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Abstract

This paper presents the design of two passive shaped-beam reflectarrays acting as passive
intelligent reflecting surfaces (IRSs) to enhance 5G millimeter-wave coverage in the
27.2–28.2 GHz band. The reflectarray panels have been designed to generate a broadened
and deflected beam in dual-linear polarization (horizontal and vertical). The reflectarray
cell provides a robust performance under incidence angles of up to 50°, with more than
360° of phase variation range. Phase-only synthesis based on the generalized intersection
approach has been applied to obtain the phase distribution on each reflectarray panel, so
that their radiation patterns comply with the beamwidth and pointing requirements of the
scenario under study. The two reflectarrays show a stable performance in the 27.2–28.2 GHz
band in terms of gain, side-lobe level, and cross-polarization. The results confirm the potential
of this technology to implement passive low-cost IRSs that will contribute to improve milli-
meter-wave coverage in 5G wireless networks.

Introduction

One of the key enabling technologies for the fifth generation (5G) of mobile systems is the use
of millimeter-wave (mm-wave) frequency bands to deliver broadband Internet access in cellu-
lar networks [1]. The broader spectrum range available at the 5G mm-wave bands (such as the
28, 39, and 60 GHz bands) makes it possible to achieve higher data rates, higher system cap-
acity, and lower latency than previous generations of mobile systems working at frequencies
below 6 GHz [2, 3]. A close consideration has been given to the signal propagation conditions
in the mm-wave bands, which are more adverse than those in the sub-6 GHz bands, due to the
higher path loss and larger sensitivity to blockage [3, 4]. In outdoor scenarios, the presence of
high buildings or other structures in the surroundings of a 5G base station (BS) may result in
blind zones (with poor coverage) [5]. In the case of indoor scenarios, walls and glass panels
can easily block mm-wave signals, producing link instability and coverage problems if the
mobile users are not in direct line of sight from the BS [6].

In the last few years, the so-called intelligent reflecting surfaces (IRSs) have been
identified as a promising solution to overcome coverage problems and improve the perform-
ance of mm-wave 5G networks [7, 8]. An IRS is formed by a planar array of reflecting cells,
which can be independently designed to control the phase and/or the amplitude of the
reflected wave. The IRS does not perform any active processing of the incident signals before
reflecting them, so they can be massively deployed at reduced cost, with low-energy consump-
tion (if the IRS is completely passive, it does not require any energy consumption), and low
environmental impact (fixed on walls, thanks to their flat surface). Recent works [8, 9] have
confirmed the positive impact of the IRS in the network performance at a system level;
however, there are very few works in the literature about practical implementations of IRS
for 5G [10].

Reflectarray antennas [11] have been recently proposed for several 5G applications at
mm-wave bands. These applications comprise steerable-beam antennas [12, 13] and fixed-
beam antennas [14–16] for BSs and point-to-point links, and terminal antennas for connected
vehicles [17]. In all the previous works, the reflectarrays are designed to produce a pencil beam,
using an illuminating feed-horn located close to the reflectarray surface (the focal
length-to-diameter ratio, F/D, is between 0.5 and 1.5). In this paper, the authors propose
the use of reflectarrays to implement passive IRSs to enhance wireless coverage in mm-wave
5G systems, exploiting their capabilities to generate shaped beams [18, 19] and to operate
in dual polarization [14, 20]. Passive IRSs based on reflectarray panels can be produced at a
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lower cost than shaped-metallic reflectors and phased arrays,
thanks to their simple fabrication by the same techniques and
processes used for multi-layer printed circuits. Moreover, the
flat profile and lightweight of reflectarrays allow for simple instal-
lation on the walls or ceilings, minimizing the visual impact. This
technology has been key in the development of the KLONE pas-
sive reflector from Metawave Inc. [21].

