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Multi Angle Retrodirective Cascaded Metasurface

Mohammed Kalaagi''® and Divitha Seetharamdoo!'?)
YUniv. Lille Nord de France, IFSTTAR, COSYS, LEOST, F-59650 Villeneuwve D ascq,
France

(Dated: 24 July 2020)

In this paper a cascaded retrodirective metasurface is designed and demonstrated to operate
simultaneously at a wide range of incident angles between -30° to -10° and 10° to 30°. It is
based on the design of several retrodirective super-cells following the generalized Snell’s law
of reflection, where each super-cell is designed to redirect an incoming wave back in the same
direction with high efficiency. This metasurface is a very good candidate as a retroreflec-
tor for radar cross-section enhancement of targets with poor backscattering. Retrodirective
topologies have been a subject of interest and several engineered topologies exist such as
the corner dihedral. Despite their good performances at a range of incident angles, their
3-dimensional bulky structure make them hard to implement for different applications and
they do not address extreme incident angles. The metasurface proposed can be a comple-
mentary solution to existing topologies for addressing extreme oblique incident angles while
being more compact due to its two dimensional (2D) subwavelength structure design. The
monostatic RCS performance of the designed metasurface of dimensions 8.163 cm x 56.23 cm
has been compared to that of a conventional corner dihedral of dimensions 8 cm x 15.5cm X
7.75 cm, a gain up to 50 dB of monostatic radar cross section (RCS) in the ranges -30° to -20°
and 20° to 30° was obtained. Comparable performances are observed in the ranges -20° to
-10° and 10° to 20° between the designed metasurface and the corner dihedral. Experimental
results are shown to be in good agreement with simulation results.

Keywords: metasurfaces, retrodirectivity, radar cross-section enhancement, gradient index

metamaterial

I. INTRODUCTION

Metasurfaces! are the subject of intensive research
nowadays for their applicative potential and the general-
ity of their design approach?:3. They are characterized by
their 2D subwavelength structure and their ability to con-
trol the wavefront of an electromagnetic wave*:°:% with
perfect, abnormal and achromatic reflections” 8 . One
of the common metasurfaces are phase-gradient surfaces
10 designed to tailor or manipulate a reflected and trans-
mitted electromagnetic wave ''*7 . Other applications
have been introduced recently for metasurfaces including
polarization conversion'?, antennas broadband diffusion
of terahertz waves'?, hologram'*, Huygens’ metasurfaces
8  multi-functional metasurfaces 1°:9, transformation of
propagating waves into surface waves?''® and total con-
trol or beam steering!” metasurfaces at optical and mi-
crowave frequencies'®.

The control of an electromagnetic wave for retrodi-
rective reflection has gained lot of interest recently for
various applications. Retro-reflection'®, can be obtained
from diffraction in blazed grating 20:21:22) such as in
a Littrow configuration?®>. More recently, flat metal-
dielectric surfaces for retro-reflection or more generally
for anomalous reflection?, have been designed based on
generalized phase law?? and reflect-array approach?’.
V.S Asadchy et. al?® have proposed surface impedance
modulation techniques for efficiency optimization . If one
considers the applicative potential of such these retrore-
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flective metasurfaces, the control of an electromagnetic
wave in a retrodirective manner can be an important
feature for the design of radar targets in order to en-
hance their radar cross section (RCS)?7 particularly when
these targets have poor inherent backscattering proper-
ties. This phenomenon is generally achieved using en-
gineered topologies such as corner dihedrals?® and Van
Atta array technologies?®. Although these topologies can
perform well for retrodirectivity at specific range of in-
cident angles, they can be bulky and hard to implement
for applications involving automotive radar applications
where road user such as pedestrians and cyclists need
to be equipped to increase their probability of detection.
It is therefore interesting to provide equivalent retrore-
flective features with more compact topologies and less
complex implementations.

