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Abstract—A dual-polarized transmitarray antenna is proposed
to generate a multi-zone coverage at 28 GHz for 5G indoor
communications. The transmitarray radiates a constant power
density within its near-field region over a specific area generating
different spots in dual-polarization. The different spots are
produced by feeding the transmitarray with a cluster of horn
antennas, which are spatially distributed to obtain beams in
different directions. The performance of the coverage is improved
with a Phase-Only Synthesis (POS) of the transmission
coefficients. The transmitarray is designed with dielectric-only
elements, which provides a low-cost solution. The prototype is
measured in a planar acquisition range, showing a high agreement
with simulations. The proposed transmitarray together with the
spatial feed distribution provides a potential alternative to
generate multi-zone coverages in millimeter frequencies.

Index Terms—Dielectric transmitarray, phase-only synthesis,
near-field coverage, 5G.

I. INTRODUCTION

OR 5G communications and especially wireless

communications, high energy efficiency is expected to be a
key factor in scenarios with multiple users and high data rates.
5G involves increasing the capacity of the system to lead with
a massive number of users but also there will be a myriad of
other devices such as sensors or electronic appliances, all
interconnected. These elements will demand the best
performance in terms of bandwidth, data rates, and efficiency.
An important challenge in 5G wireless communications is to
satisfy the requirements at high frequencies, such as mm-Wave,
to provide high-speed wireless cellular networks [1],[2]. At
those frequencies, signal propagation has a deep impact on
communications, mainly due to the phenomena of path losses
and the sensitivity to physical barriers [3]. A reduction in the
distance between the 5G elements reduces the paths losses and
the number of physical barriers between them. A clear example
is found in indoor scenarios whose coverage is provided by a
base station, commonly placed far away from users.
The deployment of efficient indoor communication faces both
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issues since the base station is placed closer to the users,
reducing the distance and the physical barriers. The reduction
of the distance between the base station and 5G elements
produces communications within the near-field region of the
base station antenna. Hence, the deployment of efficient indoor
communications within the near-field is an indispensable
solution to support wireless communications in 5G and beyond.
On the other hand, antennas are a key element since the base
station must provide the coverage wherein the devices are
placed and avoid undesired directions to improve
communication efficiency. Therefore, shaped beams are a
potential candidate to reach uniform power densities over
desired areas that are adapted to the coverage requirements. A
suitable candidate is a spatially-fed array (SFA) antennas, in
particular  reflectarrays and transmitarrays, or even
metasurfaces [4],[5]. These antennas are low-profile solutions
to reach very compact structures that are easily integrated with
indoor scenarios. In addition, different published works have
demonstrated the potential of SFA antennas achieving far- and
near-field shaped patterns to improve the performance in
communications [6]-[8].

In this work, a transmitarray is proposed as a low-cost
compact solution to generate a multi-zone coverage at 28 GHz.
The transmitarray is designed in a central-single feed
configuration to radiate a spot at broadside. The spot is widened
using a phase-only near-field synthesis to cover a larger area.
Then, the transmitarray is fed by 4 additional feeds to create a
multi-zone coverage, so that each feed produces a single spot.
The five feeds work as a cluster at the same frequency but
orthogonal linear polarizations. This scheme avoids
interference between adjacent spots and improves the capacity
and the size of the coverage. This work aims to evaluate the
shaped beam performance in multi-feed configurations based
on the spatial distribution of the feeds. Finally, the transmitarray
is manufactured with additive manufacturing and it is evaluated
in a planar acquisition range to analyze the coverage
performance.
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II. TRANSMITARRAY FOR DUAL-POLARIZED FEMTOCELLS

The transmitted field of a transmitarray on its surface can be
expressed as

Etrans Cm Yn) = T™ - Eine (o, Yn) (1)
where F?inc is the incident field on the opposite surface, (%, ¥n)
are the coordinates of the (m,n)th element, and T the
transmission matrix, which fully characterizes the response of
the element as

T @)
T Tyt
If the elements are modeled as ideal, lossless, and matched
phase shifters (|7, | = |‘[yy| =1and 1y, =Ty, = 0), T™" is
simplified to
¢xx
mn _ (€ 0 )
T ( 0 e )

where ¢, and ¢,,, are the phase shifts introduced by an
element in X-polarization and Y-polarization, respectively.

