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ABSTRACT In this paper, a new type of metasurface called Double Gradient Metasurface (DGM) is
proposed, which can be used to implement a planar and low-profile retroreflector with a continuous wide
incident angle range or a wide frequency width. The proposed structure consists of a set of supercells with
a number of unitcells embedded into them. The design is performed based on the array factor method,
taking into account the periodicity gradient of supercells and the phase gradient of unitcells. To validate the
proposed method, two retroreflector prototypes with a thickness approximately equal to 0.04λo are designed
and fabricated. The first prototype is designed for a continuous wide incident angle view from 15◦ to 50◦

at 10 GHz. The second prototype is designed for a wide frequency range from 9GHz to 11 GHz at an incident
angle of 20◦.

INDEX TERMS Electromagnetic metasurface, planar retroreflector, array theory.

I. INTRODUCTION
Metasurfaces are periodic or aperiodic structures with sub-
wavelength thickness composed of subwavelength scatterers
[1], [2], [3]. In periodic metasurfaces, the dimensions of the
lattices are equal to each other, as well as the geometric
parameters of the scatterers. Howevere, in aperiodic metasur-
faces, the geometric parameters of the scatterers differ from
each other [4]. Metasurfaces are used to control the scattering
of electromagnetic waves impinging on the structure. Over
recent years, various functionalities of metasurfaces have
been proposed, including anomalous reflection and refrac-
tion, polarization conversion, absorption, flat lens, cloaking,
holography, spatial filtering, analog computing, and more
[1]. To design a metasurface with a specific functionality,
various modeling techniques have been proposed in the lit-
erature, such as reflection and transmission phase, surface
impedances and admittances, effective polarizabilities, effec-
tive susceptibilities, and equivalent circuits [1], [2].
One of the functionalities of metasurfaces that has gained

a lot of interest recently is retroreflection. Retroreflectivity
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is defined as the ability to reflect an incident signal in the
same direction from which it originated, without any prior
knowledge of the arrival direction [5]. Retroreflection plays
important role in various fields, including navigation safety,
maritime distress rescue, vehicle collision avoidance systems
in the civil sector, as well as radar calibration, stealth, and
deception in the military sector [6], [7], [8].
To the best of our knowledge, the first metasurface

with retroreflection property in microwave frequencies was
achieved by Doumanis et al. in 2013. They designed a flat
surface to reflect a TE polarized wave incident at 45◦ back
in the direction of the impinging signal at 14.7 GHz, based
on a combination of Floquet theory and the reflect-array
principle [9]. Jia et al. designed a phase gradient metasurface
following the generalized Snell’s law, which can retroreflect
incident waves with an angle of θi = 20◦ backward at 9.8GHz
under transverse electric (TE) polarizations [10]. Wong et al.
designed, simulated, and measured two binary Huygens’
metasurfaces at a frequency of 24 GHz, which retroreflect an
incident plane wave at 82.87◦ from broadside for TE and TM
polarized waves, respectively. The measured results show a
power efficiency of 93% for both TE and TM polarizations
[11]. Hoang et al. presented three types of two-dimensional
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retrodirective phase gradient metasurfaces corresponding to
the three retrodirected angles of −20◦, −30◦, and −40◦,
respectively, with a power efficiency of more than 94% in
both directions. Furthermore, the fractional 3-dB bandwidths
of the retroreflections are improved up to 12% by increasing
the air gap of the substrate from the ground plane by about
λ0/4 [5]. In 2020, Tao et al. proposed non-periodic metasur-
faces used for retroreflection in one oblique incident wave
with linear polarization (TE/TM) and circular polarization
(CP). The proposed metasurfaces consist of non-periodic
group cells (the lattice period of group cells is equal to each
other, but the geometric parameters of the scatterers are dif-
ferent), optimized by genetic algorithm for desired scattered
power patterns [4].
In all of the works mentioned so far, the metasurfaces were

designed only for a single incident angle, and the response
for waves incident from other directions was not engineered.
To achieve multi-angle retroreflectivity, Asadchy et al. pro-
posed three- and five-channel retroreflector based on the
surface impedance model with a periodicity of λ < P <

