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ABSTRACT This work presents a reflectarray-based base station antenna to integrate both backhaul (BH)
and fronthaul (FH). The reflectarray operates at 28 GHz in dual linear polarization, using one polarization
for the BH and another for the FH. The BH is a pencil beam of maximum gain pointing in a certain
direction, while the FH defines the coverage for a femtocell. The FH is used to generate the coverage
within the near field radiated by the base station. The synthesis of the FH is carried out by means
of a near-field phase-only synthesis (NF-POS), while the BH is analytic. Both phase-shift distributions
are physically implemented using a unit cell based on a double-layer topology of coplanar dipoles. The
reflectarray is manufactured and evaluated in a spherical range (far field) and a planar range (near field).
The measurements agree with the simulations, showing that a single antenna based on a reflectarray can
be used to implement the dual link FH and BH.

INDEX TERMS Reflectarray antennas, base station, near field coverage.

I. INTRODUCTION

THEFIFTH Generation (5G) of mobile communications,
as well as the next generation (Beyond 5G -B5G- and

6G) are boosting the use of millimeter-wave (mmWave)
spectrum to provide broadband wireless access in cellular
networks [1]. Those systems are expected to be deployed
between 20 to 300 GHz, allowing for an increase in the data
rate and system capacity or to decrease in latency concerning
previous generations [2]. The bands such as 27, 39, and
60 GHz are being considered for the upcoming 5G, whilst
higher frequencies over 100 GHz are being kept for B5G
and 6G [3].
The use of mmWave spectrum in communications has

raised new challenges related to signal propagation condi-
tions. A higher frequency leads to a more rapid attenuation
(path loss is increased) and a higher sensitivity to physical
barrier, due to penetration losses are also larger [4]. The
coverage generated by a base station (BS) might be disrupted

by high-density areas of buildings in outdoor scenarios
(streets), while indoor coverage (shopping malls, airports,
offices, etc.) might be affected by different elements, such
as walls or furniture. Those effects result in areas with poor
or even null coverage, which are so-called blind zones.
Radio-frequency boosters could be used to extend the

cellular coverage in those areas [4]. However, this approach
would significantly increase the costs of the network infras-
tructure, and complexity and produce interference with other
systems. A less complex and low-cost solution is to deploy
femtocell BS whose radiation is adapted to the blind zone.
Therefore, the BS would generate a fronthaul (FH) covering
the blind zone. However, these BSs are still needed for
a high-capacity backhaul (BH), which is typically based
on wired solutions (i.e., optic fiber), resulting in a costly
deployment.
In this work, a reflectarray-based BS is proposed

as an alternative to deploying femtocells, obtaining a
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single-antenna topology to generate both BH and FH links at
Ka-band. Reflectarray (RA) antennas have been an attractive
solution in several applications, especially in communication
systems [5], [6]. RA provides a low-profile, low-visual-
impact, low-cost, and easily manufactured process antenna
with beam shaping capabilities (which is a main advantage
to reach a customizable radiation pattern). In recent years,
RA has caught the attention in 5G communication in
the mmWave to be used as Reflective Intelligent Surfaces
(RIS) [7], [8], [9]. However, RIS only tilts the FH link.
The proposed RA is designed to radiate a shaped pattern
to perform the coverage, which is within the near field
region (considering the distance with users and the antenna
aperture size in a femtocell) [10]. Then, the RA radiates a
pencil beam pointing to another BS, thus enabling the BH
link. To simultaneously deploy both links, the RA works
in dual-linear polarization. The FH coverage is reached
through a Near-Field Phase-Only Synthesis (NF-POS), while
the BH is analytic. The unit cell is a dual layer set of
orthogonal dipoles, which provides independent control of
each polarization and high isolation between orthogonal
polarizations. The RA is manufactured and evaluated in
an anechoic chamber and a planar acquisition range to
obtain a full characterization of the radiation pattern of
the antenna. The measurements highly agree with the
simulations, obtaining a successful implementation of a
reflectarray-based BS to reach a FH/BH link at Ka-band.
Moreover, to the best aware of the authors, this is the first
prototype with far and near field constraints, considering that
the near field specifications are not a focus beam but a shaped
one. The proof of concept presented in this work can be
extended from dual-linear to dual-circular polarized antenna
(each polarization for BH and FH, respectively) using a
proper unit cell and a dual-circularly-polarized feed to ensure
the connectivity of the BS in both links. Although mm-Wave
5G communication requires to use dual-linear polarization
(either ±45◦ or V/H) to apply MIMO techniques [11], [12],
this work is focused on near-field indoor applications that
does not require polarization diversity.

