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ABSTRACT This paper presents investigations on reflectarray antennas using non-periodic element dis-
tributions. The study involves the analysis and design of two reflectarrays based on quasi-periodic lattices
with rectangular and pentagonal profiles, whose performance is compared with equivalent reflectarrays
comprised of regular grids of elements. The characterization of these antennas is performed using a tailored
analysis technique for reflectarrays with periodical and quasi-periodical grids. The proposed technique uses
the Method of Moments under local periodicity conditions (MoM-LP) to compute the field on the surface
of each cell and then the far field radiated by the aperture. In both aperture profiles, the quasi-periodic
lattices are designed to provide an optimal adjustment, with the edge of the reflectarray maintaining an
inter-element spacing similar to the regular grids of elements. This is particularly useful in non-canonical
profile apertures, where the regular lattices do not adjust properly with the shape of the reflectarray and
therefore exhibit less control of the reflected field in the aperture. The reflectarrays comprised of quasi-
regular lattices achieve similar performance in terms of beam shaping, SLL and crosspolar discrimination
to those based on regular grids. However, they show an improvement in fractional bandwidth between
7.4% and 11.3%.

INDEX TERMS Reflectarray antenna, quasi-periodic surfaces, triangular lattice, non-regular lattice.

I. INTRODUCTION

THEUSE of periodic surfaces has aroused great interest
within the scientific community. In addition to the

most mature technologies such as arrays, several types of
spatial fed surfaces have been used in many microwave
systems. This group includes metasurfaces [1], [2], reflec-
tarrays [3], [4], [5], transmitarrays [6], [7], [8], [9], or
Frequency Selective Surfaces (FSS) [10], [11], among oth-
ers. In particular, spatial fed arrays such as reflectarrays or
transmitarrays have been proposed as potential candidates in
various applications, such as satellite communications [5] or
cellular networks [7], [10].
The elements on a periodic surface are usually distributed

in a rectangular lattice [1], [2], [3], [4], [5], [6], [7], [8], [9],
[10], [11]. However, this distribution does not fit optimally

on surfaces with non-rectangular profiles or shapes. In
order to overcome this limitation, the periodicity can be
reduced and sub-wavelength reflective metasurfaces can be
employed. As an alternative, several works propose the use
of periodic surfaces based on a triangular regular lattice
[12], [13], [14], [15]. Such lattices allow for increasing the
density of the elements and maintaining the inter-element
spacing, which improves the performance of the antenna in
terms of side lobes reduction and bandwidth. Furthermore,
sub-wavelength and triangular lattices enable a better adjust-
ment to arbitrary shapes, although this adaptability is still
limited in the case of conformal surfaces.
In line with this, quasi-periodic surfaces exhibit more

potential flexibility to adapt to an arbitrary shape. They
are composed of a lattice where the distance between
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elements varies in a small range along the surface. The
use of quasi-periodic surfaces in array antennas has been
proposed to improve certain parameters of a conventional
array, such as bandwidth and side radiation. Among the
different types of quasi-periodic surfaces, it is worth men-
tioning those whose elements distribution is obtained from
optimization [16], [17], [18], [20] or those generated by
analytical expressions [20], [21], [22]. Particularly in reflec-
tarrays, [16], [20] presents a synthesis procedure in which the
position of the elements is considered as a degree of freedom in
the algorithm to improve the performance of the shaped-beam
pattern. In [22], a circular shape reflectarray antenna whose
elements are distributed in a log-spiral lattice is presented.
This reflectarray structure achieves higher gain and lower
side lobe levels in comparison with other types of lattices. To
the best of the authors’ knowledge, the use of quasi-periodic
lattices in reflectarrays has been focused on the improvement
of different electrical parameters of the antenna but not on the
capabilities of such lattices to adapt to an arbitrary reflectarray
profile. This could be of interest in antenna configurations
that require reflectors with non-canonical shapes, as reported
in [23], [24], [25], [26].
During the analysis of periodic or quasi-periodic reflectar-