2λ . For the designed and optimized three-channel retrore-
flector, the incident angles are directed at −70◦, 0◦, and
70◦, with a minimum achievable efficiency of 92.8% [12].
Feng et al. proposed a structure based on the multiple phase
gradient modulated metasurface. In this structure, the surface
is decomposed into several regions with different areas, each
designed for one incident angle following the phase gradi-
ent metasurface [8]. Another method to achieve multi-angle
retroreflectivity is to use a metasurface with high super-cell
periodicities greater than 2λ , as proposed by Kalaagi et al.
[15]. They designed a retrodirective metasurface follow-
ing the generalized phase law of reflection and the surface
impedance modulation technique with a supercell periodicity
of 2.88λ at 14.7 GHz. Retroreflection has been achieved
at eleven angles simultaneously [13]. Memarian et al. pre-
sented a retroreflective surface based on multiple coupled
blazing resonances per cell, enabling retroreflectivity at mul-
tiple wavelengths, each corresponding to different incident
wavenumbers [14]. The first work on retroreflectivity in a
continuous angle range using planar metasurfaces was done
in 2017 by Arbabi et al. [15]. They proposed a planar mono-
lithic near-infrared retroreflector composed of two layers
of silicon nanoposts, which, following the cat’s eye theory,
reflects light along its incident direction with a normal inci-
dence efficiency of 78% and a large half-power field of view
of 60◦. Then this method was subsequently implemented in
the field of acoustics [16] and microwave [17], [18], [19].
From the works conducted so far in the field of retrore-

flectivity using metasurfaces, it can be concluded that
single-layer metasurfaces with low thickness have only been
utilized for single-angle or discrete multiple-angle retrore-
flection. Retroreflection in a continuous angular range has
been achieved by employing two cascaded metasurfaces,
resulting in a structure with a thickness of several wave-
lengths. In this paper, a novel configuration is proposed for
the first time, consisting of a single-layer metasurface capable

FIGURE 1. The diagram of the incident angle corresponding to the first
negative Floquet mode against the periodicity of a periodic structure at
frequency of 10 GHz.

of achieving retroreflection with a continuous wide incident
angle range (at one frequency) or a wide frequency width (at
one incident angle). The proposedmetasurface comprises two
nested arrays: one is an array of supercells with a periodicity
gradient property, and the other is an array of unitcells embed-
ded into supercells with a phase gradient property. Hence, this
metasurface is referred to as theDoubleGradientMetasurface
(DGM). The periodicity values of the supercells are designed
based on the first negative order Floquet-Bloch mode in the
Floquet theory, enabling coverage of a continuous incident
angle range with a specified angular step. The dimensions
of the unitcells in each supercell are designed and optimized
using array theory to maximize the reflected power along the
incident direction.

II. THEORETICAL BACKGROUND
According to Floquet’s theory, it is known that every
periodic structure with a period greater than half a
wavelength exhibits retroreflectivity properties at specific
incident angles. These incident angles correspond to negative
Floquet modes and their number depends on the periodic-
ity of the structure. The relationship between the incident
angle, mode number, and periodicity can be derived as
follows [20]:

θretro,m = sin−1
(

−mλ0

2P

)
(1)

where θretro,m is the incident angle for which the mth Floquet
mode has retroreflectivity property, λ0 is the wavelength
corresponding to the frequency of the incident wave, and P
is the periodicity of the periodic structure.

The first negative Floquet mode has maximum retrore-
flected power, so (1) becomes as follows:

P
λ0

=
1

2 sin (θretro)
(2)
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FIGURE 2. (a) An array of the supercell with periodicity Px in which an array of unitcells is embedded, (b) An array of several supercells with different
dimensions along horizontal direction that vary gradually.

The diagram related to (2), for a fixed frequency of 10GHz,
is depicted in Fig. 1.

As observed, with an increase in the ratio P/λ0, the first
negative Floquet mode manifests at a smaller incident angle.

To attain retroreflectivity across a wide continuous angular
range using a flat and single-layer structure, it is proposed,
based on Figure 1, to arrangemultiple supercells with varying
periods in a gradual manner. This proposition is supported
by the notion that each supercell, along with its neighboring
supercells, forms a quasi-periodic structure, which exhibits
retroreflectivity at the corresponding incident angle of that
particular supercell.