Compared to previous works on reflectarrays for 5G applica-
tions [12–17], the design of reflectarray-based IRSs involves
some particular aspects that must be carefully addressed. First,
the reflectarray must be designed to produce a shaped beam
(instead of a pencil beam) that matches the coverage specifications
of the scenario, in order to concentrate the power received from
the BS in a specific area. By means of a proper phase-only synthe-
sis (POS) technique [22, 23], the reflectarray can be designed to
change the direction of the reflected wave and produce a specific
shape of the beam, according to the scenario requirements.
Second, the reflectarray panel will be illuminated from a 5G BS,
which can be located at a significant distance from the reflectarray
(e.g. between 10 and 100 m). Due to the geometry of the scenario,
the reflectarray elements can be illuminated with large incidence
angles from the BS (in contrast to previous works [12–17] with
centered or slightly offset close feeds, which lead to lower inci-
dence angles). This factor must be taken into account in the
design of the reflectarray cells, since the cells must be able to pro-
vide a satisfactory performance under strong oblique incidence.
The last challenge is related to the large number of cells that
form the IRS, which may result in more complex analysis and
design processes of the reflectarray.

In this paper, two 800 mm × 400 mm reflectarray panels
(KLONES) have been designed to improve 5G mm-wave coverage
in the 28 GHz band in an outdoor scenario, acting as passive IRS.
The reflectarray panels generate broadened and deflected beams
in dual-linear polarization (horizontal and vertical) with different
incident and reflecting angles. The radiation patterns of both
reflectarrays show a stable performance in the 27.2–28.2 GHz
band, with low levels of side-lobes and cross-polarization, in
spite of the high incidence angles from the BS (around 50° in
both cases). Note that the concept of reflectarray-based IRS for
5G was first introduced by the authors in [24], including some
preliminary results for a conventional scenario. In this paper, sev-
eral valuable contributions are introduced with respect to [24].
First, a more complex application scenario involving the design
of two reflectarray panels is considered, with different coverage
requirements for each reflectarray. Second, an in-depth analysis
of the operating principle and performance of the reflectarray
cell is provided (angular stability, independent phase control in
each polarization, etc.), including the reasons for selecting the
proposed elements instead of other single-layer or multi-layer ele-
ments. Then, a detailed description of the POS technique used to
produce the shaped beams is given, including the starting point
and final results for the synthesis of each reflectarray. Finally,
the bandwidth performance of the two reflectarrays is analyzed
in detail, considering both linear polarizations.

Description of the outdoor scenario

The reflectarray panels were installed in a conventional outdoor
scenario with blind zones, as illustrated in Fig. 1(a). The scenario
requirements in terms of beam pointing and half-power beam-
width are shown in Figs 1(b) and 1(c) for KLONE 1 (K1) and
in Figs 1(d) and 1(e) for KLONE 2 (K2). The mm-wave BS and

K1 are at the same height, separated by a distance of around
40 m and forming an angle of 51° in the azimuth plane. In the
case of K2, the incidence angle of the wave coming from the BS
is 52° in azimuth and 4.5° in elevation. The size of the reflectarray
panels is 800 mm × 400 mm, each panel being composed of
178 × 90 reflectarray cells (more than 16 000 cells per panel).

The two reflectarray panels must be designed to produce a
deflected and broadened beam at the 28 GHz band. K1 must radi-
ate a beam at an angle of 51° in the azimuth plane and −18° in the
elevation plane with respect to broadside, while the radiation
angles for K2 are 52° in azimuth and −4.5° in elevation.
Moreover, half-power beamwidths of 5.5° in azimuth and 1.5°
in elevation are required in both cases to provide suitable coverage
of the blind zones. Note that a pencil-beam reflectarray of the
same size (800 mm × 400 mm) would present a half-power beam-
width of around 2° in azimuth and 0.7° in elevation, so the beam
has to be widened in both planes to comply with the scenario
requirements.

The large distance between the reflectarray panels and the illu-
minating BS antenna is a typical characteristic of this kind of 5G
outdoor scenarios, which is different from conventional config-
urations of reflectarray antennas with a ratio of focal length to
diameter (F/D) between 0.5 and 1.5. Because of the large distance,
the incidence angles in spherical coordinates (θi, wi) on the reflec-
tarray cells present minor variations: in the case of K1, θi varies
between 50.7 and 51.3°, and the maximum variation of wi is
±0.7° with respect to 90° (note that the x-axis is used as the
reference for wi = 0°). Similar variations of (θi, wi) are obtained
for K2, where the average values of the incidence angles are
θi = 51.9° and wi = 84.5°. This feature allows for a more straight-
forward design process, as will be explained in the Section
“Design process and results.”