rays, the study of the unit cell is a critical point. It is usually
performed under local periodicity conditions, using full-wave
methods such as MoM [27], [28], Finite Element Method
(FEM) [8], or Finite Difference Time Domain FDTD [9],
among others. The use of one or the other method responds
to a trade-off between flexibility in the geometries to be
analyzed, accuracy in the achieved results, and computation
time [29]. Once the behavior of the cell is known, the most
common methods for the calculation of the field radiated by
the structure are the integration of the field aperture [30],
the principle of superposition [31], or array theory [32]. The
former method is typically implemented through efficient
algorithms such as the Fast Fourier Transform (FFT) for
periodical surfaces [3] and the Non-Uniform FFT (NUFFT)
on aperiodic surfaces [19], [33], [34].
This contribution presents a theoretical and experimental

study on the use of quasi-regular lattices in reflectarrays
designed to adjust properly to different aperture profiles.
For this purpose, a tailored technique to analyze and design
reflectarrays with a regular or quasi-regular element dis-
tribution is introduced. It uses a MoM-based method for
the analysis of the field in the reflectarray surface under
different periodicity conditions. Different subdivisions of
the reflectarray aperture are used to calculate the radiated
field, depending on the unit-cell arrangement. Using this
technique, two reflectarray examples with different aperture
profiles (rectangular and pentagonal) have been designed
and assessed. They are composed of a quasi-regular lattice
of elements, generated through a triangulation algorithm that
adapts the placement of the cells according to the reflectar-
ray shape. The performance of both antennas is compared
with two equivalent reflectarrays based on regular rectangu-
lar and regular triangular lattices. In addition, the rectangular

FIGURE 1. Sketch of the reflectarray surface: (a) Geometry of the periodical
reflectarray surface. (b) Detail of the unit-cell.

reflectarray based on a quasi-regular lattice and its equiv-
alents have been manufactured and experimentally tested.
The results show that there is good agreement between
the predicted and tested antenna performance, validating the
proposed technique. In both reflectarray profiles, the use of
quasi-regular grids exhibits similar performance compared
to regular lattices, but with an enhancement in the antenna
bandwidth. Moreover, the use of quasi-regular lattices in
non-canonical shapes can lead to improvements in certain
antenna features, such as a higher density of elements or in
the gain of the antenna.

II. ANALYSIS OF REFLECTARRAYS WITH
QUASI-REGULAR LATTICES
The radiated far field for a reflectarray is achieved based
on the aperture theory [30]. Let us consider the scheme of
Fig. 1(a) in which the reflectarray aperture is placed in the
XY plane, with +z being the propagation axis. Applying the
Second Principle of Equivalence [30], the radiated field �E
is calculated as:

�E(�r) = −jωη0

[
− ε0

4πr
exp(−jk0r)̂z× �P(̂r)

]
× r̂, (1)
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where ω is the angular frequency in vacuum; η0=120π �

is the vacuum impedance; ε0 the electrical permittivity in
vacuum; k0 is the propagation constant in vacuum; �r(r, θ, ϕ)

and r̂(θ, ϕ) indicates the direction of propagation in spherical
coordinates; and �P(̂r) is the spectrum function, which is
achieved as the surface integral of the tangential field �Ea in
the aperture surface Sa:

�P(̂r) =
∫∫

Sa

�Ea
(�r′) exp

(
jk0̂r · �r′)dS′. (2)

According to this expression, the computation of the spec-
trum function requires two processes: (a) the knowledge
of the tangential fields �Ea(�r′); and (b) the integration of
these fields along the reflecting surface. The subsequent
subsections provide a further discussion about these two
aspects.

A. EVALUATION OF THE FIELD IN THE REFLECTARRAY
SURFACE
The tangential field can be calculated numerically at a spe-
cific set of points �Ea(�rn), with �rn being the position vector of
each n-th point regarding the reflectarray coordinate system.
Based on [35], this set of points is arranged in a certain
lattice as shown in Fig. 1(a). Such a lattice is periodic along
two axes (̂x and α̂) that forms an angle α between them.
The distance between points along these axes is Tx and Tα

respectively. The tangential field reflected by the reflectarray
can be obtained at each evaluation point, according to the
following expression:

�Ea(�rn) = Rn �Ei(�rn) =
(

ρXXn ρXYn
ρYXn ρYYn

)
�Ei(�rn), (3)

where �Ei(�rn) is the incident field in the n-th point; and Rn is
the matrix of reflection coefficients, which fully characterizes
the behavior of the reflectarray surface. The elements of
this matrix can be classified into direct coefficients (ρXXn
and ρYYn ) and cross-coefficients (ρXYn and ρYXn ). In general,
the field evaluation points coincide with the centers of the
unit-cells of the reflectarray, so the Rn matrix quantifies the
behavior of each unit-cell.
The computation of the matrix Rn is carried out under

the assumption of local periodicity. In other words, the peri-
odic grid is assumed to be infinite, and therefore the lattice
arrangement is considered through the two discrete spectral
variables knxx and knα,nx

y , defined as [35]:

knxx = k0 sin θ cos ϕ + nx
2π

Tx
, (4a)

knα,nx
y = k0 sin θ sin ϕ + nα

2π

Tαsin α
− nx

2π

Txtan α
, (4b)

where nx, nα are the index that identifies the n-th element
in each one of the periodical axes. To achieve reasonable
computational times that enable full-wave design, an accu-
rate and efficient method for the unit-cell analysis must
be used. In this work, the unit-cell analysis is carried out

through a dedicated in-house spectral-domain MoM for mul-
tilayered structures [36]. Since the unit-cell elements to be
designed consist of printed metallic dipoles (see Section IV
and Fig. 1(b)), electric currents in these dipoles are amenable
to be approximated by entire-domain basis functions that
properly model spatial edge singularities [37], and thus a
reduced number of basis functions can be considered in
the MoM while retaining accuracy. Furthermore, for these
rectangular shapes, the Fourier transform can be computed
analytically, rendering the spectral-domain MoM implemen-
tation highly efficient and making it possible to consider
seamlessly different values of the spectral variables (4) for
different lattice arrangements.
The reflectarrays presented in this work are comprised of

the different lattices depicted in Fig. 2: Regular Rectangular
Lattice (RRL), Regular Triangular Lattice (RTL), and Quasi-
regular Triangular Lattice (QTL). The unit-cell analysis is
performed by applying the formulation reported in [36]
and the calculation of the spectral functions knxx and knα,nx

y ,
considering the features of each grid of elements.
The RTL (see Fig. 2(a)) consists of an equispaced ele-

ment distribution, where the periodic axes are perpendicular
(α = 90◦), fulfilling that Tx = dx;Tα = dy. In the RTL
shown in Fig. 2(b), the elements are arranged uniformly in an
equilateral triangular pattern, with α = 60◦ and Tx = Tα = d.
Finally, the QTL (see Fig. 2(c)) has a quasi-periodic element
arrangement, that is similar to the RTL case (the light blue
points in Fig. 2(c) are distributed as an equivalent regular
triangular lattice and the black ones show the location of
the points in the quasi-regular grid). This scheme consid-
ers α = 60◦ and the inter-element spacing Tx = Tα = d̃n,
being d̃n the mean distance from each element to the four
nearest cells (distances d1n, . . . , d4n depicted in Fig. 2(c)).
Using (4), the spectral values knxx and knx,nα

y take the values:

knxx = k0 sin θ cos ϕ + nx
2π

d̃n
, (5a)

knα,nx
y = k0 sin θ sin ϕ + (2nα − nx)

2π

d̃n
√

3
. (5b)

Note that the spectral variables take the same expression in
the RTL case, by replacing d̃n by d.

B. COMPUTATION OF THE FIELDS IN THE
REFLECTARRAY APERTURE
Once the reflected tangential field �Ea(�rn) on the surface
has been calculated, the next step is the integration of the
spectrum function �P(̂r). For this purpose, the aperture is
divided into a set of sub-apertures, with each one having
a uniform field equivalent to the evaluation points �Ea(�rn).
Thus, equation (2) can be reformulated as:

�P(̂r) =
Nt∑
n=1

�Ea(�rn)F(̂r, n) exp(jk0̂r · �rn), (6)

with Nt being the total number of evaluation points; and
F(̂r, n) the amplitude of the element radiation pattern. This
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FIGURE 2. Distribution of the evaluation elements in the reflectarray aperture:
(a) Regular Rectangular Lattice; (b) Regular Triangular Lattice; (c) Quasi-regular
Triangular Lattice.