To further illustrate this concept, let’s consider two arrays.
The first array is a finite array (Nx × Ny) consisting of a
supercell with a periodicity Px along the horizontal direction
and a periodicity Py along the vertical direction. According
to Eq. 1, this array exhibits retroreflectivity at the incident
angle of θretro = sin−1

(
λ0
2Px

)
. The second array is also a

finite array (Nx×Ny), but it consists of several supercells with
varying dimensions along the horizontal direction, gradually
changing from one supercell to the next. In the center of the

array, the supercell with a dimension of Px is placed, resulting
in longitudinal dimensions of the supercells as . . . ,Px −

1x−

2 ,Px − 1x−

1 ,Px ,Px + 1x+

1 ,Px + 1x+

2 , . . .. The peri-
odicity along the vertical direction remains Py. To achieve
maximum power retroreflection at each incident angle, the
unit cells embedded within each supercell are designed based
on the phase gradients. Fig. 2 depicts these two types of arrays
for better visualization.

To analyze these arrays, the array factor theory is
employed. When a plane wave is incident on the array from
a direction defined by (θi, ϕi), each unit cell experiences
a different phase excitation due to the spatial phase delay
caused by the incoming plane wave. Additionally, each unit
cell reflects the wave with a specific phase determined by
the dimensions of its patch. If the objective is to maximize
radiation from the array in the direction specified by (θr , ϕr ),
the array factor for these two arrays can be derived as (3)
and (4), shown at the bottom of the next page.

In the given equations, Nu represents the number of unit-
cells embedded in each supercell, which remains constant
for all supercells. [I1, . . . , INu ] and [φ1, . . . , φNu ] denote the
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amplitude and phase of the reflection coefficient of the unit-
cells, respectively. Furthermore, u = sinθrcosϕr+ sinθicosϕi
and v = sinθrsinϕr+ sinθisinϕi.

Now, to derive the results, we consider Nx = 7, Ny =

5, Nu = 8, Px = 30 mm, Py = 15 mm. In this case,
θretro = 30◦. The length of the supercells in array type 2
is determined using Fig. 1 with an angular step of 2.5◦.
The normalized monostatic RCS of both arrays is calculated
using the array factor and plotted in Fig. 3. The results show
that array type 1 exhibits maximum retroreflectivity at an
incident angle of 30◦. However, its retroreflectivity sharply
degrades at adjacent angles. On the other hand, array type 2
achieves the maximum retroreflectivity at an incident angle
of 28.5◦, which is slightly shifted and lower than that of
array type 1. However, array type 2 covers the adjacent angles
more effectively. It is important to note that the assigned
phases to the unitcells, obtained from the phase gradient
method, are optimized for array type 1. These phases are
not necessarily optimal for array type 2. By optimizing the
phases specifically for array type 2, even better results can be
achieved. However, for the purpose of comparison between
the two arrays, the optimization process was not pursued.
In the design section the optimization process for the phases
is explained in detail.

In conclusion, when multiple supercells with gradually
changing periods are assembled, and an array of unit cells
with a phase gradient is embedded within them, the result-
ing structure realizes a wide-angle retroreflector. Although
the maximum retroreflectivity is reduced, the angular range
with retroreflectivity is extended. This proposed retroreflec-
tor, consisting of two nested arrays with gradient properties,
namely an array of supercells with periodicity gradient and
an array of unit cells with phase gradient, is referred to as the
‘‘Double Gradient Metasurface (DGM)’’.

In addition to its application as a wide-angle retroreflector,
the proposed metasurface can also be utilized to achieve

FIGURE 3. The normalized monostatic RCS diagram of the two arrays
shown in Figure 2 in which the length of the supercells in array type 2 is
selected for the angular step of 2.5◦.

wideband retroreflection. In this case, (2) is employed for a
fixed incident angle. Fig. 4 illustrates the diagram associated
with (2) for fixed incident angles of θi = 20◦, 30◦, and 40◦.
It can be observed that as the periodicity (P) decreases, the
first negative Floquet mode occurs at higher frequencies for
a fixed incident angle. To validate the performance of the
proposed retroreflector for wideband mode, the two arrays
depicted in Fig. 2 are utilized once again, with the only
difference being that the length of the supercells in array
type 2 is selected based on Fig. 4, using a frequency step
of 0.2 GHz. The normalized monostatic RCS of these two
arrays is then calculated using the array factor and plotted
in Fig. 5.

As can be seen, the array type 2 exhibits retroreflectivity
over a wider frequency range compared to array type 1.
Therefore, it can be concluded that the proposed DGM can
also be used in wideband retroreflector.

