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Abstract—In this paper, a flat-beamsteering antenna for 5G
applications is being presented. The antenna, designed to operate
at 3.6 GHz (5G new radio (NR) frequency range 1 (FR1) band
n78), presents a unique flat form factor which allows easy deploy-
ment and low visual impact in 5G dense scenarios. The antenna
presents a multi-layer structure where a metamaterial inspired
transmitarray enables the two-dimensional (2D) beamsteering,
and an array of microstrip patch antennas is utilised as RF
source. The use of metamaterials for beamsteering control allows
for the reduction of costly and complex phase-shifter networks
by using discrete capacitor diodes to control the transmission
phase-shifting and subsequently, the direction of the steering.
According to simulations, the proposed antenna presents 13.9 dBi
of gain, 100 MHz of bandwidth with a maximum steering range
of +20 degrees, achievable in both elevation and azimuth planes,
independently.

Index Terms—5G, antenna, base-station, beamsteering,
hidden-antenna, metamaterial, frequency selective surface.

I. INTRODUCTION

The 5th generation of mobile network (5G) has been the
focus of research in the past few years. The main concept of
5G is to provide a highly flexible and scalable network tech-
nology for connecting everyone and everything, everywhere
[1].

To date, many 5G systems are already being deployed
worldwide, at the same time that the second phase of 3GPP 5G
specifications are being standardised, with Release-16 sched-
uled to be completed by March 2020 [1]. Thus, to comply
with requirements of Enhanced Mobile Broadband (eMBB),
Ultra Reliable Low Latency Communications (URLLC) and
Massive Machine Type Communications (mMTC) (5G use
cases [1]), and to cope with the associated growth of users
and devices, the reduction of the coverage area (cell size) and
the implementation of pico-cells is a trend in 5G [2].

However, the major issue associated with the reduction
of covering areas is the consequent increase of cell number
(to cover the same area) and thus, the excessive physical
deployment of base station (or access point) antennas [2],
causing a huge visual impact [3] particularly in dense urban
locations. This leads to a high demand for hidden/ concealed
antennas with enclosures that allow for the reduction of
the visual impact of such massive antenna deployment, e.g.
antennas embedded in lump poles, fake trees or masked in
building facade.

In an antenna engineering perspective, two major fronts
are being tackled when designing 5G antennae: i) antenna
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Fig. 1: Overall schematic of the proposed 5G antenna design.

for (mobile) user equipment, which aim at the design of
miniaturised antennae, whilst enabling multiple frequencies
of operation, multiple-input multiple-output (MIMO) for en-
hanced signal processing and beamsteering, [4]-[7]; ii) the
design of novel smart small-cell base station and access point
antennas [8]-[10] that should enable, besides massive MIMO,
beamsteering to aim at specific directions in time and space,
while keeping moderate sizes and appellative shapes.

With this mindset, this paper presents a new concept for
a metamaterial-inspired flat-antenna design for 5G small-cell
base station, operating in the 5G new radio (NR) frequency
range 1 (FR1) band n78, with beamsteering capability. The
proposed antenna design, depicted in Fig.1, presents a stacked
layer design of a microstrip patch array with a transmitarray
structure already presented by the authors in [11]-[13]. The
transmitarray, seen as the core of this antenna design, is
composed of square-slot resonating unit-cells loaded with
capacitor diodes, capable of achieving +20° of beamsteering,
in the two main antenna planes. Due to its the compact and
light-weight format, the proposed antenna design is sought as
a possible solution to a base station antenna when applied in a
ceiling or in a building facade without visually compromising
the surroundings.

This paper is organised as follows: section II presents the
physical layout of the proposed antenna, while section III
introduces the mode of operation of proposed antenna while
specifying the details to enable beamsteering. Subsequently,
in section IV, the simulation results obtained on the trans-
mitarray antenna are being presented, followed by a critical
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Fig. 2: (a) Stacked unit-cell and (b) equivalent circuit.

discussion. Finally in section V, conclusions of the developed
work are presented.

II. PROPOSED ANTENNA DESIGN

The antenna design being proposed in this paper is depicted
in Fig. 1. The antenna is composed of three main parts:
i) a microstrip patch antenna array operating as a feeding
source; ii) a transmitarray structure to control the wave front
direction and thus, enable beamsteering and, finally iii) a
plastic enclosure to cover all electronic parts and provide a
clean design and application. Each part is thoroughly detailed
in this section.