According to (1) and (3), the amplitude of the transmitted
field only depends on the amplitude of the incident field, and
the phase on a combination of the phase response of the cell
(¢xx OF yy) and the phase of the incident field (¢;n) [9]. The
feed is fixed in a single position, thus the incident field is fixed
and known beforehand. If the feed changes its position, the
incident field changes as well as the transmitted field. If the feed
is displaced in a circular arc as Fig. 1 depicts, and the feed is
pointing to the geometrical center of the transmitarray, the
amplitude of the incident field barely changes in each position
[10]. However, the phase of the incident field changes,
introducing a different progressive phase onto the transmitarray
surface in each position. Mainly, this progressive phase does
not modify the shape of the radiated beam but the angular
pointing position of the beam. Noting that the cells must be
designed to ensure good angular stability to keep the phase
response ¢y, and ¢,,, through the different impinging waves.

This approach is used to obtain a multi-feed shaped-beam
transmitarray antenna. The spatial feed distribution follows the
circular-arc path of Fig. 1 to reduce the difference between the
amplitude of the different incident fields. This distribution
keeps the same distance between the center of the antenna and
the phase center of each feed. The spatial feed distribution is
defined in the main planes of the transmitarray antenna, taking
the focal distance (f) of the central feed as the radius of the arc.
The circular-arc path can be expressed as

(x,y,z) = (f siny, 0, —f cosy) for the xoz plane
(x,v,2) = (0, f sinB,— f cos B) for the yoz plane

(4.1)
(4.2)

where y and [ are the angular distribution of two adjacent
feeds at the xo0z and yoz plane, respectively.

III. ANTENNA DESIGN AND COVERAGE IMPROVEMENT

A. Antenna optics and coverage definition

The transmitarray is made up of 576 elements in a regular
distribution of 24x24 cells with a periodicity of 55 mm?. The
side of the antenna is 120 mm; therefore, the equivalent aperture
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Fig. 1. Cross sectional view of the spatial distribution of the feeds defined in
the circular-arc path.
is 169.7 mm?. The central feed is located at 100 mm providing
a relatively compact structure with an f/D = 0.58. The feed is
a standard gain horn of 15 dBi gain working on the linear
polarization Y according to Fig. 1 at 28 GHz. The other four
feeds are distributed according to (4). The feeds are separated
on angular distribution of +15° around the central feed. These
four feeds are standard gain horns of 15 dBi but working in the
X linear polarization at 28 GHz, which is orthogonal to the
polarization of the central feed.
Conversely, the multi-zone coverage is defined on a xoy
plane at a distance of z = 1.80 from the center of the
transmitarray, thus the coverage is within the near-field of
the antenna according to 2D?/A. Each feed radiates a
different spot obtaining the polarization scheme shown in
Fig. 1. The goal is to provide a multi-zone coverage wherein
the radiated power density is constant, increasing the area
that may be reached with a single feed. The maximum
amplitude ripple to consider the coverage area constant is 3
dB. The spots can be generated in both linear polarizations.
However, the external spots are overlapped with the central
spot and a scheme to minimize the interferences is chosen. In
this case, orthogonal polarizations are proposed (see Fig. 1).

B. Evaluation and improvement of the femtocell

As a first approach, a far-field focused transmitarray is
evaluated to generate the different spots of Fig. 1. The
transmitarray is designed considering the central feed and
radiating a beam in boresight direction (8, = 0°, ¢, = 0°) for
Y polarization according to

¢yy(xm' Yn) = Dinc(Xm, V) — ko(xmcos@, +
+ y,sing,)sind, (5)

where ¢, (X, yn) is the phase of the transmission
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Fig. 2. Evaluation of the radiated femtocell by a far-field focused
transmitarray using five horns. The central spot operates on Y polarization
whilst the others on X polarization. Dotted lines are the required —3 dB
contour.

coefficient of the (m, n)th-element, ¢ v is the phase of the
incident field on the element; k, is the vacuum wavenumber;
and 6, and ¢, are the pointing direction.