When a plane wave is incident on the proposed retrore-
flector from a specific direction, the supercells other than
the one designed to respond to that direction also interact
with the electromagnetic field. In this case, a portion of

F =
1
Nu



I1ejφ1

[
exp

(
jk
dx
2
u
)]

+I2ejφ2

[
exp

(
jk
3dx
2
u
)]

+I3ejφ3

[
exp

(
jk
5dx
2
u
)]

+ · · ·

+INue
jφNu

[
exp

(
jk
(2Nu − 1)dx

2
u
)]


×

1
Nx × Ny

Nx−1∑
m=0

Ny−1∑
n=0

exp
(
jkmPxu+ jknPyv

)
(3)

F =
1
Nx



1
Nu

{
I1e

jφ1
[
exp

(
jk
dx1
2
u
)]

+ I2e
jφ2

[
exp

(
jk
3dx1
2

u
)]

+ · · · + INue
jφNu

[
exp

(
jk
(2Nu − 1)dx1

2
u
)]}

+
1
Nu

{
I1e

jφ1
[
exp

(
jk
dx2
2
u
)]

+ I2e
jφ2

[
exp

(
jk
3dx2
2

u
)]

+ · · · + INue
jφNu

[
exp

(
jk
(2Nu − 1)dx2

2
u
)]}

ejkPx1u+

+ · · · +

1
Nu

{
I1e

jφ1
[
exp

(
jk
dx(Nx )
2

u
)]

+I2e
jφ2

[
exp

(
jk
3dx(Nx )

2
u
)]

+ + · · · + INue
jφNu

[
exp

(
jk
15dx(Nx )

2
u
)]}

ejk(Px1+Px2+···+Px(Nx ) )u


(4)
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FIGURE 4. The diagram of the periodicity of a periodic structure against
frequency for three different incident angle of the first negative Floquet
mode.

FIGURE 5. The normalized monostatic RCS diagram of the two arrays
shown in Figure 2 in which the length of the supercells in array type 2 is
selected for the frequency step of 0.2 GHz.

the retroreflector that includes the supercell designed for
the given angle of incidence and the adjacent supercells
actively participate in the retroreflection of the incident wave.
Regarding the interaction of the other supercells with the
electromagnetic field, the first negative Floquet mode, which
is on the same side as the incident wave and exhibits the
highest scattered power, is examined. The behavior of this
mode is determined using the generalized Snell’s reflection
law, which can be expressed as follows:

sin θr = sin θi −
λ0

P
(5)

This equation is plotted in Fig. 6 for different incident angles
and different supercell dimensions.

Indeed, as observed, supercells with different dimensions
scatter the incident wave in directions other than the direction
of incidence. Furthermore, as the dimensions of the supercells
deviate further from those designed to respond to a specific
incident angle, the angular directions of the scattered waves
from these supercells also deviate further from the desired

FIGURE 6. The diagram of the reflected angle against supercell
dimensions for three different incident angle of the first negative Floquet
mode.

incident angle. This deviation in angular directions prevents
the occurrence of destructive interference between the wave
scattered in the incident direction and the waves scattered by
the other supercells. The same point can also be applied to the
wideband retroreflector.

III. RETROREFLECTOR DESIGN
Now, we will explain the design process of the proposed
retroreflector. Firstly, our focus is on the wide-angle retrore-
flector. The initial step in the design is to determine the
dimensions of the different supercells that will be assem-
bled together. This must be done while keeping in mind the
ultimate goal of achieving a high and nearly constant RCS
with minimal variation over a continuous wide angular range.
To achieve this objective, we investigate the effect of different
supercell dimensions on both its monostatic RCS and the
adjacent supercells. The larger the dimensions of a supercell,
the greater its monostatic RCS at the corresponding incident
angle. However, its monostatic RCS decreases drastically in
the adjacent incident angles. This occurs because the larger
the dimensions of the supercell relative to the wavelength
(which, according to Fig. 1, corresponds to the smaller inci-
dent angle), the greater the number of scattered propagating
modes [11]. On the other hand, the smaller the dimensions
of a supercell relative to the wavelength (which, according to
Fig. 1, corresponds to the larger incident angle), the smaller
its monostatic RCS at the corresponding incident angle.
Nevertheless, it decreases gradually in the adjacent incident
angles. Therefore, in this case, each supercell cooperates in
increasing the monostatic RCS of the adjacent supercells.
To validate this concept, we consider two arrays of supercells
for incident angles of 15◦ and 50◦ at a frequency of 10 GHz,
as shown in Fig. 7(a), (b). To retroreflect the maximum power
at each incident angle, the embedded unitcells inside each
supercell are designed based on the phase gradients. The
normalized monostatic RCS diagram of these two structures
is obtained using array factor theory, as shown in Figure 7(c).