The microstrip array, composed of a 6 x 6 elements, has
been designed following the recommendations of [14], [15]
and assisted by the array design tool provided by CST Mi-
crowave Studio (MWS). A probe fed microstrip patch antenna
has been used as unitary element of the array. After a complete
set of simulation and subsequent optimisation in CST, the 6 x6
array with patch dimensions of 23.9 x 19 mm?, separated by
41.6 mm (A\/2 at 3.6 GHz) in both horizontal and vertical
direction, printed over a FR4 substrate (¢, = 4.4 and tand =
0.025), presents a resonant frequency centred at 3.6 GHz, a
bandwidth of 130 MHz and total gain of 18 dBi. For the
sake of demonstration, an ideal feeding network has been
considered, by forcing a simultaneous multi-port excitation
with the same amplitude and phase in each array element, in
the simulation environment.

The transmitarray, already presented by the authors in
[11]-[13] at various frequencies, has been re-designed and
optimised to operate at 3.6 GHz. The transmitarray follows
a stacked layer design of square-slot resonating unit-cells
loaded with capacitor diodes, as depicted in Fig. 2. The
square-slot cell exhibits a band-pass filtering characteristic
operating as a frequency selective surface (FSS), which both
central frequency and transmission phase-shift are controlled,
on-the-fly, by the modifying the value of discrete capacitors
placed between the inner patch and outer ring (Fig. 2). Thus,
any vertically polarised (TE) incident wave that impinges
the transmitarray structure, is re-transmitted with a specific
direction defined by the amount of phase delay introduced by
each transmitarray element, operating very similar to planar
antenna phased array [14].

In particular, a transmitarray element composed of 5
stacked layers of the unit-cell represented in Fig. 2, with
dimensions and substrate detailed in Table I, presents the

TABLE I: Transmitarray design parameters for the operating
frequency set at 3.6 GHz.

Unit-cell dimensions Nelco NX9250 substrate

Parameter Value (mm) | Parameter Value
dx 36
Ix 59.04 € 2.5
px 60.04 tan(d) 0.0017
x 3 thickness 1.575 mm
layer separation 5

filtering and transmission phase response illustrated in Fig. 3,
when the capacitance range is varied from 0.7 to 2.8 pF.In this
work, ideal capacitors have been considered and the typical
impairments associated to its parasitic effects, i.e. series
resistance and inductance have been neglected. The stacking
of FSS layers, herein set at 5 layers separated by Smm, is a
well-known method to increase the overall transmission phase
shifting (and the order of the spatial filter), as well reported
in the literature [16]. This technique is being used herein to
enable antenna beamsteering, which principle is thoroughly
described in Section III.

According to simulations, the optimum transmitarray ele-
ment configuration (i.e. 5 layers separated by Smm) exhibits
an effective bandwidth of 100 MHz centred at 3.6 GHz
(Fig. 3a), defined by the maximum and minimum cut-off
frequency of the lower and higher capacitor values, respec-
tively. The ideal number of layers was achieved by running
an extensive parametric simulation in CST MWS, and by
analyzing the overall phase-shift between the first and last
stacked element. The parametric was set to run for several
number of layers and layers spacing, within the considered
capacitance sweep range (as in Fig. 3). The global insertion
loss for the proposed configuration is better than 4 dB, for
every filtering configuration within the unit-cell bandwidth.
The relative transmission phase-shift is of 420°, within the
capacitance sweep range (defined from 0.7 to 2.8 pF), respect-
ing therefore the minimum requirement of 360° to obtain full
control of the beamsteering, as reported in [11].

Note that the transmitarray layers where deliberately de-
signed in a higher performance substrate (Nelco NX9250),
when comparing with the one utilised in the feeding antenna
(FR4). If FR4 was considered in the transmitarray, the global
insertion loss would be much higher (simulated of about
8.5 dB), due to the dielectric properties of the substrate and
due to the number of stacked layers. This impact is not as
critical in the feeding antenna and a cost-efficiency trade-off
must be taken into consideration when selecting the substrates.

In the final antenna configuration, the transmitarray and the
microstrip array are separated by 20mm and, protected with by
a 3mm thick low-loss plastic enclosure, which confers to the
proposed design an overall dimension of 350 x 350 x 60mm?2.
While the spacers and the enclosure material have not been
considered in the presented simulations, in a practical imple-
mentation these can be implemented with low-loss dielectric
material, such as PTFE (¢, = 2.1,tand = 0.0002), at the
expense of minimally increasing of the excess loss. Several
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Fig. 3: (a) Simulated S,; and (b) relative transmission phase
depending on inserted capacitance.

other technical difficulties could be found when designing
and implementing of a feeding network, in the case of using
varactor diodes to electronically perform beamsteering. Nev-
ertheless, the authors have successfully demonstrated in [12],
a practical implementation of an electronically reconfigurable
transmitarray operating at 5.2GHz, whose beamsteering con-
troller and feeding line designs can be directly incorporated
in the current design.