Reflectarray cell

The KLONES must be designed to present the same radiation pat-
tern in both horizontal (H) and vertical (V) polarizations, so that
the 5G network can achieve polarization diversity. Hence, a dual-
polarization reflectarray cell, enabling independent phase control
in each linear polarization, is required for the design of both
reflectarray panels. The large incidence angles of the scenario
(see Fig. 1) can be an obstacle to accomplish this characteristic,
since they can deteriorate the performance of the reflectarray
cells. To overcome this problem, reflectarray cells with large angu-
lar stability must be used.

The reflectarray cell used in this work, which is depicted in
Fig. 2(a), is formed by orthogonal groups of parallel dipoles,
which are arranged parallel to the x-axis or the y-axis of the reflec-
tarray panel in order to control phase shift introduced in
V-polarization or H-polarization, respectively. The phase shift
required in each polarization can be accomplished by means of
a proper adjustment of the lengths of each group of dipoles (lX1
and lX2 for V-polarization and lY1 and lY2 for H-polarization).
The cells are arranged in such a way that the groups of dipoles
for H-polarization are shifted half a period along both the x
and y axes with respect to the groups of dipoles for
V-polarization, see Fig. 2(b). The lateral dipoles of each group
present the same length, in order to reduce the levels of the cross-
polar components. Figure 2(c) shows the lateral view with the
multi-layer configuration of the reflectarray cell. The dielectric
substrate on which the dipoles are printed is FR4 (εr = 3.6, tan
δ = 0.01) of 1.5 mm thickness. Then, the reflectarray panel is
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covered by a 1.5-mm thick foam sheet (εr = 1.1, tan δ = 0.004)
which is used to protect the dipoles. The foam is glued to the
upper side of the FR4 (with the printed dipoles) by means of a
0.076-mm thick bonding film (εr = 2.32, tan δ = 0.003). The per-
formance of the reflectarray cell has been analyzed taking into
account the three dielectric layers.

The reflectarray elements selected for the design of the
KLONES provide a larger phase variation range and a more linear
phase response (with a smoother slope) than other reflectarray
cells with simpler configuration (e.g. a rectangular patch [25]).
These characteristics are accomplished even under strong oblique
incidence conditions and lead to a broadband performance of the
reflectarray panel. The reflectarray cells used in this work provide

a similar performance to that of multi-layer reflectarray cells
formed by stacked rectangular patches [26], with the advantage
of using a single layer of printed elements instead of several layers
(which reduces the fabrication cost, weight, and volume of the
reflectarray antenna). Besides, note that other single-layer reflec-
tarray cells with multi-resonant elements [27, 28] have two planes
of symmetry, and thus, do not allow us to introduce a different
phase shift in each linear polarization, as it is the case of the
cell based on orthogonal groups of dipoles that is used in this
work.

The unit-cell parameters have been optimized to achieve a lin-
ear phase response of the reflection coefficient at 27.7 GHz (center
operating frequency of the KLONES). The dimensions of the

Fig. 1. (a) Outdoor scenario with two reflectarray panels
(K1 and K2) installed on the wall and illuminated from a
FR2 5G BS. (b, d) Azimuth view and (c, e) elevation view
of the outdoor scenario for K1 (b, c) and K2 (d, e).
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periodic cell are LX = 4.5 mm and LY = 4.5 mm, which are less
than λ/2 at 28 GHz. The width of the dipoles is set to 0.25 mm,
and the distance between parallel dipoles is 0.45 mm (from
edge to edge). The phase shift introduced in V-polarization can
be adjusted by varying the lengths lX1 and lX2, while the lengths
lY1 and lY2 control the phase shift in H-polarization. After a para-
metric study of the cell, a scale factor of 0.65 was applied between
the lengths of the central dipoles (lX1 and lY1) and the lengths of
the lateral dipoles (lX2 and lY2), since that length ratio provided
the best performance in terms of phase linearity.