As observed, for the designed structure at 15◦, the monos-
tatic RCS experiences a sharp decrease in the adjacent angles
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FIGURE 7. An array of supercells designed for the retroreflection in the
incident angle of (a) 15◦, (b) 50◦, (c) the normalized monostatic RCS
diagram of the structures (a) and (b).

to the designed angle. However, the opposite holds true for
the designed structure at 50◦.
Based on the aforementioned content, it can be inferred

that in order to achieve a nearly constant RCS with minimal
variation across the desired angular range, the periodicity
of supercells with smaller dimensions should change grad-
ually and slowly, while larger supercells should exhibit a
faster rate of change. Fig. 1 illustrate that this condition
is met when the dimensions of the supercells are selected
based on a constant angular step. For the angular range of
10◦

≤ θi ≤ 50◦ with a step size of 2.5◦ and at a frequency
of 10 GHz, the corresponding periodicity values are provided
in Table 1.
The next step involves designing the structure embedded

within each supercell to maximize retroreflected power in
the corresponding incident angle, in both opposite directions.
To accomplish this, an array of metallic strip unitcells is
employed per supercell, as depicted in Fig. 8. It is evident that
an air gap is incorporated within the unitcell. The rationale
behind this choice is the utilization of an FR-4 substrate with
high permittivity (εr = 4.3). Consequently, the unit cell
designed with this substrate covers significantly less than a
360◦ reflection coefficient phase. Therefore, an air gap is
introduced to decrease the overall dielectric coefficient. The
optimal dimensions for the unit cell, which are consistent
across all supercells, are as follows: dy = 15 mm, h1 =

0.5 mm and h2 = 0.75 mm.
The next step involves determining the number of unitcells

and their dimensions for each supercell. In order to ensure a

TABLE 1. The values of the periodicities correspond to the incident angle
of the first negative Floquet mode in the angular range of 10◦ ≤ θi ≤ 50◦

with the step of 2.5◦ and at the frequency of 10 GHz.

TABLE 2. The values of the periodicities corresponding to the incident
angle of the first negative Floquet mode for the frequency range of
9 GHz ≤ f ≤ 11 GHz with the step of 0.2 GHz and at the incident angle
of 20◦.

FIGURE 8. Geometry of the metallic strip unit cell (a) top view and
(b) side view.

gradual variation in the unitcells placed within the supercells,
the same number of unitcells is employed across all super-
cells. Consequently, the minimum number of unitcells is
determined based on the largest supercell, ensuring that the
dimensions of the unitcells are smaller than a quarter of the
wavelength. In the case of the intended design at a frequency
of 10 GHz and an angular range of 15◦

≤ θi ≤ 50◦ with a
step size of 2.5◦, the largest supercell, as indicated in Table 1,
measures 57.95 mm. Therefore, a total of 8 unit cells are
employed.

To determine the optimal dimensions of the unitcells within
each supercell, we consider the array type 1 as shown in
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TABLE 3. Comparison of the proposed retroreflector with the state-of-the-art works.

Fig. 2(a), along with the array factor described by (3), where
Nu = 8. In our desired scenario, where the plane wave
is incident from the direction of the first negative Floquet
mode and the reflected wave is in the same direction as the
incidence, we have:

sin(θr ) = sin(θi) =
λ

2Px
ϕi = {0, π}

ϕr = ϕi + π (6)

In this case, the terms within the exponential function in
(3) are obtained as follows:

kmPx sin(θr ) cos(ϕr ) = kmPx sin(θi) cos(ϕi)

=
2π
λ
mPx

λ

2Px
= mπ

· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·

2k
(2n−1)dx

2
sin(θr ) cos(ϕr ) = 2k

(2n−1)dx
2

sin(θi) cos(ϕi)

= 2
2π
λ

(2n− 1)Px
2 × 8

λ

2Px
=

(2n− 1)π
8

(7)

From (7), an important point can be extracted: the array
factor of the structure in the retroreflection condition is inde-
pendent of both the supercell periodicity and the operating
frequency. In other words, if the optimal phase values of
the unitcells (φ1, φ2, . . . , φ8) for a particular supercell and
frequency are determined, these optimal values will hold
true for supercells with different dimensions and at different
frequencies.