III. ENABLING 2D BEAMSTEERING WITH A
TRANSMITARRAY

The method of implementing beamsteering with a transmi-
tarray is well detailed in the literature, and particularly in the
authors past publication [11], [12]. In fact, it is built on the
theory of planar antenna arrays [14], [15], where a progressive
phase-shift between adjacent elements should occur along the
X and Y directions of a M x N array so 2D beamsteering
could be enabled. Thus, when an incident EM wave impinges
a M x N transmitarray structure, it suffers a punctual phase-
delay o, in every array element, causing the resultant (re-
transmitted) wave to be steered in direction.

As demonstrated in [11], the relation between the two
dimensional output directions (Azimuth and Elevation) of
the steering angle, and the progressive phase-delay in the
transmitarray, is given by (1),

= — ko.p.cos(El).sin(Az)
) ey
hy=— ko.p.sin(El)

where 1), and 1), are the progressive phase along X and Y
axis, respectively, and p is the periodicity of the p x p array
elements. This can be represented in a by a relative phase
matrix distribution, as in (2),
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where «,, ,, is the phase delay introduced by each individual
(m,n) element of the M x N transmitarray. Thus, for the
transmitarray presented in this paper, the unitary phase delay
of a specific output angle can then be related to the transmis-
sion phase-shift of the transmitarray element (Fig. 3b), and
consequently to a specific capacitance value.

For example, in (3) and (4) are represented both phase and
capacitance matrices, respectively, of a 5 X 5 transmitarray
composed of the 5 stacked layers of the unit-cell represented
in Fig. 2, when beamsteering is set to aim at (10°,0°)
(Azimuth,Elevation). These matrices have been obtained with
the aid of a Matlab script that computes a phase a capac-
itance matrix using (1), for every requested output angle
and afterwards, converted into capacitance by performing an
interpolation between the relative phase matrix (3) and the
simulated relative transmission phase curve of Fig. 3b.
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IV. SIMULATION RESULTS AND DISCUSSION

To validate the proposed antenna, the configuration of
Fig. 1 was then simulated in CST MWS. The simulated
S11 parameter is depicted in Fig. 4. From the simulation,
it is possible to observe that overall S11 antenna response
(patch antenna plus transmitarray) presents a relatively good
impedance matching, with bandwidth of 100MHz (S711i-10
dB) centered at 3.6 GHz. This simulation was considered
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Fig. 4: Simulated S7; antenna matching.

when all the capacitance of the entire transmitarrray where
set at 0.8 pF.

To validate the beamsteering capability, the beam steered
angles were obtained by specifically defining the capacitance
value of each element of the 5 x 5 transmitarray, according
to the phase pattern defined by capacitance matrix previously
calculated. In particular, the antenna was set to steer main
lobe of the radiation pattern in both azimuth and elevation
planes, independently. Two-dimensional radiation patterns are
presented to evaluate the antenna performance.

According to the simulations results of Fig. 5, the antenna
presents a maximum gain of 13.9 dBi when at boresight
(0°,0°), against 18 dBi achieved with the microstrip array
alone, which reflects the 4 dB of insertion loss caused by
the transmitarray. Moreover, it is possible to observe that the
antenna has the capability of performing beamsteering in a
range defined 0° and 20°, in both azimuth (5a) and elevation
planes (5b), without major deformation of the original main
lobe. Although simulations are only presented for an angular
sweep in the positive part of the axis, the antenna presents a
good symmetry around the Y-axis in both antenna planes, with
a maximum achievable angle of +20°. Within the presented
steering range, the maximum gain only decays of around 3 dB.
For larger values, relatively high side lobes, with side lobe
levels >7 dB start to appear.

V. CONCLUSIONS

This paper presents a novel flat-beamsteering antenna for
5G applications in the 3.6 GHz frequency bands. The pro-
posed antenna presents a multi-layer structure composed of
a microstrip patch array and a metamaterial inspired trans-
mitarray structure that enables 2D-dimensional beamsteering,
which replace the costly and complex phase-shifter networks.
The proposed antenna presents in simulations 13.9 dBi of
gain, 100 MHz of effective bandwidth with a maximum
beamsteering range defined between 420°, achievable in
both elevation and azimuth planes, independently. Besides
its good performance, the proposed antenna also presents a
unique compact and flat form factor with a moderate size
and appellative shapes, which allows the easy deployment
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Fig. 5: Simulated output angular sweep in the (a) azimuth and
(b) elevation planes, respectively.

whilst reduction the visual impact in 5G dense scenarios,
when comparing with traditional base-station antenna.
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