II. ANTENNA DESIGN
A. ANTENNA OPTICS AND UNIT CELL
The reflectarray is comprised of 44×44 elements distributed
in a regular grid of periodicity 0.4λ×0.4λ (4.29 mm
× 4.29 mm) at 28 GHz. The aperture size is about
190 mm×190 mm and the feed is placed at −→r f =
(79.4, 0, 200) mm according to the system of coordinates
shown in Figure 1. Thus, the f/D is 0.97. The feed is a
horn antenna of 20 dBi gain at 28 GHz that provides an
incident field with an illumination taper of 16 dB in both
polarizations.
The unit cell is a dual-layer topology based on sets

of orthogonal coplanar dipoles [13]. The unit cell and its
geometrical parameters are shown in Figure 2. The three
parallel dipoles oriented to the X-axis (top layer) and the one
in the bottom layer control the response of the V-polarization

FIGURE 1. Sketch of a 5G scenario to use the base station with integrated fronthaul
(H-polarization) and backhaul (V-polarization).

FIGURE 2. Geometry of the unit cell based on two sets of orthogonal coplanar
dipoles.

(BH link). The three dipoles (bottom layer) and the one on
the top layer oriented to the Y-axis control the H-polarization
(FH coverage). The dipoles are printed in a dielectric layer
of RT/Duroid 5880 (εr = 2.3, tan δ = 0.0013) of height
(hA and hB) 30 mils. The geometrical parameters shown
in Figure 2 are adjusted to obtain a smooth and linear
phase response. In particular, the length of the central dipole
LA2 is used to control the phase response since the other
dipoles are related to this dipole length by the factors:
αA1 − αA4 and αB1 − αB4 as Table 1 shown. Moreover,
the width of the dipoles is 0.38 mm and its separation
(SA1, SA2, SB1 and SB2) 0.78 mm. The scale factors and
the other geometrical parameters have been optimized to
find the best unit cell response using previous works as
reference [14]. The analysis of the unit cell is performed
by using an in-house electromagnetic code based on the
Method of Moments in Spectral Domain (MoM-SD) [15].
The analysis is carried out under a periodic environment, and
basis functions accounting for edge singularities are used in
the approximation of the current density of the dipoles [15].
Figure 3 shows the response of the cell considering normal
and oblique incidence for different angles (θ = 15◦, ϕ =
20◦; θ = 30◦, ϕ = 40◦). The unit cell provides a phase shift
range up to more than a phase cycle in both polarizations,



509 IEEE OPEN JOURNAL OF ANTENNAS AND PROPAGATION, VOL. 5, NO. 2, APRIL 2024

TABLE 1. Relation of the geometrical parameters of the unit cell.

FIGURE 3. Amplitude (a) and phase (b) response of the proposed unit cell
according to the variation of the length of the central dipole at 28 GHz and different
angles of incidences. V-pol. (ρxx) in solid line and H-pol. (ρyy) in dotted line.

and a stable response in oblique incidence. Besides, the unit-
cell losses are lower than 0.8 dB for most of the incidence
θ . As a result, the unit-cell exhibit good angular stability.

B. SCENARIO REQUIREMENTS
The reflectarray works in dual polarization, using the
V-polarization for the BH link and the H-polarization for the
FH. The FH must cover a blind area defined within the near
field of the reflectarray. The reflectarray is placed at a height
of 2.5 m from the floor (see Figure 1), and the coverage is
generated in a corridor (indoor) or street (outdoor) scenario.
The coverage is defined in a range of 1.2 m×0.4 m, which is
equivalent to a 585% and 195% of the aperture of the antenna
in the z- and y- direction, respectively. Within this area the

field should be as uniform as possible, setting a maximum
ripple of 3 dB. Outside the coverage the field should rapidly
decrease to avoid radiation in undesired directions. Thus, the
minimum difference between the field within the coverage
and outside must be −12 dB.

The BH is defined as a point-to-point link connecting the
reflectarray with another external base station. To reach the
maximum efficiency in the link the reflectarray generates
a beam with its maximum gain in the direction (θ0, ϕ0)

(direction in which the external BS is located).