In this paper we are interested in investigating the po-
tential of metasurfaces and their performances, in terms
of retroreflection for multiple incident angles such that
they can be used for the enhancement of radar cross-
section of targets. It has been shown for the design
of phase gradient metasurfaces following the generalized
Snell’s law?* of reflection, that an engineered metasur-
face design can manipulate an electromagnetic wave in a
desired anomalous direction. In the case of retrodirective
control of an electromagnetic wave using engineered flat
plate metasurfaces, the starting point is the conventional
Snell’s law of physical optics where retrodirectivity can
be obtained at normal incidence, reflecting back from a
mirror or a flat mettalic plate. If oblique incidence an-
gles are to be considered, it can be shown that a phase-
gradient designed surface can control the electromagnetic
wave, to reflect it back in the same direction of incidence
even at extreme angles.
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A cascaded multiple incident angle retrodirective
metasurface (C-MIARM) is proposed. The first design
step consists in designing metasurfaces operating at sin-
gle incident angles for the same operating frequency fol-
lowing the generalized phase law of reflection®® and fi-
nally optimizing their association without any loss in per-
formance. The angles of incidence considered are +30°,
+25°, £20°, £15°, +£10°. We have observed that with
an increase in the periodicity of the super-cell design
of 2\ or higher, the metasurface loses its symmetrical
response with respect to retrodirectivity for the given
desired angle, i.e. retroreflection is no longer obtained
identically for negative and positive values of the de-
sired angle of incidence. A new structure is introduced
for the super-cell design at 10° and 15° to recover the
loss in the symmetrical direction and maintain the per-
formance of the C-MIARM. The radar cross-section of
the C-MIARM is determined both numerically and ex-
perimentally. For comparison purposes, a conventional
corner dihedral, well known for its retrodirective prop-
erties is used in the range between -20° and 20°. The
performances of the proposed C-MIARM and the corner
dihedral are compared in the angular ranges -30° to -10°
and 10° to 30°.

The paper is organized as follows. Section II de-
fines the general principle of operation for the design
of retrodirective metasurfaces following the generalized
phase law of reflection as well as the design methodology
for the design of a lossless retrodirective super-cell at a
specific angle of incidence. In Section III the design of
various metasurfaces is given for various angles and peri-
odicities where different performances have been shown.
Section IV the design of the C-MIARM is presented. The
C-MIARM has been compared to a conventional corner
dihedral where their performances have been compared
with respect to monostatic RCS enhancement. In Sec-
tion V measurements have been performed for a meta-
surface design at 30° and the C-MIARM, where it has
been shown that the results are in good agreement com-
pared to that of the simulation results.

Il. GENERAL PRINCIPLE OF OPERATION FOR THE
DESIGN OF A RETRODIRECTIVE GRADIENT
METASURFACE

Gradient metasurfaces? are well known for their po-
tential of manipulating and controlling of an electromag-
netic wave, such as beam steering and anomalous reflec-
tion. Retrodirectivity has been an interesting property
for metasurfaces, which is defined by reflecting an in-
coming wave back in the same direction of incidence?®.
The idea of retrodirectivity comes form the concept of
the conventional Snell’s law of reflection when a wave
is reflected from a mirror or metallic surface at normal
incidence. In case of a retrodirective designed gradient
metasurface, the wave is reflected back from a virtual
surface(mirror) which is tilted by an angle 6 as shown in
Fig. 1, this shows that after introducing a phase gradi-
ent § between unit cells, the wave is reflected back from a
virtual surface where the initial reference is tilted by an
angle 6;, re-directing back in the same direction similar

to that of the conventional case for a mirror or flat plate
at normal incidence.

FIG. 1. An incident wave reflecting back from an engineered
gradient metasurface in the same direction of incidence

A. Generalized Phase Law of Reflection

The design of a gradient metasurface is based on the
generalized phase law of reflection®*, where an additional
term (the phase gradient) is given with respect to the

conventional Snell’s law as shown in Eq. (1). This is
consistent with the well-known grating equation.
. : Ao 09
0, —sinf; = ——, 1
sin sin o B (1)

0, is the angle of reflection , Ay the free space wavelength
and 0¢/0x is the phase gradient.