The optimization of phase values and thus strip lengths of
unitcells is carried out in two steps. Firstly, (3), along with
(7), is optimized for a representative supercell to obtain the
initial optimal phase values. These phases are then converted
into initial strip lengths using the reflection phase versus strip
length specific to each supercell’s unitcell. Subsequently,

an array of each supercell with the initial optimal strip length
values of unitcells is simulated and further optimized using
full-wave software to obtain the final optimal strip length
values of unitcells. For the proposed retroreflector, it is desir-
able to achieve bidirectional functionality. This means that
for each incident angle θi, the retroreflector should exhibit
retroreflectivity in two opposite directions (ϕi = 0◦, 180◦).
Therefore, during the optimization process, the phase of the
unit cells is considered symmetrical with respect to the center
of the supercell.

The optimal phase values of the unitcells, obtained by
maximizing (3) along with (7), are:

φ1 = 37.9◦, φ2 = 13.8◦, φ3 = −130.54◦, φ4 = −150◦

(8)

The design method for the proposed wideband retroreflec-
tor follows the previously mentioned design approach, with
the difference that in this case, the supercell dimensions are
obtained from (2) at a specific incident angle over a wide
frequency range with a defined frequency step.

The specifications for the wideband retroreflector to be
designed are as follows: a frequency range of 9 GHz ≤ f ≤

11 GHz with a step size of 0.2 GHz, and an incident angle of
20◦. To achieve this, the periodicity values of the supercells
are provided in Table 2. It is important to note that the optimal
phase values of the unit cells mentioned in (8) also hold
true for different frequencies. Therefore, the strip lengths
corresponding to these phases are utilized as initial values in
the optimization of the unitcells within each supercell using
the full-wave software.

IV. SIMULATION AND MEASUREMENT
A. WIDE-ANGLE RETROREFLECTOR
The designed wide-angle retroreflector, intended for the
angular range of 15◦

≤ θi ≤ 50◦ with steps of 10◦, 5◦,
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FIGURE 9. The normalized monostatic RCS of the simulated wide-angle
retroreflector for the angular range of 15◦ ≤ θi ≤ 50◦ with the steps of
10◦, 5◦, 2.5◦ and 1.25◦ at the frequency of 10 GHz.

FIGURE 10. The normalized monostatic RCS diagram of the proposed
wide-angle retroreflector for different angular steps obtained from the
array factor.

2.5◦ and 1.25◦ at the a frequency of 10 GHz, has been
simulated using CST STUDIO software. Based on Fig. 1, it is
observed that as the incident angle approaches zero degrees,
the supercell period and overall structure dimensions become
very large. To avoid this issue, a non-zero incident angle is
selected as the starting point in the angular range. The normal-
ized monostatic RCS diagrams, obtained by calculating the
difference between the monostatic RCS of the retroreflector
and the specular reflection of a PEC structure with the same
cross-section size, are depicted in Fig. 9.
To validate the results, they are also obtained using array

type 2 as shown in Fig. 2(b), along with the array factor
described by (4). Fig. 10 displays the normalized monostatic
RCS diagram of the proposed retroreflector for various angu-
lar steps derived from the array factor.

Indeed, it can be observed that the overall variation pattern
of the monostatic RCS in both Fig. 9 and Fig. 10 is similar.
The minor differences between the two figures arise from the
fact that the array factor method does not consider mutual
coupling between unitcells. From Figs. 10 and 11, an impor-
tant point can be extracted: the smaller the angular step, the
less pronounced the ripple in the monostatic RCS. However,
it is also noted that the average level of the monostatic RCS
in the angular range of 15◦

≤ θi ≤ 50◦ decreases as the
angular step decreases. Therefore, a compromise needs to
be established when choosing the angular step, taking into
consideration themaximum acceptable ripple and the average
level of the monostatic RCS.

FIGURE 11. (a) The top and side view of the fabricated wide-angle
retroreflector, (b) measurement setup, (c) and (d) Simulation and
measurement results of the proposed retroreflector in the angular range
of 15◦ ≤ θi ≤ 50◦.