C. DESIGN PROCEDURE
The design of the reflectarray is based on an independent
procedure for each polarization. The FH requires a shaped
near field pattern tailoring the coverage, so the design
is carried out through a NF-POS using the generalized
Intersection Approach algorithm [16]. In this case, the
constraints are imposed on the amplitude of the radiated near
field. As a starting point for the NF-POS, the phase-shift
distribution used is associated with a beam focused on the
center of the coverage (1) [17]. The synthesis is carried out
following a multi-stage process, which is based on dividing
the synthesis into multiple stages whose goal is finding out
an intermediate solution [18]. When carrying out synthesis,
especially in near field with complex specifications that
are far from the starting point, it is necessary to subdivide
the synthesis process into several synthesis to enhance the
convergence of the algorithm. Instead of attempting a single-
stage synthesis starting from the starting point given by (1) in
this case and trying to directly find a solution that meets the
specifications, the process is divided into several stages (or
syntheses). In each synthesis, the goal is finding a different
intermediate solution. Initially, an intermediate solution is
defined as a solution close to the starting point, for instance,
by allowing more ripple or soughing for a field distribution in
a smaller area. As these intermediate solutions are achieved,
complexity and solution requirements will gradually increase
until the desired specifications are ultimately met.

φ(xl, yl) = −2π

λ0

(∥∥−→r NFF − −→r l
∥∥

2 − dfl
)

(1)

where λ0 is the wavelength at the central frequency, dfl is
the distance from the feed to the lth element, −→r NFF =
(xNFF, yNFF, zNFF) = (−1.6, 0, 1.5) m is the point at which
the near field is focused, and −→r l = (xl, yl, 0) is the position
vector of the lth element.
The output of the synthesis process is the phase-shift

distribution depicted in Figure 4(a). It is the phase of the
reflection coefficients in the H-polarization (ρyy) to be
applied to each element to generate the required radiated
near field.
Figure 5(a) shows the results of the NF-POS, achieving

compliance with the requirement of 90% (considering the
3 dB ripple specification). Moreover, the field rapidly decays
beyond the coverage, satisfying the minimum difference of
12 dB set in this area.
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FIGURE 4. Phase distribution in degrees [◦] required in each polarization of the
design: (a) Phase for the H-polarization to collimate a NF coverage; (b) phase for the
V-polarization to generate a pencil beam pattern.

In the case of the BH, a high-gain pencil beam is required
in X polarization. The phase distribution (ρxx) is analytically
computed with (2), which is based on geometrical optics.

φ(xl, yl) = k0
(
dfl − (xl cos ϕ0 + yl sin ϕ0) sin θ0

)
, (2)

where k0 is the wavenumber in vacuum, and (θ0, ϕ0) are the
pointing direction of the pencil beam, in this case 20.5◦ and
−103◦, respectively. This corresponds with a down tilt of 5◦
in elevation and a tilt of 20◦ in azimuth plane. Figure 4(b)
provides the phase-shift distribution computed with (2).

Once both phase-shift distributions are obtained, the
elements of the reflectarray are designed. In the design
process, the length of the dipoles LA1, LA2, LA3, LA4, LB1,
LB2, LB3 and LB4 are adjusted to produce both phase shifts
in X and Y polarizations previously obtained. The design is
carried out element-by-element, considering the real angle of
incidence and the real incident field generated by the primary
feed. In the design process, the same in-house MoM-SD

is used again. The output of this process is the layout of
44 × 44 cells for the reflectarray.

III. EXPERIMENTAL VALIDATION
The designed layout is manufactured and measured in the
facilities of Universidad de Oviedo to obtain a whole
characterization of the FH and BH link.

A. FRONTHAUL COVERAGE
The field radiated by the reflectarray is first measured in
a near-field planar acquisition range to evaluate the FH
coverage [19]. Due to the physical dimension of the planar
acquisition range (1.5 m×1.5 m×1.5 m), the measurements
are divided into two steps. The field is measured at 500 mm
from the center of the reflectarray in a regular grid of 800×
500 mm2 and parallel to the antenna aperture. This grid
ensures that most of the radiated power (over a 90%) is
captured. Then, the field at the coverage is obtained through
a Near Field to Near Field (NF-NF) transformation using
the tool GRASP [20]. This two-step measurement has been
demonstrated in previous works [21].