Thus, by introducing a phase gradient between scat-
terers on top of an engineered metasurface design, an
electromagnetic wave is reflected to a desired anomalous
direction. In the case for a retrodirective metasurface de-
sign 6, is said to be equal to - 6;. The periodicity or the
dimension of the super-cell design is determined by the
integration of Eq. (1). from 0 to 27 in order to control
the whole wavefront of the propagating electromagnetic
wave.

7 2gin#;

(2)

Eq.(2). defines the periodicity ( dimension of the super-
cell) for a retrodirective super-cell at a given angle of
incidence.

B. Design of a Retrodirective Super-Cell

Following the generalized phase law and after deter-
mining the periodicity for a retrodirective super-cell Ly,
the super-cell is then divided into N unit cells with a
phase gradient d¢/dz between the unit cell scatterers as
shown in Fig. 2.
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Ly
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FIG. 2. Super cell divided into subwavelength unit cells of
dimensions L, and Ly

2 [ —

In this case, strip lines metallic patches are used as a
unit cell for their subwavelength structure and to ensure
low periodicity between the scatterers giving rise to a
magnetic coupling for high efficient performance®. The
unit cells are tuned to obtain a progressive phase shift
covering the range of the phase of the reflection phase
coefficient for the control of the wavefront. The phase
gradient! is given in Eq.(3).

¢N+1 — ¢N = 2K0dx sin 91 (3)

d,. refers to the periodicity of the unit cell which is de-
fined as d,= L, /N and Kj is the wave number. In the
case of retrodirectivity Eq.(2). is derived into Eq.(3). to
determine the phase gradient for a retrodirective super-
cell which is given in Eq.(4).

2

ON+1— N = N (4)
The phase gradient in Eq.(4) is shown to be dependent
on the number of subwavelength unit-cells N. The dimen-
sions of the unit cells are determined following the reflec-
tion phase coefficient and Eq.(4). The reflection phase
coeflicient is calculated using Floquet harmonic bound-
aries Fig.3. for a unit cell of periodicity d, and length
Ly, with the strip-line of width w and length d,. In this
case an example is given for a design at § = 30° and A
= 20mm, with N= 12, w=0.71mm and Ly,= /2. The
metallic strip-lines are printed on a grounded substrate
of permitivitty e=2.2, tan(§) = 1 x 10~2 and thickness
1.57 mm .

Following the curve of the reflection phase coefficient
given in Fig.3. and Eq.(4), the phase gradient is given
as d¢/dx equal to 30°. The dimensions of the strip lines
are given in Table 1. Eleven strip lines are given in this
case due to the fact that the phase of the last strip line
corresponds to zero.

C. Lossless Reflection Condition

In order to ensure a high efficient retrodirective wave,
the lossless reflection condition should be validated. It
has been shown?? that in order to obtain a high efficient

Refelection Phase Response (deg)

e 1 ! i L I I ! i

0 1 s 3 7 & g 10

4 5 6
Unit Cefl Dimensions (dy) {mm}

FIG. 3. Phase of the reflection coefficient for a TM polarized
wave at 14.7 GHz with respect to the dimensions of the strip-
lines d,, .

TABLE I. Reflection phases with respect to the dimensions
of the strip-lines d, with a phase gradient ¢ equal to 30°

Phase Coefficient (degrees) Dimensions dy (mm)

-182.6812 10.2
-152.6812 7.1
-122.6812 6.5
-92.6812 6.06
-62.6812 5.82
-32.6812 5.6
-2.6812 5.34
27.3188 5.1
57.3188 4.6
87.3188 4.12
117.3188 1
147.3188 0

reflected signal, the normal component of the Poynting
vector should be less than or equal to zero P,, < 0 which
is satisfied when the reflected electric field F, is equal
to that of the incident electric field E; (E, = E;). P, is
defined as follows:

E?
P, = 2—’((:08 0, — cos0;)[1 + cos ¢, (z)] (5)
m
where ¢, defines the reflection phase. Taking the exam-
ple of the design at 30°, P,, has been calculated as shown
in Fig. 4.