The reflection coefficients of the reflectarray cell have been
computed by applying an efficient method of moments code
and assuming that the cell is placed in a periodic environment
[29]. Figure 3 shows the amplitude and phase responses of the
cell at 27.7 GHz, for H- and V-polarizations, and under different
angles of incidence from θi = 0° to θi = 50° (in these simulations,
the incident angle wi has been fixed to 90°, in order to consider
strong oblique incidence in the yz-plane, which is the case of
the scenario shown in Fig. 1). The results are depicted as a func-
tion of the central dipole lengths (lX1 and lY1), but note that all the
dipoles are varied in the simulations, keeping the abovementioned
scale factor between the central and side dipoles of each group. As
can be seen in Fig. 3, the strong oblique incidence in the yz-plane
practically does not affect the phase and amplitude curves in
V-polarization, while it has a small impact on the results achieved
in H-polarization (slight variations in the slope of the phase curve
and a dip in the amplitude curve at around lY1 = 2.6 mm). Overall,
the reflectarray cell provides a smooth phase variation in both
polarizations, which covers more than 360° of phase range, even
for the case with θi = 50° (which corresponds to the scenario

under study). The amplitude response of the cell also presents a
robust behavior against variations in θi, and the dielectric losses
are below 1 dB for most of the dipole lengths.

To demonstrate the independent phase control in each linear
polarization enabled by the reflectarray cell, Fig. 4 shows the
phase response of the cell at 27.7 GHz when the lengths of the
x-oriented dipoles and y-oriented dipoles are separately adjusted,
considering oblique incidence conditions with θi = 50°, wi = 90°.
As shown in Fig. 4, the phase shift introduced in each linear
polarization can be achieved by a proper adjustment of the appro-
priate dipole lengths. This result will greatly simplify the design
process of the two KLONES.

Finally, Fig. 5 shows the amplitude and phase responses of the
reflectarray cell at the central and extreme operating frequencies
of the KLONES (27.2, 27.7, and 28.2 GHz), considering oblique
incidence with θi = 50°, wi = 90°. The cell presents a stable per-
formance within the operating band: the phase variation range
is larger than 360° for V- and H-polarizations with a smooth
slope of the phase curve, and similar levels of dielectric losses
are obtained.

Phase-only synthesis

The POS is carried out independently for each KLONE since they
involve different devices and requirements. The incident electric
field on the reflectarray cells of a KLONE panel can be deter-
mined from the geometry of the scenario shown in Fig. 1 and
the radiation patterns of the BS antenna (in this case, a conven-
tional cosq(θ) function is used to model the beam produced by
the BS antenna, with a half-power beamwidth of 14°). To ensure

Fig. 2. Upper view of (a) the periodic unit cell and (b) the reflectarray periodic structure. (c) Lateral view with the stack-up configuration.
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that the radiation patterns of each KLONE comply with the scen-
ario requirements in terms of beam pointing and beamwidth, a
POS based on the generalized intersection approach (IA) [22]
has been performed. The POS algorithm works with the phase
shifts that will be introduced by the reflectarray cells in each
polarization (H and V), which allows to synthesize a specific dual-
polarization co-polar pattern. Note that the beam shaping can be
different in each polarization, but in this case the pattern shaping
should be the same to ensure the connectivity of the users with no
polarization losses in the coverage zone. To ensure the same
coverage for both polarizations, the POS is carried out independ-
ently for each polarization, in order to compensate the differences
in the reflection coefficients of the cell for large angles of inci-
dence. The generalized IA has been used to synthesize a flat top
beam (with a maximum ripple limited to 3 dB) both in azimuth

and elevation planes. The half-power beamwidth requirement is
5.5° in azimuth and 1.5° in elevation for both KLONES. Despite
having the same beamwidth requirement, the two KLONES differ
in the illumination and re-radiation angles, corresponding to the
in-bound and out-bound beams.

The generalized IA has been shown to be very efficient in the
synthesis and optimization of reflectarrays with complex beam
requirements [30], including shaped beams and tight cross-polar
requirements. A main advantage of generalized IA in pattern syn-
thesis problems is the time and convergence efficiencies. As a
result, electrically large reflectarray panels involving thousands
of elements (unknowns in the synthesis problem) can be opti-
mized. In this case, the coverage requirements are not so complex
but still challenging due to the incidence angle and the large elec-
trical size of the reflectarrays.