function can be achieved by surface integration in the domain
of the n-th sub-aperture Sn (see Fig. 1(b)),

F(̂r, n) =
∫∫

Sn
exp

(
jk0̂r · �r′)dS′

n. (7)

According to this expression, F(̂r, n) relies on the shape
of the sub-apertures, which is determined by the element
arrangement. Fig. 3 illustrates the different sub-division of
the reflectarray aperture for each element lattice (RRL, RTL,
and QTL). For triangular grids of elements (RTL and QTL),
the reflectarray aperture is discretized as a honeycomb mesh
(see Fig. 3(b), (c)). The n-th sub-aperture in this case is a

hexagon, whose apothem is d/2 and d̃n/2 in the RTL and
QTL scenarios respectively. For simplicity, the hexagonal
aperture is replaced by a circumference of radius rd,n (red
circumference depicted in Fig. 3(b), (c)) with the same area.
The change in cell aperture shape produces a small over-
lap between adjacent apertures with limited impact in the
computation of the radiated power since the aperture size is
kept. The function F(̂r, n) in this case can be written as:

F(̂r, n) = 2πrd,n
k0 sin θ

J1
(
k0rd,n sin θ

)
, (8)

where J1(x) is the Bessel function of the first kind and
order one. Note that in the RTL case, the radius of the
circumference is equal in all sub-apertures (rd,n = rd) and
therefore F(̂r, n) = F(̂r).
The computation of (5) can be done by direct evaluation

of the sum or by applying efficient algorithms based on the
Fourier transform. When the element arrangement is regular,
such as in the RRL and RTL case, the Fast Fourier Transform
(FFT) can be used [3], [19]. However, if a QTL is used, the
computation of �P cannot be obtained with the FFT. In these
cases, it is possible to apply other algorithms such as the
Non-Uniform FFT (NUFFT) as devised in [33], [34].

III. DESIGN OF REFLECTARRAYS WITH DIFFERENT
LATTICES
Two examples of reflectarrays using QTL have been
designed. One consists of a rectangular aperture (R-QTL),
and the other of a pentagon-shape (P-QTL). The reflectar-
rays operate at 28 GHz, generating a pencil-beam pattern
in single-linear polarization. Each QTL design will be com-
pared with two equivalent reflectarrays that use an RRL
and an RTL arrangement. The equivalents of the R-QTL
are denoted as R-RRL and R-RTL. The equivalents of the
P-QTL are denoted as P-RRL and P-RTL.

A. ANTENNA OPTICS
A perspective view of the antenna optics for reflectarrays
with rectangular aperture is depicted in Fig. 1(a), while
Table 1 lists the main optical characteristics of all reflec-
tarray designs. They follow a single-offset configuration in
which the reflectarray aperture is either a rectangle (see
Fig. 1(a)) or a pentagon. The dimensions of the apertures
(denoted by Lx and Ly along each axis) are 193.05 mm x
193.05 mm.
The distribution and number of radiating elements (Nt

in Table 1) is different for each reflectarray design. Both
R-RRL and P-RRL reflectarrays are formed by a square grid
of 44 × 44 elements, considering an inter-element spacing
in both axes (dx = dy according to Fig. 2(a)) of 4.29 mm,
which is 0.4λ0 at 28 GHz. The RTL designs are comprised
of a triangular regular lattice as the one shown in Fig. 2(b),
considering a d = 0.4λ0. The regular grid in the P-RRL and
P-RTL are properly trimmed according to the pentagonal
shape of the aperture.

850 VOLUME 4, 2023



FIGURE 3. Division of the reflectarray aperture for each lattice: (a) Regular Rectangular Lattice; (b) Regular Triangular Lattice; (c) Quasi-regular Triangular Lattice. In blue, the
equivalent aperture of each cell and in red the aperture considered during the analysis.

TABLE 1. Optics of the reflectarray designs.