Figure 5 shows the near field pattern at 28 GHz after
the NF-NF transformation at the coverage. The copolar
(CO-Pol) component is defined as the component parallel
to the H-polarization (Y-polarization) of the reflectarray,
while the cross-polar (XP-Pol) is defined according to the
V-polarization (X-polarization). The CO-Pol is similar to
the one obtained after the POS (see Figure 5) resulting
in a pattern that is adapter to the rectangular shape of
the coverage. The coverage is slightly narrower than the
synthesized results in the z-direction. However, the ripple is
quite uniform in most of the area, obtaining compliance over
a 82% for a 3 dB ripple. If the compliance is computed for
a 4.5 dB ripple, it increases up to 96.77%. Therefore, the
total whole area is near to satisfying the specifications. The
XP presents a significantly low level, reaching a CO/XP-Pol
minimum of 34 dB in the coverage. Thus, there is high
isolation between polarizations.

B. BACKHAUL COVERAGE
Second, the reflectarray is also measured in a spherical
acquisition range in an anechoic chamber to obtain the
radiation pattern of the antenna and therefore evaluate the
performance of the BH beam, as shown in Figure 6. The
distance between the Antenna Under Test (AUT) and the
probe is 5 m. Thus, owing to the antenna aperture, the
acquisition is carried out in the Fresnel zone of the antenna
and a Near Field to Far Field (NF-FF) transformation is
applied by using SNIFT software [22].

Figure 7 presents the radiation pattern in terms of
the CO-Pol and XP-Pol components at 28 GHz for the
V-polarization. The beam points to the desired direction
(u = −0.08, v = −0.34) having a peak gain of 31.36 dBi.
This small difference in the u-direction is associated with
mechanical tolerances of the measuring system and antenna
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FIGURE 5. Simulated copolar (a) measured copolar (b) and cross-polar (c) component (dB) of the near field pattern at the FH coverage for the H-polarization at 28 GHz.

FIGURE 6. Set-up at the spherical anechoic chamber at Universidad de Oviedo to
evaluate the radiation of the BH link.

assembly. Besides, there is no radiation in other directions
enhancing the performance of the BH link. The maximum
of the XP-Pol is reached in two areas. First, the XP-Pol is
expected in the direction of the pencil beam. Second, the
one generated in the near field coverage. Both cases present
an XPD (cross-polar discrimination) higher than 30 dB, so
the isolation between the two linear polarizations is high.
Table 2 provides the gain budget analysis in the far-field

operation of the antenna. The directivity is computed consid-
ering a uniform illumination of the reflectarray aperture [23].
The small spillover losses are due to the lower illumination
in the reflectarray edges, as mentioned in Section II-A. The
gain predicted after the analysis is slightly higher than the
measured one. This difference is associated with two factors.
First, there is a difference of almost 1 dB between the gain
considered in the feed used in the analysis (cos θ function)
and the full wave simulated feed. Second, the uncertainty
of the SGH used in the intercomparison gain measurement
may be slightly higher up to ±0.5 dB.

FIGURE 7. Comparison between measurements (left) and simulations (right) of the
copolar (up) and cross-polar (bottom) component of the radiation pattern in dB of the
BH link for the V-polarization at 28 GHz.

TABLE 2. Gain budget analysis of the reflectarray for the backhaul (BH) link (V-pol)
at 28 GHz.

C. IN-BAND PERFORMANCE
The performance of both links has also been measured the
frequency band associated with the 5G channel n261, which
covers frequencies from 27.50 to 28.35 GHz. Figure 8 shows
the coverage obtained for the FH at different frequencies
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FIGURE 8. Measured in-band CO response (dB) of the coverage generated for the FH link (H-pol.). From left to right: 27.50, 27.75, 28 and 28.35 GHz. The field lower than
−12 dB is not plotted.

FIGURE 9. Measured in-band CO-Pol response (dBi) of the BH link (V-pol.) at (a) 27 (b) 29 GHz.