20 0 20 40 60 80 90
Incident Angles (degrees)

430 80 60 -40

Mormal Component of the Poynting Vector (Pn) in Wim2

FIG. 4. The normal component of the Poynting vector with
respect to 6; for a metasurface design at 30°.

The result shows that P, is less than zero for all inci-
dent angles, thus validating the condition of Eq.(5).



Journal of Applied Physics

I1l. DESIGN OF RETRODIRECTIVE METASURFACES
FOR SEVERAL ANGLES OF INCIDENCE

Following the design procedure and the general princi-
ple of operation for that at 30°, different metasurfaces are
designed at 25°, 20°, 15° and 10° each with a different
periodicity with respect to A.

The study of the monostatic RCS performance for each
design is given and compared to that of a flat metallic
plate, for efficiency studies and having the metallic flat
plate as a reference which is well known for its perfor-
mance for retrodirectivity at normal incidence. For the
dimensions of the super-cell designs and the phases of the
reflection coefficient for each incident angle case, refer to
the supplementary material of the journal.

A. Monostatic RCS Performance for a Retrodirective
Metasurface at 30°

After the design of a retrodirective super-cell follow-
ing the general principle of operation, an array periodic
structure of 7 x 9 super-cells is printed on top of a Teflon
substrate of permittivity ¢ = 2.2 as shown in Fig. 5.

! ittt ﬁi’:‘ﬁh‘f I (it
J E’Wf!‘ﬁ' i i e

FIG. 5. a) Metasurface design at 30° Using Ansys HFSS,
b) Metasurface prototype of 7 x 9 super-cells printed on a
Teflon substrate of dimensions 14.3 cm X 9.2 cm and thickness
1.57mm.

For 6 = 30° the periodicity L, is equal to A according
to Eq.(2). The monostatic RCS for the design is given in
Fig.(6) and compared to that of a conventional metallic
flat plate.

The result in Fig. 6. shows a high value of monostatic
RCS at the desired angles as well as at -30° and normal
incidence, the symmetrical response of the metasurface
is expected, this is due to the similar response in both
directions of the phase of the reflection coefficient from
117° to -182.68° and from -182.68° to 117° as shown in
Fig.3 .

B. Monostatic RCS Performance for Retrodirective
Metasurface designs at 25° and 20°

The same procedure is followed for the designs at 25°
and 20° given to that at 30°. The periodicity L, is 1.18
and 1.462\ at 25° and 20° respectively. The monostatic
RCS of the given designs is shown in Fig. 7 and 8.

Monastatic RCS (dB)

g

&

. § : £ E H U]
E i ) - | 1 i ' o ; i i 1 i - 2
4—%0 =G0 -70 -G0 -50 -&0 -30 <20 10 0 10 20 30 40 50 B0 FO &0 80
Incident Angles (Degrees)

FIG. 6. Monostatic RCS (dB) with respect to the incident
angles (degrees) for a 30° metasurface design of 7 x 9 super
cells and dimensions 14.3 cm x 9.2 cm compared to that of a
metallic flat plate of similar dimensions.

o= -Metallic flatplats
v T Mutasul_'f_nr:a i

Monastatic RCS (dB)

; o B i A
“By 70 60 50 40 20 20 -0 0 10 20 30 40 S0 60 O 89
Incident Angles (Degress)

FIG. 7. Monostatic RCS (dB) with respect to the incident
angles (degrees) for a 25° metasurface design of 6 x 5 super-
cells and dimensions 6.1 cm x 12 ¢cm compared to that of a
Flat metallic plate of similar dimensions.

===Metallic Fial Plate
— 20" Metasurfac

th
T

Monastatic RCS (dB)

s hEpdnyg

i P 5 P P
-0 -T0 -6D -50 -40 -30 -20 10 0 10 20 30 40 50 B0 D B0 90
Incident Angles (Degrees)

FIG. 8. Monostatic RCS (dB) with respect to the incident
angles (degrees) for a 20° metasurface design of 7 x 5 super-
cells and dimensions 7.1 cm X 15 cm compared to that of a
flat metallic plate of similar dimensions.