The R-QTL and P-QTL are generated using an algorithm
based on Delaunay triangulation [38], [39]. This algorithm is
carried out considering the reflectarray profile (rectangular
or pentagonal) as a constraint, and with a target inter-element
spacing of 4.29 mm. Fig. 4 shows the normalized histogram
of the mean distance between an element and its neighbors
(̃dn in Fig. 2(c)) for both the R-QTL and P-QTL reflectar-
rays. Furthermore, it also depicts the distribution of these
mean distances along the reflectarray aperture. The R-QTL
reflector has a grid of elements that resembles a regular trian-
gular lattice, where almost 80% of the inter-element spacings
fall within the range of 4.29 ± 0.05 mm. The elements with
d̃n outside this range are concentrated on the diagonals of the
rectangular aperture. On the other hand, the P-QTL reflec-
tarray features a more irregular grid of elements, with d̃n
values scattered over a wider range of distances, although
more than 60% of them are in the 4.29 ± 0.05 mm range.
The inter-element spacing exhibits higher variability along
the central and diagonals of the aperture, whereas in the
different quadrants of the polygon, the element arrangement
is nearly regular, similar to what is observed in the R-QTL
case.
According to Table 1, the number of elements in the R-

QTL reflectarray is almost the same as in the R-RRL case
and slightly lower than in the R-RTL case (about 2% less).
However, in the pentagonal reflectarray profile, the QTL
provides a higher number of elements than in the other two
regular grids. In particular, the P-QTL reflector has 20%
and 4% more elements than the R-RRL and R-RTL designs,
respectively.

FIGURE 4. Normalized histogram of the mean distances per element (˜dn) in the QTL
reflectarrays and distribution of them along the aperture (northeast plots): (a) R-QTL;
(b) P-QTL. The size of the bin in the histograms is 0.1 mm.

A Narda 665-20 pyramidal horn antenna is used to illu-
minate the different reflectarray designs. The phase center
of the primary feed is located at the position �rf provided in
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FIGURE 5. Unit cell used in R-RRL and P-RRL reflectarrays. Response of the direct
coefficient ρXX in phase (right) and magnitude (left) as a function of the length of the
dipole l considering: (a) different frequencies under normal incidence; (b) different
angles of incidence at 28.0 GHz magnitude.

Table 1, considering the coordinate system of Fig. 1(a). At
the working frequency, the feed has a gain of 18.5 dBi. The
subtended angle between feed and reflectarrays is 48.7◦, so
the pyramidal horn generates an average illumination taper
at the edges of the reflector of 15 dB.

B. UNIT-CELL
Two configurations of unit-cells are used in the designs
reported in this work: one for the RRL reflectarrays and the
other for the RTL and QTL designs. Both configurations are
composed of three metallic dipoles aligned with the x-axis
of the reflectarray surface (see Fig. 1(b)). They are printed
on the substrate diClad880 (εr = 2.26, tan δ = 0.0025) of
thickness h = 0.762 mm. The width (w) of the dipoles
is 0.5 mm and the ratio between the length of the lateral
dipoles and the central one is 0.7. For the RRL designs,
the distance between dipoles (s) is 1.43 mm while for the
RTL and QTL reflectarrays is 1.2 mm. The shorter distance
is chosen to avoid overlapping between dipoles of adjacent
cells. Considering the analysis described in Section II-A, the
cell topologies presented for each lattice have been assessed.
Fig. 5(a) and Fig. 6(a) show the reflection coefficient

ρXX in each cell configuration when varying the length
of the central dipole l under normal incidence. The cell

FIGURE 6. Unit-cell used in the R-RTL, R-QTL, P-RTL, and P-QTL reflectarrays.
Response of the direct coefficient ρXX

n in phase (right) and magnitude (left) as a
function of the length of the dipole l considering: (a) different frequencies under
normal incidence; (b) different angles of incidence at 28.0 GHz; (c) different
periodicities ˜dn at 28.0 GHz under normal incidence.

topologies show a quasi-linear relationship between the
phase-shift introduced by the element and the length of
the dipole. Both cell topologies exhibit low in-band losses,
below 0.6 dB, and good angular stability, as depicted in
Fig. 5(b) and Fig. 6(b). Furthermore, Fig. 6(c) depicts the
response of the cell for the different mean distance d̃ between
4 and 4.5 mm. This range covers the periodicity of more
than 90% of the elements in both the R-QTL and the
P-QTL reflectarrays (see Fig. 4). The phase response of
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FIGURE 7. Layout of (a) the P-RRL and (b) the P-QTL reflectarrays. Solid red line indicates the edges of the reflectarray.