Here, the proposed retroreflector is fabricated for the angu-
lar step of 2.5◦, as shown in Fig. 11(a). The overall dimension
of the proposed wide-angle retroreflector is 45 × 350 mm2.
The measurement setup for monostatic RCS is exhibited in
Fig. 11(b).
Fig. 11(c) presents the measured monostatic RCS of the

manufactured structure at a frequency of 10 GHz, along with
the corresponding simulation results.

It is evident that there is reasonable agreement between
the measured and simulated monostatic RCS in the angular
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FIGURE 12. The bi-static simulation results of the wide-angle
retroreflector for incident angles of θi = 20◦, 30◦,40◦ in the ϕ = 0◦ plane
at 10 GHz.

FIGURE 13. (a) The top and side view of the fabricated wideband
retroreflector, (b) and (c) Simulation and measurement results of the
proposed retroreflector in the frequency range of 9 GHz ≤ f ≤ 11 GHz.

range of 15◦
≤ θi ≤ 50◦. The calculated efficiency of

the fabricated retroreflector, relative to the elevation incident

FIGURE 14. The bi-static simulation results of the wideband retroreflector
for an incident angle of θi = 20◦ in the ϕ = 0◦ plane at three different
frequencies.

angle at a frequency of 10 GHz, is depicted in Fig. 11 (d).
The minimum efficiency, which occurs within the angular
range of 15◦

≤ θi ≤ 50◦, is determined to be 12%. In [20],
a quantity calledE(ϕi) is introduced, representing the average
enhancement of the retroreflector’s RCS compared to a metal
plate with the same dimensions, across a range of elevation
incident angles (θi) for a specified azimuth incident angle
(ϕi). In this case, the obtained value of E is 19.114.
The bi-static simulation results of the wide-angle retrore-

flector for incident angles of θi = 20◦, 30◦, and 40◦ in the
ϕ = 0◦ plane at 10 GHz are presented in Fig. 12. This
plot illustrates the RCS enhancement around the designed
incident angles.

B. WIDEBAND RETROREFLECTOR
The designed wideband retroreflector, intended for the fre-
quency range of 9 GHz ≤ f ≤ 11 GHz with a step size of
0.2 GHz at an incident angle of 20◦, has been simulated
using CST STUDIO software and subsequently fabricated,
as depicted in Fig. 13(a). The measured monostatic RCS of
the fabricated retroreflector, along with the calculated effi-
ciency versus frequency, as well as the simulation results at
the incident angle of 20◦ for TE polarization, are shown in
Fig. 13(b),(c). It can be observed that the efficiency ranges
between 10% and 32%. Furthermore, Figure 14 presents the
bi-static simulation results of the wideband retroreflector for
an incident angle of θi = 20◦ in the ϕ = 0◦ plane at frequen-
cies of 9.5 GHz, 10 GHz, and 10.5 GHz. This plot illustrates
the RCS enhancement around the designed incident angle at
all three frequencies.

To provide a comprehensive understanding of the charac-
teristics of our work, a comparison between our proposed
retroreflector and references [8], [15], [17], [18], [19] is
presented in Table 3. It can be observed that while our pro-
posed retroreflector exhibits a higher maximum ripple in the
monostatic RCS, it is a single-layer structure with a very
small total thickness. This highlights a notable advantage of
our design.

V. CONCLUSION
This paper proposes a novel configuration for a metasur-
face that enables the design of a retroreflector with either
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a continuous wide incident angle range (at a single fre-
quency) or a wide frequency range (at a single incident
angle). The metasurface is composed of multiple supercells
designed with a periodicity gradient to cover the desired wide
angular or frequency range. To maximize retroreflectivity at
each incident angle or frequency, the supercells contain an
equal number of unit cells with a phase gradient property,
which are optimized using the array factor method. Two
retroreflectors were designed and fabricated based on this
metasurface configuration. The first retroreflector provides
a continuous wide incident angle range from 15◦ to 50◦ at
a frequency of 10 GHz. The second retroreflector covers a
wide frequency range from 9 GHz to 11 GHz at an incident
angle of 20◦. The measured results of these retroreflectors
demonstrate a minimum efficiency of 12% and 10% within
the desired ranges, respectively. Overall, this work presents a
novel approach for designing and fabricating retroreflectors
with wide incident angle or frequency ranges, showcasing the
potential ofmetasurfaces in achieving versatile retroreflective
properties.
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