In Fig. 7. a high value of monostatic RCS is given at
25° as well as at -25° due to the symmetrical response of
the metasurface design , whereas an absence at normal
incidence compared to that for the 30° design which is
the result of a periodicity L, > A. In this case higher
orders of diffraction are present (at -58°) as the period-
icity increases higher than A, as expected according to
Floquet-Bloch analysis 3°

Fig. 8. shows the result of the monostatic RCS for the
design at 20° giving a high value at 20° and -20° with a
diffracted order at -44° with a significant value in terms
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of retrodirectivity.

C. Monostatic RCS Performance for Retrodirective
Metasurface designs at 15° and 10°

The design of a retrodirective metasurface is given in
this case where the periodicity L, is equal to 2\ and 2.88\
at 15° and 10° respectively. The monostatic RCS of the
given designs is shown in Fig. 9 and 10.

T T T [ ==-Metalic Fate-plete

Menostatic RCS (dB)

g
-45

- P - il B 5 F
B0 -80 70 B0 B0 A0 30 20 A0 0 40 20 30 40 &0 &) F0 B0 g0
Incident Angles (Degrees)

FIG. 9. Monostatic RCS (dB) with respect to the incident
angles (degrees) for a 15° metasurface design of 7x5 super-
cells and dimensions 7.14 cm x 19.7 cm compared to that of
a metallic flat plate of similar dimensions.

Munostatic RCS (dB)
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FIG. 10. Monostatic RCS (dB) with respect to the incident
angles (degrees) for a 10° metasurface design of 6x4 super-
cells and dimensions 6.12 cm x 23.5 cm compared to that of
a metallic flat plate of similar dimensions.

The result in Fig. 9. shows a high value of mono-
static RCS at 15°. It can be shown in this case, that
the symmetrical response in the opposite direction at -
15° is lost, although the phase of the reflection coeffi-
cient remains with the same response compared to that
at 30°, 25° and 20° (refer to supplementary material).
Two diffracted orders are present in this case showing a
high value of monostatic RCS at -32° and -50° as shown
in Fig. 9. The symmetrical response in terms of retrodi-
rectivity for the metasurface design is lost due to the high
periodicity L, in this case, being > 2\ and the presence
of the higher orders of diffraction.

Fig. 10. shows the result of the monostatic RCS for
a 10° designed metasurface with a periodicity L,=2.88\.
A high value of monostatic RCS is present at the desired
angle with the absence of retrodirectivity in the oppo-
site direction at -10° and two significant values at the
diffracted orders at -44° and -60°.

IV. DESIGN OF A MULTIPLE INCIDENT ANGLE
RETRODIRECTIVE CASCADED METASURFACE

The aim is to design a multi-angle retrodirective meta-
surface at a wide range of incident angles in the range
between -30° and 30° with a symmetrical response. The
design is based on the superposition of different designed
super-cells at various angles (30°, 25°, 20°, 15° and
10°) forming a cascaded metasurface operating simulta-
neously for multiple incident angles.

A. Metasurfaces with Symmetrical Responses at -15°
and -10° for periodicity greater than 2\

As mentioned before, the metasurface design for a pe-
riodicity > 2\ shows a loss in the symmetrical response
of the metasurface design. Thus, a different design struc-
ture is proposed for the metasurfaces at 15° and 10° by
introducing a metasurface with two opposite directions
as shown in Fig. 11. The results for the monostatic RCS
for the proposed design structure at 15° and 10° are given
in Fig. 12 and 13.

-10" 6x4 super-cells

10° 6x4 super-cells

0 50 100 (mm)

FIG. 11. A metasurface design with two opposite directions
structure at 10° using Ansys HFSS.

===Metallic Flat-Plate|
—10° Mezasurface

Monostatic RCS {dB)
=1

208 Y .................... :

=20

A0

23 =20 13 -10 -5 a B 10 15 20 25
Incident Angles (Degrees)

FIG. 12. Monostatic RCS of the 10° metasurface proposed
structure of 12x4 super-cells(Fig. 11) of dimensions 12.224
cm X 23.5 cm compared to that of a flat metallic plate of
similar dimensions.

