
lower electrically distances among TA elements and the
primary feeder. Nevertheless, it determines a reduction of
the maximum gain due to a worse primary feeder spillover
efficiency. Therefore, with the increasing of the F/D value
it is necessary to employ more directive primary feeders
capable to reduce the spillover loss and so guarantee a TA
gain enhancement [21]. However, the rise of the F/D value
leads to bulky antenna structures, making them not compliant
to many systems that require low profile designs.

An F/D value equal to 0.8, that corresponds to a distance
between the TA panel and the adopted horn antenna equal
to 229 mm, has been selected for achieving the highest
TA gain equal to 22.1 dBic at 8.1 GHz. In such case, the
resultant 1 dB gain percentage bandwidth (BW; 4p) and
3 dB gain percentage bandwidth (BW3 4p) turn out to be
795 % (7.85 GHz - 8.5 GHz) and 17.5 % (7.72 GHz -
9.2 GHz), respectively.

The color map highlighting the TA unit cell types (i.e.,
cell-0 or cell-1) to collimate the beam at broadside direction
(6 = 0°) retrieved at the reference frequency fy = 8 GHz is
illustrated in Fig. 10 with two different colors (i.e., blue color
for cell-1 whereas yellow one for the cell-O configuration).
Fig. 11 displays the normalized radiation pattern in the
principal planes (¢ = 0° and ¢ = 90°) at the frequency of
7.72 GHz, 8.1 GHz and 9.2 GHz.

As it can be inferred from the calculated radiation patterns
of Fig. 11 the designed CP 1-bit TA produces high-gain
pencil beams in the broadside direction with reasonable low
lateral lobes. More in detail, at the extremes of the BW3 4z,
namely 7.72 GHz and 9.2 GHz, the peak side lobe level
(PSLL) turns out to be — 9.5 dB and —10.7 dB respectively,
whereas at 8.1 GHz it reaches — 17 dB. The rise of lateral
lobes at the extremes of the BW3 4p is due to a beamforming
degradation due to a suboptimal phase profile of the TA
panel, similar to what happens in phased arrays in case of
radiating elements feeding unbalance [14].

As a further distinguish feature, the calculated cross-
polarization discrimination (XPD) of the proposed TA turns
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FIGURE 11. Calculated normalized radiation pattern in dB for three different
frequencies; (a) ¢ = 0° and (b) ¢ = 90°.

out to be higher than 40 dB without applying any phase
compensation scheme [39], meaning that the TA XPD is
basically determined by the employed primary feeder. This is
accomplished thanks to the remarkable polarization purity of
the employed unit cells (Fig. 7) capable to support a couple
of CP CMs.

V. PROTOTYPE AND MEASUREMENTS

A  miniaturized dual-layer polarization-insensitive TA
comprising 43x30 unit cells etched on a ISOLA IS680-
280 substrate layer with a thickness of 3.04 mm has
been manufactured to assess the reliability of the proposed
approach. The whole TA panel and a zoomed-in view of a
few unit cells are shown in Fig. 12. The TA panel shown in
Fig. 12 is illuminated with a dual-polarized horn antennas
(MVG QR2000, 2 - 18 GHz) placed at a F/D = 0.8. Then,
the transmitted field is collected by another dual-polarized
horn antennas (MVG QR2000, 2 - 18 GHz) placed at around
2 m with respect to the TA panel.

The horn antennas are connected to a four ports vec-
tor network analyzer (Anritsu Shockline MS46524B). To
produce a LHCP wave, the two horn antenna ports of
the primary feeder were combined in post processing. The
measured reflection coefficient (S71) in dB of the employed
horn antenna with and without the designed TA panel is
reposted in Fig. 13.

ML

I

cell-0

cell-1

L

FIGURE 12. CP 1-bit TA manufactured prototype. The inset highlights the
discretization along the two-phase border.
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FIGURE 13. Measured S;; in dB as a function of the frequency of the employed horn
antenna in free space (void) and with the manufactured TA panel.
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FIGURE 14. Comparison between the calculated and measured TA gain as a
function of the frequency when the TA panel is illuminated by a LHCP horn primary
feeder.

The small S1; alterations of the employed primary feeder
underlines that most of the spherical wave that impinges on
the TA panel is transmitted and not reflected.