Fig. 3. Phase and amplitude responses of the reflectarray cell at 27.7 GHz for (a) V-polarization and (b) H-polarization under different incidence conditions: con-
sidering different values of θi, while keeping constant the value of wi to 90°.

Fig. 4. Phase response (in degrees) of the reflectarray cell at 27.7 GHz, considering oblique incidence with θi = 50°, wi = 90°: (a) V-polarization and (b) H-polarization.
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The POS process can be carried out in several stages to
improve the convergence of the algorithm, starting from a pencil
beam that points toward the center of the coverage, which is
obtained with an analytic phase distribution of the reflection coef-
ficient, and introducing in each stage a number of degrees of free-
dom (reflectarray cells). This means that, in the first stage, the
problem involves a reflectarray smaller than required, and its
size is increased stage by stage up to the final one. In addition,
the POS can also be carried out considering absolute gain require-
ments or relative gain, where the masks are normalized to the gain
obtained in the pattern in each iteration of the algorithm.

In the case under study, the two reflectarray panels are made
up of 178 × 90 cells, according to the size of the KLONE panel
and the reflectarray cells defined in the Section “Reflectarray

cell.” Hence, the panels are formed by more than 16 000 periodic
cells each panel, which means that there are more than 16 000
degrees of freedom in each polarization for the POS algorithm.
In the case of K1, the synthesis is carried out running 40 iterations
of the algorithm in single step and considering absolute gain
masks. For K2, two steps are required, involving 20 iterations
and relative gain in the first one, and 50 iterations and absolute
gain requirements in the second one. When relative gain masks
are used, the requirement is adjusted dynamically in each iteration
in order to get the maximum achievable gain from the KLONE,
but absolute gain masks are used to correct the small deviations
in the coverage. The starting point and final results for the radi-
ation patterns of each KLONE in the azimuth and elevation
planes are shown in Figs 6 and 7 for K1, and in Figs 8 and 9

Fig. 5. Phase and amplitude responses of the reflectarray cell at different frequencies for (a) V-polarization and (b) H-polarization, considering oblique incidence
with θi = 50°, wi = 90°.

Fig. 6. Starting point for POS for K1: radiation patterns in the (a) azimuth and (b) elevation planes of a pencil beam pointing at 51° in azimuth and −18° in
elevation.
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Fig. 7. Resulting pattern after POS for K1: flat-top beam in the (a) azimuth and (b) elevation planes, centered at 51° in azimuth and −18° in elevation.

Fig. 8. Starting point for POS for K2: radiation patterns in the (a) azimuth and (b) elevation planes of a pencil beam pointing at 52° in azimuth and −4.5° in
elevation.

Fig. 9. Resulting pattern after POS for K2: flat-top beam in the (a) azimuth and (b) elevation planes, centered at 52° in azimuth and −4.5° in elevation.
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for K2, as well as the requirement masks. The results are shown
for V-polarization, being those in H-polarization very similar.
The final phase shift distributions for V-polarization obtained
by POS are shown in Figs 10 and 11 for K1 and K2, respectively.
In Fig. 10, the progressive phase required to tilt the beam can be
clearly observed, while in Fig. 11 low phase shift range is required
since the beam is reflected in the specular direction and just beam
shaping is needed. A very similar result is obtained in both cases
for the phase shift distributions associated to H-polarization.

Design process and results

The printed elements on the reflectarray cells of each KLONE
panel have been designed to provide the phase shift distributions
computed by POS for each polarization. This process is per-
formed by optimizing cell-by-cell the lengths of the x-oriented
and y-oriented dipoles to provide the phases required in V- and
H-polarizations. The lengths of the x-oriented and y-oriented
dipoles can be separately adjusted thanks to the independent

phase response in each linear polarization (as has been shown
in Fig. 4), which simplifies the design process. Due to the large
distance between the reflectarray panels and the BS, the average
incidence angles from the BS have been considered for the design
of each reflectarray panel (the variations in the incidence angles θi
and wi are very small, as explained in the Section “Description of
the outdoor scenario,” so the design can be simplified by assuming
the same value of θi and wi for all the cells). After computing the
dimensions of all the printed elements, the radiation patterns of
the KLONE panels have been obtained by electromagnetic simula-
tion, using the abovementioned in-house code based on the
method of moments and the local periodicity approach [29]. The
accuracy of the simulation tool to predict the radiation patterns
has been experimentally validated in previous works [20, 31].