Fig. 12 and 13 show the comparison between the pro-
posed metasurface designs at 10° and 15° to that of a flat
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===Melalis Flal-Flals
o TS Metasurface

Woncslatic RS (dB)

FIG. 13. Monostatic RCS of the 15° metasurface proposed
structure of 14x5 super-cells of dimensions 14.28 cm x 19.7
cm compared to that of a flat metallic plate of similar dimen-
sions.

metallic plate respectively. The results of the monostatic
RCS in Fig. 12 and 13, show a recovery of the loss in the
symmetrical directions at -10° and -15° for the desired
angles of incidence using the proposed structure design
for both cases with lower efficiency with respect to that
of the flat metallic plate, compared to that of the meta-
surfaces which show a high value only for the angles at
10° and 15°, but regaining the loss of the symmetrical
response of the metasurface (lower ranges in this case of
incident angles have been used from -28° to 28° for the
simplicity of the computational time analysis and high-
light the concept) .

B. Cascaded Multiple Incident Angle Retrodirective
Metasurface (C-MIARM)

The Cascaded Multiple Incident Angle Retrodirective
Metasurface (C-MIARM) is designed after the superpo-
sition of the metasurfaces at 30°, 25°, 20°, 15° and 10°,
using the opposite metasurface structure for the designs
at 15° and 10° as shown in Fig. 14.

0 e ERESY

FIG. 14. Cascaded Multiple Incident Angle Retrodirective
Metasurface (C-MIARM) with the superposition of 4 x 8 30°,
25° and 20° super—cells each with 15° and 10° metasurfaces
using the mirror image form, where the MTARM has an overall
dimension of 8.163 cm x 56.23 cm and substrate of e=2.2 and
thickness 1.57 mm.

The dimensions of the C-MIARM are 8.163 cm X 56.23
cm, the normalized monostatic RCS with respect to the

metasurfaces at various angles is given in order to deter-
mine the overall performance of the designed metasurface
as shown in Fig. 15.

The results have shown a wide range of monostatic
RCS with respect to various incident angles in the ranges
between -30° to -10° and from 10° to 30°. A low value
is present in the range between -10° to 0° which can be
said to be due to the absence of a metasurface design at
5° for the simplicity of the numerical analysis, whereas
an intermediate value was shown between 0° and 10°.

Homalized Monostatic RCE (dB10ncrmalized)

5 =

.'rv:idcn‘. Angles :DCQI'EGSEI

FIG. 15. Normalized monostatic RCS in dB of the C-MIARM
with respect to the overall performances of the metasurfaces
designed at 30° , 25° , 20° , 15° and 10° .

C. Comparison between the C-MIARM and the
Conventional Corner Dihedral

Different topologies of retrodirective reflectors have
been shown in the literature including the corner dihe-
dral. The results and performance of the C-MIARM with
respect to monostatic RCS is compared to that of the
corner dihedral as shown in Fig. 16.

Menostatic RCS (dB)

" | E==Comer Ditedral
; A= CMIARK )

“an ET] ] BT o 0 20 a0 an
Incident Angles (Degrees)

ol

FIG. 16. Monostatic RCS of the C-MIARM of dimensions
8.163 cm x 56.23 cm compared to that of a conventional cor-
ner dihedral of dimensions 8 cm x 15.5 cm X 7.75 cm.

The results in Fig. 16. show a 50 dB gain of monostatic
RCS for the C-MIARM with repect to the corner dihedral
of dimensions 8 cm x 15.5 cm X 7.75 cm in the range
between -30° to -20° and 20° to 30°, whereas the corner
dihedral was limited between -20° to 20° where the C-
MIARM showed a wide range between -30° to -10° and
10° to 30°.

Giving a value up to 5 dB of monostatic RCS, the C-
MIARM was able to achieve this value with dimensions
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8.163 cm x 56.23 cm compared to that of a 3D structured
corner dihedral of dimensions 8 cm x 15.5 cm x 7.75
cm. The advantage of the C-MIARM is having a 2D
structure making it easy for implementation for different
application and addressing extreme incident angles, and
can be a complementary solution for such topologies.