The comparison between the calculated and measured TA
gain toward broadside direction (§ = 0°) is reported in
Fig. 14.

The manufactured CP 1-bit TA presents a percentage
BW1 4p and BW3 4p of 5.63 % (7.94 GHz - 8.4 GHz)
and 15.22 % (7.77 GHz - 9.05 GHz), respectively, with
a maximum gain value equal to 21.8 dBic at 8.14 GHz
instead of a predicted value of 22.1 dBic (Fig. 9). Small
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FIGURE 15. Comparison between measured and calculated TA axial ratio (AR) as a
function of the frequency when the TA panel is illuminated by a LHCP horn primary
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0 == =777GHz (Meas) T
@+ 8.14GHz (Meas)
-5 9GHz (Meas) 1
—— 7.77GHz (Calc)
-10

dB
)

30 ! ! ! I ! ! !
-1 -08 -06 04 -02 0 02 04 06 0.8 1
v [sin(@)sin(¢)]
(a)
0 - - - . - - - -
= = =7.77GHz (Meas) =——7.77GHz (Calc)
10 @ 8.14GHz (Meas) = 8.14GHz (Calc) 1

9GHz (Meas) 9GHz (Calc)

0.2 04 06 08 1

-1 -0‘.8 -0‘.6 -0‘.4 -0‘.2 0
v [sin(@)sin(¢)]
(b)

FIGURE 16. Comparison between measured and calculated (a) copolar and
(b) cross-polar normalized radiation pattern in dB for three different frequencies at
¢ = 90° plane.

discrepancies can be ascribed to the fabrication tolerances as
well as mild variations of the dielectric material with respect
to the situated one.

The measured cross-polar value at broadside (8 = 0°)
turns out to be at least 20 dB lower than the copolar one
within the BW3 4p thus guarantying an axial ratio (AR) value
lower than 1.75 dB and, in general, lower than 2 dB within
the addressed frequency range (Fig. 15).

This fact further confirms the remarkable polarization
purity of the CMA-inspired TA panel as stated in Section III.
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FIGURE 17. Comparison between the calculated and measured aperture efficiency
(nap) as a function of the frequency when the TA panel is illuminated by a LHCP horn
primary feeder.

TABLE 1. Detailed calculated CP TA efficiencies at 8.14 GHz.

Efficiency % dB
Primary Spillover 85 -0.7
feeder Tllumination 88 -0.55
Phase Ideal 1-Bit 46 337
scheme
Phase 98.5 -0.06
TA panel
Transmission 91 -0.4
Aperture 30.8 -5.08

In fact, cross-polar component is mainly determined by the
employed primary feeder.

By considering a central frequency of 8.4 GHz, the
proposed CP 1-bit TA panel has a thin thickness equal to
0.085 l@g.4 guz with an inter elements distance of around
0.19 Les.4 GHz.

Fig. 16 shows the comparison between the calculated
and measured copolar and cross-polar normalized radiation
pattern for different frequencies within the BW3 4p. The
measured copolar results confirm that the proposed CP 1-bit
TA produces a pencil beam at broadside (¢ = 0°) with a
satisfactory agreement with respect to the calculated ones. As
above mentioned, the measured cross-polar rise with respect
to the calculated one is due to the employed primary feeder,
not to the TA panel.

In addition, both the -calculated aperture -efficiency
(Map_calc) and the measured one (7ap_meas), Obtained by the
ratio between the TA gain and the directivity of an aperture,
with the same TA geometrical dimensions and an effective
area equal to the geometrical one, have been depicted in
Fig. 17. Specifically, the formula exploited for both the
calculated and measured aperture efficiencies (1ap_calc/meas)
assessment is equal to:

Gcalc/meas(g =0°)

Nap_cal/meas = - 9
ﬁAgeo

where the numerator represents the calculated or measured
TA gain at broadside direction (8 = 0°) whereas the
denominator is the ideal directivity of an aperture with the
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TABLE 2. Measured performance comparison among different CP TA.

| P | eate |t | i | T | 27| Sndg™ |
%) (@) (%)
[43] 27 6 3-bit 0.5%0.5 0.66 22/47 17 1
[42] 20 3 3-bit 0.5%0.5 0.14 15.2/N.R. 60.2 1
[44] 30 3 3-bit 0.5%0.5 0.1 9.2/15.9 51.2 0.67
[46] 30 3 1-bit 0.5%0.5 0.11 9.5/20 15.1 0.52
[33] 20 2 360° 0.47x0.47 0.2 9.5/N.R. 60 1
[35] 14 2 360° 0.32x0.32 0.075 3.5/8.5 41 0.4
This work 8.4 2 1-bit 0.19x0.19 0.085 5.63/15.22 28.5 0.8

same dimensions of the TA with an effective area equal to
the geometrical area (Age,).