TABLE 3. In-band response of the reflectarray for the fronthaul (FH) link (H-pol.)
within the 5G n261 channel.

within the channel (27.50, 27.75, 28 and 28.35 GHz).
The result is a very stable coverage area within this band,
reaching very uniform field distribution with a low ripple.
Table 3 summarizes the compliance evaluated for maximum

TABLE 4. In-band response of the reflectarray for the backhaul (BH) link (V-pol.)
from 27 to 29 GHz.

ripple of 3 and 4.5 dB. In the case of lower frequencies,
the ripple increases a little, but observing the compliance at
4.5 dB, it can be concluded that the deviation is minimal.
However, in all the cases is over 74% and 94% for 3 and
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TABLE 5. Comparison of different arrays and reflectarrays for far- and near-filed application.

4.5 dB ripple, respectively. Besides, as shown in Figure 5 at
central frequency, the compliance is affected by the corner
areas where the field is forced to adjust to very tight angles.
However, the field maintains a very uniform distribution
throughout the central area coverage.
For simplicity the XP-Pol is not depicted, but similar levels

are obtained within the band, reaching a very high crosspolar
discrimination. The minimum CO/XP -Pol is over 34 dB,
see Figure 5 and Table 3.

The antenna has been also measured at 27 and 29 GHz to
evaluate the BH link. Figure 9 shows the radiation pattern
for the copolar component at these two frequencies. In
this case, directional beams similar to those obtained at
the design frequency are obtained. Table 4 shows in more
detail the values of gain, CO/XP -Pol and pointing direction
obtained, as well as Figure 10 that compares the expected
gain with the measured one. For this last comparison the
measured gain has been obtained by a gain comparison
method, which establishes an uncertainty of 0.25 dB due to
the probe used. The gain is very stable, 29.74 at 27 GHz
a maximum of 31.36 dBi at 28 GHz. Moreover, within this
band the CO/XP -Pol ratio is always better than 22 dB, which
results in a good isolation between the two polarizations.
The CO/XP -Pol is computed considering the maximum
of the XP-Pol, regardless of whether it is in the BH or
FH area.
The beam squint has also been evaluated since the pointing

direction changes due to frequency variation. Although there
is a displacement in the pointing direction, it hardly changes
within this 2 GHz. Therefore, the BH link is maintained from
27 to 29 GHz, which perfectly covers the n265 channel.

D. COMPARISON WITH OTHER WORKS
Table 5 lists some arrays and reflectarrays reported in the
literature. To the best of the author’s knowledge, this is the
first reflectarray approach that operates both in near- and
far-field. Array antennas have been proposed to operate near-

FIGURE 10. Comparison between the measured and simulated gain (dBi) in the
entire band for the fronthaul link. The measured gain considers an uncertainty of
±0.25 dB.

and far-field simultaneously as stated in [24]. However, the
presented reflectarray does not generate focused spots as
in [24] but a shaped near-field beam adjusted to a complex
coverage.
In comparison to other works involving reflectarrays, the

proposed antenna uses a cell topology akin to the one
reported in [25] and [26]. It generates a shaped beam
similar to [25] in near-field, and a high-gain pencil-beam as
the reflectarray reported in [27]. Furthermore, the proposed
reflectarray concept can be extended to generate other shaped
beam patterns, both in near- and far-field, such as the ones
outlined in [26] and [28].

IV. CONCLUSION
This work demonstrates the feasibility a reflectarray antenna
to generate simultaneous backhaul and fronthaul links when
it is used in base station for 5G FR2 femtocells. The
antenna is designed to consider far field constraints for the
backhaul and a fronthaul with near field constraints. The
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design for the fronthaul is carried out by means of a Phase-
Only Synthesis since a shaped near field pattern is required,
while the backhaul can be obtained by means of geometrical
optics equations. To integrate both designs into a single
antenna, the unit cell is based on a dual-layer dielectric
with sets of coplanar and orthogonal dipoles. This unit cell
allows an independent control of each linear polarization
and a high isolation between polarizations. The antenna is
manufactured and measured to evaluate the radiation of both
polarizations. The measurements show a high agreement with
the simulations, not only validating the design procedure but
also the control of the radiation of a near field and far field
beam. Moreover, this is the first prototype evaluated for a
simultaneously shaped beam near field pattern and a far field
radiation pattern. The technique presented in this work can
be extended to the use of a dual circular polarization antenna
(each polarization for BH and FH, respectively), using a
proper reflectarray cell and a dual-circularly-polarized feed.
The antenna ensures the connectivity of the base station
in both links. Moreover, this antenna is proposed for near-
field indoor scenarios, which does not require polarization
diversity for being used in MIMO.
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