FIGURE 8. Layout of the rectangular reflectarrays and measurement setup used in their experimental validation: (a) R-RRL reflectarray; (b) R-RTL reflectarray; (c) R-QTL
reflectarray.

the unit-cell exhibits little variations within this range of
periodicities.

C. LAYOUT DESIGN PROCEDURE
Based on the optical scheme of Fig. 1(a), to generate a
pencil beam in a certain direction of space r̂0(θ0, ϕ0) each
reflectarray element must introduce a phase-shift φ on its
incident field, obtained as [3]:

φ(�rn) = k0
[
rf ,n − (�rn · r̂0)

]
, (9)

where �rn = (xn, yn) are the coordinates of the n-th ele-
ment in the reflectarray coordinate system; and rf ,n is the
distance from the element to the phase center of the feed.
For each reflectarray, the phase distribution φ(�rn) is calcu-
lated using (8) and considering a beam-pointing direction
(θ0, ϕ0) = (18.3◦, 0.0◦).

The phase distributions are used to determine the physical
dimensions of the printed dipoles. This process is carried out
element by element, adjusting the central dipole l properly
to generate the phase response φ(�rn). The unit cell is eval-
uated at 28 GHz using the analysis procedure described in

Section II-A and the real incidence angle of the wave. In
all reflectarray designs, it is considered a fixed inter-element
spacing of 4.29 mm (i.e., dx = dy = d = d̃n = 4.29 mm).
In the RRL and RTL designs, the length of the central
dipole is limited to 4.27 mm due to manufacturing con-
straints, while in the QTL reflectarrays, the maximum dipole
length is 3.8 mm to prevent overlapping between adjacent
cells. The resulting layouts for the P-RRL and P-QTL cases
are depicted in Fig. 7. The layout of the P-QTL approach
exhibits a better adjustment with the pentagonal profile (red
solid line depicted in Fig. 7) than in the P-RRL equivalent.
Moreover, Fig. 8 presents the layouts of the three rectangular
reflectarrays.

IV. NUMERICAL ANALYSIS OF REFLECTARRAYS BASED
ON QUASI-REGULAR LATTICES
The evaluation of the quasi-regular reflectarrays and their
equivalents was conducted using the procedure outlined in
Section II. The incident field at each reflectarray aperture was
obtained from the field at the feed aperture, using the GRASP
software [40]. The Rn matrix was calculated with an in-house
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FIGURE 9. Simulated radiation pattern at 28 GHz of the reflectarrays based-on a rectangular shape: (a) Elevation cut v = sin (θ0)cos(ϕ0); (b) Azimuth cut u = sin (θ0)cos(ϕ0).

FIGURE 10. Simulated radiation pattern at 28 GHz of the reflectarrays based-on a pentagonal shape: (a) Elevation cut v = sin (θ0)cos(ϕ0); (b) Azimuth cut u = sin (θ0)cos(ϕ0).

MoM, as described in Section II-A. Then, the reflected field
in the aperture was computed using (3), and the far field
was calculated with (1) and (5). In the QTL designs, the
mean periodicity of each radiating element d̃n provided in
Fig. 4 was considered during the unit-cell analysis and in
the computation of (5).

A. QUASI-REGULAR RECTANGULAR REFLECTARRAY
Fig. 9 shows the radiation pattern of the rectangular reflec-
tarrays at the design frequency. The R-QTL design generates
a high-gain pencil beam pattern in the direction of design
(θ0, ϕ0), with similar features as the R-RRL and R-RTL
designs. It exhibits almost the same beam width, with slightly
lower side lobe levels (SLL) and gain. More details about
the performance of these three designs are discussed in
Section V, where simulation results of these antennas are
compared with measurements.