The azimuth and elevation cuts of the radiation patterns in
V- and H-polarizations at 27.7 GHz (center frequency) are
shown in Fig. 12 for K1 and in Fig. 13 for K1. Note that the
gain of the KLONE panels has been obtained taking into account

Fig. 10. Phase distribution (in degrees) after POS for K1.

Fig. 12. KLONE 1: simulated radiation patterns at 27.7 GHz in the (a) azimuth and (b) elevation planes, including co-polar (CP) and cross-polar (XP) components.

Fig. 11. Phase distribution (in degrees) after POS for K2.
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Fig. 13. KLONE 2: simulated radiation patterns at 27.7 GHz in the (a) azimuth and (b) elevation planes, including co-polar (CP) and cross-polar (XP) components.

Fig. 14. KLONE 1: simulated co-polar (CP) and cross-polar (XP) radiation patterns at central and extreme frequencies: in V-polarization for the (a) azimuth and (b)
elevation cuts, and in H-polarization for the (c) azimuth and (d) elevation cuts.
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the distance and power radiated from the BS. The masks included
in Figs 12 and 13 can be used to check the compliance of the radi-
ation patterns with the scenario specifications. As can be seen, the
beam pointing (51° in azimuth and 18° in elevation for K1; 52° in
azimuth and −4.5° in elevation for K2) and half-power beam-
width (5.5° in azimuth and 1.5° in elevation for both K1 and
K2) at the design frequency of the KLONES are both compliant
with the requirements. The cross-polar components are more
than 20 dB lower than the co-polar components within the region
of the main lobe. Furthermore, the two KLONES present the same
performance in both H- and V-polarizations.

The radiation patterns of K1 and K2 in both linear polarizations
have been evaluated within a 1 GHz bandwidth (27.2–28.2 GHz),
in order to ensure that the KLONES can operate over two 5G chan-
nels of 400MHz each. The radiation patterns at 27.2, 27.7, and
28.2 GHz are shown in Fig. 14 for K1 and in Fig. 15 for K2.
Both KLONES show a robust performance within the operating
band, with similar levels of side lobes and cross-polar components.
In the case of K1, there is a slight beam squint with frequency in

the elevation plane (±0.25°), which appears in the patterns of
both polarizations. This beam squint can be eliminated by a
more refined design process of the reflectarray panels, applying fur-
ther optimizations to reduce the beam deviation with frequency.

Conclusions

In this paper, flat reflectarray panels are proposed to implement
passive IRSs to enhance 5G mm-wave coverage in outdoor scen-
arios. A POS technique has been applied to obtain the phase dis-
tribution on the reflectarray that generates a broadened and
deflected beam. Each reflectarray panel provides the same radi-
ation pattern in H- and V-polarizations at the design frequency
(27.7 GHz), thanks to the use of reflectarray cells based on three
parallel dipoles for each linear polarization which enable inde-
pendent phase adjustment in V- and H-polarizations. The reflec-
tarray panels exhibit a stable performance within the 27.2–28.2
GHz band used for 5G communications, fulfilling the half-power
beamwidth and beam pointing requirements of the scenario (the

Fig. 15. KLONE 2: simulated co-polar (CP) and cross-polar (XP) radiation patterns at central and extreme frequencies: in V-polarization for the (a) azimuth and
(b) elevation cuts, and in H-polarization for the (c) azimuth and (d) elevation cuts.
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only exception is the beam pointing in the elevation plane of the
first reflectarray panel, which shows a slight beam squint with fre-
quency). These results corroborate the potential of flat reflectarray
panels as a low-cost technology to implement passive IRS that will
solve coverage problems in 5G mm-wave networks.
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