The maximum measured aperture efficiency of the CP TA
antenna is 28.5 % at 8.14 GHz which is slightly lower than
the calculated one (30.8 %).

It is worth noting that the aperture efficiency is the
result of a combination of different factors. Indeed, the
maximum reachable aperture efficiency (94p_max) turns out
to be 34% by considering the employed horn primary feeder
(MVG QR2000), F/D = 0.8 and an ideal 1-bit scheme,
namely all cells transmission amplitude equal to 1 with
ideal phases of 0° or 180°, This means that the aperture
efficiency is slightly deteriorated due to the presence of the
TA panel. Therefore, the calculated and measured estimated
TA radiation efficiency (7),44), namely the ratio between the
peak nap_cale OF Nap_meas and Nap_pmax, appears to be 90 %
and 84 %, respectively, thus confirming the unit cell’s high
efficiency. It is worth observing that the more the radiation
pattern model of the primary feeder approximates the real
one, the better is the efficiencies estimation.

The different calculated efficiencies of the CP TA eval-
vated at 8.14 GHz are presented in Table 1. The phase
scheme efficiency, based on two ideal phase states only, is
found to be the dominant factor (—3.37 dB) on the total
calculated CP TA aperture efficiency of 30.8 % (—5.08 dB).
The employed primarily feeder and the selected F/D = 0.8
determine an overall efficiency of around 75 % (i.e., 85 %
for the spillover efficiency and 88 % for the illumination
one) whereas the TA panel, in terms of both phase and
transmission efficiency, have a negligible impact on the total
TA efficiency budget, by providing an overall loss of 0.46 dB
(i.e., overall efficiency of around 90 %), thus confirming the
unit cell’s high efficiency.

To highlight the noteworthy performance of the proposed
CMA-based CP 1-bit TA a comparison with respect to the
previously proposed CP TAs is summarized in Table 2.
Compared to the previously reported phase quantized-based
CP TAs, the proposed CMA-inspired design is characterized
by the lowest TA thickness (0.085 Xg) and it is the only
one that uses two metallic layers. Note that the thinnest
CP TA profile feature is also preserved by considering
the continuous phase CP TAs, except [35]. However, even

though [35] presents a slightly lower profile, the proposed
TA offers about the double gain percentage bandwidth.

Therefore, the proposed novel approach for designing a
CP 1-bit TA by resorting to the CMA provides low profile
and an easy-to-fabricate solution with interesting radiative
performance. It is worth mentioning that this is the first
time that CMA has been employed for the design of a CP
TA. In fact, although the TAs proposed in [57], [58] exploit
the modal analysis, they refer to a linearly polarized (LP)
antenna and for a not-quantized phase resolution.

VI. CONCLUSION

A novel CP 1-bit dual-layer TA has been proposed by
resorting to the CMA-inspired theoretical study. After the
theoretical analysis concerning the TA scattered field (E®)
required conditions, design guidelines for identifying two
unit cells capable of supporting CMs radiating either RHCP
or LHCP scattered field are provided on the basis of useful
insights offered by the CM theory. The proposed CP 1-bit TA
stands out for the lowest TA thickness (0.085 A@8.4 GgHz) as
well as for the use of two metallic layers only, thus reducing
the fabrication complexity. The efficient modal excitation
on the employed unit cells of a couple of CMs radiating
either RHCP or LHCP scattered field guarantees both a
low copolar IL as well as a copolar transmission phase
difference of 0° or 180°. The results showed a remarkable
TA radiative performance able to provide a meaningful
working bandwidth and, at the same time, offering the most
compact design. Measurements on a realized prototype are in
a good agreement with simulations, confirming the reliability
and the applicability of the proposed theoretical approach.
Furthermore, both the smallest unit cell periodicity as well
as the high 7,4, help to attain an appreciable peak of the
aperture efficiency, even with the adoption of a 1-bit phase
coverage.
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