According to Fig. 1, the central spot is defined in Y
polarization, and (5) provides the phase of the transmission
coefficients for this polarization. However, if the transmitarray
element behaves similarly in both polarizations, the
transmitarray response would not be affected by the feed
polarization. The multi-zone coverage is evaluated using the
whole cluster and the resulting near-field is shown in Fig. 2. As
expected, the five spots are perfectly collimated in the desired
directions, demonstrating that the angular distribution of the
cluster leads to the same angular distribution of the spots
regardless of the polarization. However, none of these spots are
overlapped to its adjacent and a constant radiated power density
is not achieved.

To improve the multi-zone coverage and achieve a
continuous field distribution, the phase of the transmission
coefficients ¢y, (Xm, yn) are synthesized using a Phase-Only
Synthesis (POS). The POS is based on the generalized
Intersection Approach (glA) [11]. The gIA is modified to
compute the near-field radiated within the near-field [12]
instead of the far-field. Hence, this approach allows directly
imposing the constraints in the amplitude of the radiated near-
field [13]. The specifications are imposed at the coverage plane
at z = 1.8 m, establishing a maximum ripple of 3 dB within a
circular area of radius 400 mm. This process aims to widen the
central spot to cover it with a uniform field distribution. The
synthesis process is divided into a multi-stage strategy which
requires to carry out different synthesis with the gIA. In each
new synthesis the specifications are tightened, starting from a
laxer ripple within a shorter area to the final ones. Then, the
multi-zone coverage will be evaluated to evaluate whether the
external spots are also improved because of the spatial feed
distribution.

After the synthesis process, a new phase distribution
¢yy (Xm, Yp) is obtained and the new multi-zone coverage is

shown in Fig. 3. The central beam has been notably widened
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Fig. 3. Evaluation of the radiated femtocell after the optimization process
using the five horns. The central spot works on Y linear polarization whilst the
others on X polarization. Dotted lines are the required —3 dB contour.

from 5.72° to 26.66°, considering the 3 dB decay. The radiated
power density within this spot is mostly flat with a ripple lower
than 1.5 dB. The lateral spots are also widened to 12.72° if the
overlapped area is not considered. These spots present a certain
distortion and are not widened as the central spot since they
have not been included in the optimization process. However,
this approach reaches a constant coverage area of 52.10°, which
is a 914% regarding the initial phase distribution and an 89.80%
more than using a single feed.

The POS considers the elements as ideal phase-shifters that
only introduce a certain delay. The angle of incidence of the
element changes from one feed to the other. Thus, the response
of the element is different for each feed. To include constraints
in the adjacent spots and minimize the distortion, a full
characterization of the element must be included in the gIA, for
each feed. This approach (POS plus feed distribution) notably
decreases in complexity a multi-target optimization in which all
the spots are included.

C. Transmitarray design

Once a solution that satisfies the desired femtocell is reached,
the phase of the transmission coefficients ¢y, (X, ¥,) must be
designed properly to introduce the desired phase-shifts. To
operate in dual polarization the elements must introduce the
same phase-shift in both polarizations. The proposed elements
are based on a dielectric-only solution which provides a low-
cost and additive manufacturing solution. These elements are
square dielectric prisms of dimensions (1/2 (a) X 4/2 (a) X
224 (t)) and an embedded airgap [14] (see Fig. 4). The airgap is
a square air prism of variable dimensions (W X W X L) in
order to control the infill of the cell and its dielectric effective
constant (€.¢¢). The variation of the €.¢rcontrols the phase-
shift introduced by the cell. This element provided a phase-shift
range of 360°, which is enough to physically implement a
whole phase cycle at 28 GHz. Only the elements with
transmission losses lower than 1.5 dB are used in the design.