B. QUASI-REGULAR PENTAGONAL REFLECTARRAY
The pentagonal designs provide the radiation patterns
depicted in Fig. 10 at 28 GHz. Table 2 also lists the main

RF parameters of these three antennas assessed between
26 and 30 GHz.
The P-QTL reflectarray exhibits a similar radiation pattern

to the P-RRL and P-RTL designs in terms of beamwidth and
SLL, both at the design frequency and in-band. Table 2 also
provides the cross-polar discrimination (XPD) calculated as
the minimum difference between co- and cross-polar levels
in an area of the main beam delimited by the 3dB drop of
gain. The P-RTL design exhibits an XPD of around 30 dB,
as their equivalents P-RRL and P-RTL. In terms of gain,
the P-QTL design achieves gain levels 0.5 dB lower than
the P-RTL case but 1 dB higher than the P-RRL reflec-
tarray. Moreover, the reflectarray based on a quasi-regular
grid exhibits more stability of gain in-band than the other
two designs, as indicated by the 1 dB bandwidth (BW1dB
parameter of Table 2, calculated considering the gain of the
antennas at 28 GHz).

V. EXPERIMENTAL VALIDATION
The three rectangular reflectarray designs (R-RRL, R-RTL,
R-QTL) have been manufactured and measured in the
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TABLE 2. Simulated RF performance of the reflectarrays with pentagonal aperture.

TABLE 3. Measured RF performance of the reflectarrays with rectangular aperture.

TABLE 4. Bandwidth predicted and measured in the rectangular reflectarray
prototypes.

facilities at the University of Oviedo. Fig. 8 shows the mea-
surement setup employed. The layout of each design is
placed in an aluminum supporting structure according to
the antenna optics described in Section III-A. A dielectric
ring frame at the edges of the reflectarrray breadboards are
left to the proper assembly between the reflector and the
supporting structure. Thus, the total area of each prototype
is 205.92 mm x 205.92 mm.
The reflectarray demonstrators have been measured in a

spherical range acquisition in an anechoic chamber. The
probe of the setup, a standard gain Ka-band horn antenna, is
located at 5 m for the Antenna Under Test (AUT). Since the
probe is in the Fresnel zone of the reflectarrays under test,
the far field is obtained by applying a near field to far field
(NF-FF) transformation using the software SNIFT [41].

Fig. 11 shows the performance achieved both for mea-
surements and simulation in a 4 GHz bandwidth and Table 3
provides the main features of these radiation patterns. An
overall good agreement can be found between simulation
and measurements in the three demonstrators, both at design
frequency and in-band.

The experimental results of the R-QTL prototype align
with the abovementioned simulations, revealing a copolar
radiation pattern that is similar in shape to both R-RTL
and R-RTL prototypes at the central frequency. Within the
operating bandwidth, the R-QTL reflectarray maintains a
high resemblance to the R-RTL reflectarray, but larger dis-
parities appear in comparison to the R-RRL demonstrator,
particularly in the stability of the main beam.
Table 3 lists the XPD calculated following the proce-

dure explained in Section IV-B. The R-QTL prototype
achieves lower XPD values than the other two prototypes,
although such levels remain below 30 dB. This means a high
polarization purity.
Based on the gain values presented in Table 3, the R-QTL

reflectarray achieves a gain that is about 1 dB lower than
the one achieved in the R-RRL and R-RTL cases but more
stable in-band. The loss of gain at the central frequency for
R-QTL is produced by a constrain on the maximum dipole
length introduced in the design of reflectarray elements. This
is required to avoid overlapping between dipoles of adjacent
cells and limits the achievable phase-shift range. Fig. 12
shows the gain of the reflectarray prototypes assessed over
a wider range of frequencies (from 25 to 34 GHz). Moreover,
Table 4 provides the 1dB bandwidth of each antenna calcu-
lated considering the gain of each design at 28 GHz. There
is a good agreement between the gain predicted and mea-
sured for the three reflectarray prototypes. Trends observed
in the band evaluated in Table 3 can also be appreciated
from 25 to 34 GHz. Both R-RRL and R-RTL designs suf-
fer a noticeable drop in gain as the frequency deviates
from 28 GHz, falling to 30 dBi at 34 GHz. Conversely, the
R-QTL maintains gain levels of around 32 dBi between
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FIGURE 11. Main cuts of normalized radiation pattern in simulation (dotted lines) and measurements (solid lines) for (a), (b) R-RRL reflectarray; (c), (d) R-RTL reflectarray; (e),
(f) R-QTL reflectarray. Elevation and Azimuth cuts corresponds to the cut in the spherical coordinates v = sin (θ0)sin(ϕ0) and u = sin (θ0)cos(ϕ0), respectively.

27 and 34 GHz, resulting in better in-band performance
and antenna bandwidth. Based on the data reported in
Table 4, the R-QTL achieves 7.4% and 11.3% more frac-
tional bandwidth than the R-RTL and R-RRL prototypes,
respectively.
Since the antenna optics and feed are the same in the

three cases, the improvement in the fractional bandwidth is
obtained because of the band performance of the reflectarray

cells. As the layouts have been designed at 28 GHz, the
phase-shift error distribution at 33 GHz is shown for R-RRL
and R-QTL in Fig. 13. The error is computed as the dif-
ference between the ideal phase shift required to collimate
the beam and the phase shift produced by the reflectarray
cells at this frequency. It can be appreciated that the error
is more constant in the case of R-QTL (see Fig. 13(c)) than
for R-RRL (see Fig. 13(b)), mainly in the central part of the
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FIGURE 12. Measured copolar gain between 26 to 34 GHz for the three reflectarray
designs. Solid lines correspond with measured gain and dotted lines with simulated
gain.

FIGURE 13. Phase-shift error distribution: difference between ideal required phase
shift and produced by the reflectarray cells at 33 GHz. (a) R-RRL and (b) R-QTL.

reflectarray where the illumination from the feed is higher.
Thus, the beam is less distorted and broader bandwidth is
obtained.

VI. CONCLUSION
This work presents some numerical and experimental inves-
tigations about the performance of reflectarrays based on
quasi-regular element distributions. These element lattices
are properly designed to be adapted to the profile of the
reflecting aperture. Moreover, a tailored analysis technique
has been proposed to evaluate the performance of these
antennas. It uses a MoM based on local periodicity to
analyze the field on the reflectarray surface under dif-
ferent boundary conditions. The radiated far field of the
antenna is computed by dividing the aperture into a set
of sub-apertures, whose shapes depend on the element
distribution.
Using the proposed analysis technique, two reflectarrays

are designed and numerically evaluated. They are based on
quasi-regular element distributions and are adjusted to the
shape of the reflector. The aperture of these reflectarrays is
a rectangle and pentagon respectively, and their performance
is compared with two reflectarrays, equivalent in aperture,
comprised of regular grids of elements.
The rectangular reflectarray with a quasi-regular lat-

tice, along with its equivalents, has also been evaluated
experimentally. The three demonstrators achieve a good
agreement between the predicted and the measured results,
which validates the proposed analysis technique. The results
also demonstrate that the quasi-regular lattice achieves
a similar performance compared to the use of a regu-
lar lattice of elements in terms of beam shaping, side
radiation, and cross-polar isolation. However, it exhibits
an improvement of 7.4% and 11.3% of fractional band-
width compared with triangular and rectangular lattices
respectively.
In the pentagonal reflectarray approach, the quasi-regular

arrangement exhibits better adaptability to the shape of
the aperture than its equivalents based on regular grids.
Maintaining a similar inter-element spacing, this lattice
achieves higher element density, which enables a finer con-
trol of the field in the aperture. The use of a quasi-regular
lattice exhibits better in-band performance than the use
of regular lattices with similar gain values as the regular
triangular lattice and higher than the regular rectangular
lattice.
This work validates the proposed technique and demon-

strates the capabilities in the use of quasi-periodic lattices
adapted to the profile of reflectarray antennas. They allow a
more efficient meshing for a reflectarray with an arbitrarily
shaped aperture, at the cost of modifying the periodic-
ity conditions imposed in a conventional reflectarray. This
adaptability can be further exploited by its application to
conformal surfaces.
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