In the design the dimensions of the airgaps are adjusted,
element by element, considering local periodic environment
and the real angle of incidence [14]. The output of this process
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Fig. 4. Setup at the planar cquisnion range to evaluate the multi-zone of the
proposed prototype. The feed horn can be placed at the different prescribed
placements, and a sketch of the selected cell is included.

is a layout of dielectric-only cells that minimize the differences
between the phase-shift of the cell and the required one
(¢yy (Xm, Y))- The behavior of these cells is the same in both
linear polarizations.

IV. EXPERIMENTAL VALIDATION

The transmitarray has been manufactured using a Fused
Deposition Modeling (FDM) technique, which is a 3D printing
technique based on the melting and layer-by-layer deposition of
a thermoplastic polymer, PLA (e, = 2.95,tand = 0.015) [15],
through a nozzle tip. Then, the prototype has been measured in
the planar acquisition range at the Universidad de Oviedo. Due
to physical limitations on the facilities, the near-field pattern is
not directly evaluated at the coverage plane. The near-field is
measured at 100 mm from the antenna aperture within a regular
grid of 120x120 mm?, which is large enough to capture most
of the electric field. Then, the near-field at the coverage plane
(1.80 m) is obtained using a transformation based on Spherical
Wave Expansion (SWE) with GRASP [16]. A PLA structure
holds the transmitarray antenna and the feed is a horn antenna
of 15 dBi gain (Flann 22240-15). The cluster is simulated using
this horn antenna and moving it to the different required
positions (see Fig. 4). The probe is an open-ended waveguide
at Ka-band.

The 3 dB contour of the measured spots at 28 GHz is shown

in Fig. 5, obtaining a good agreement between with simulations.
The central spot behaves as simulation results with a total width
of 20.6° and a ripple lower than 1.5 dB within this area. The
lateral spots present a similar shape to simulations. However,
despite having the distortion the spots are widened to 11.48°,
considering the 3 dB decay without the overlapped area. The
total area of the multi-zone coverage is 44.6°, which is more
than the 85% of the simulated femtocell.
The slight differences with simulations are associated with the
response of the cell. The POS is carried out modeling the
elements as ideal phase-shifters and two effects are not
considered in advance. First, the losses of the dielectric material
and the mismatch in the dielectric-air interface, which mainly
affect the size of the central spot. Second, the angular response
of the cell adds some distortion to the beam shaping, which is
appreciable in the lateral spots.
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Fig. 5. Evaluation of the measured femtocell at 28 GHz after the optimization
process using the five horns. The central spot works on Y linear polarization
whilst the others on X polarization. Dotted lines are the required —3 dB
contour.
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Although the coverage is synthesized in a single plane, the
planes close to 1.8 m should behave similar. Therefore, the
multi-zone behavior may be found not on a single plane but on
a volume. In this case, the coverage has been evaluated from
1.65 to 2.0 m, obtaining a constant near-field power density
through a range of 44.6° and a depth of 350 mm.

V. CONCLUSION

A transmitarray working at 28 GHz has been presented to
generate near-field femtocell for 5G indoor communications.
The transmitarray is designed considering a single feed working
on a centered configuration and a single linear polarization.
Then, four different feeds are added to feed the transmitarray
with a cluster of horn antennas. These extra four horn antennas
work at the same frequency but orthogonal linear polarization
regarding the central feed. In a first approach, a far-field
focused transmitarray is evaluated. However, this solution does
not provide a continuous near-field which can be considered a
femtocell. Hence, the transmitarray is optimized using a POS
based on the generalized Intersection Approach for near-field.
This process aims to widen the central spot but only the central
feed is considered. Although a multifocal optimization could be
carried out to design the entire antenna at once, the approach
proposed in this work decreases in complexity a multi-target
optimization. Moreover, due to the proposed spatial distribution
of the cluster the other spots are also improved. After this
process, the transmitarray generates a femtocell of 52.10° on
dual polarization. Then, the transmitarray is manufactured
using a 3D printing technique and dielectric-only elements,
which provides a low-cost and easy-manufactured antenna.
This prototype is evaluated in a planar acquisition range and the
results show a very good agreement with simulations. The
measured femtocell shows an angular range of 44.6° through a
volume, at least, of 350 mm. This approach provides a compact,
low-cost antenna to generate wide-angle dual-polarization near-
field femtocells.
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