In terms of frequency, the corner dihedral is broadband
and can perform for a wide-band of frequencies. On the
other hand, the C-MIARM is narrow-band and can be
sufficient at the given frequency of 14.7 GHz, as well as
a tolerance of 150 MHz around the selected frequency.
This can be significant for applications such as auto-
motive radar systems. However, for applications where
broadband is needed, other type of unit cells 3! can be
proposed to ensure a stable distribution of the reflection
phase at a wide-band of frequencies.

V. EXPERIMENTAL MEASUREMENTS

A. 30° Metasurface Prototype

For the validation of of the numerical analysis of a 30°
metasurface, a prototype has been fabricated as shown
in Fig. 5(b). with 7x9 periodic array of super-cells of
dimensions 14.3 cm x 9.2 cm, printed on top of a Teflon
grounded substrate of permittivity e=2.2 and thickness
1.6mm. The measurements were carried out in an ane-
choic chamber at an operating frequency of 14.7 GHz.
The results have been compared to the simulation results
as shown in Fig. 17.
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FIG. 17. Normalized monostatic RCS with respect to the in-
cident angles of the experimental measurements compared to
that of the simulation results for a 30° metasurface prototype.

Fig. 17. shows that the measurement results are in
good agreement with the numerical results.

B. Experimental Measurements for the C-MIARM

A prototype of the C-MIARM has been fabricated and
tested as shown in Fig .18. The dimensions of the proto-
type are 8.163 cmx 56.23 cm. The measurements were
carried out in an anechoic chamber using two Vivaldi an-
tennas (transmitter and receiver) operating at 14.7GHz.
The measurements and simulation results have been com-
pared as shown in Fig. 19.

The measurement results are said to follow and be in
good agreement compared to that of the simulated re-
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FIG. 18. Fabricated prototype of the C-MIARM of dimen-
sions 8.163 cm X 56.23 cm.
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FIG. 19. Normalized Monostatic RCS with respect to the
incident angles of the simulation results compared to that of
the measurements at 14.7GHz for the C-MIARM.

sults with some losses at the angles of 8 and -23° which
can be due to mechanical inaccuracies, as well as the cou-
pling and phase shift present between the two Vivaldi an-
tennas, where a transceiver(radar system) would be the
typical case for measurements of the monostatic RCS of
the proposed prototype.

VI. DISCUSSION AND CONCLUSION

A metasurface design has been proposed to achieve a
retrodirective response at a wide range of incident angles.
Different super-cell designs for various angles have been
introduced based on the generalized phase law of reflec-
tion. It is observed that for a periodicity of higher than
2\ or for designs for angles below 20°, the retroreflec-
tion loses its symmetrical response, i.e. retroreflection is
no longer obtained identically for negative and positive
values of the desired angle of incidence. A new design
procedure was proposed using an opposite metasurface
structure to recover the loss in the symmetrical direction.
This design has been proposed to obtain a symmetrical
response in both ranges between -30° to -10° and 10°
to 30° for the C-MIARM. The obtained results for the
proposed structure have shown to recover the loss in the
reciprocal direction as well as a significant response for
both ranges of the C-MIARM. Radar cross-section mea-
surements for a metasurface of 30° and the C-MIARM
have been presented and shown to be good agreement
with the numerical results.

The performance of the C-MIARM has been compared
to the conventional corner dihedral, where a 50dB gain
has been noticed in the angular ranges -30° to -20° and
20° to 30° and similar performances between -20° to -10°



Journal of Applied Physics

and 10° to 20° compared to that of the corner dihedral
which is limited between -20° to 20°. A 5 dB mono-
static RCS has been obtained for a 8.2 cm x 56.2 cm
C-MIARM compared to that of a corner dihedral of di-
mensions 8 cm X 15.5 cm x 7.75 cm. The advantage
of the C-MIARM is having a 2D structure compared to
the bulky 3-dimensional structure of the corner dihedral
which can be difficult for implementation in different ap-
plications such as road applications

The C-MIARM can be a complement to existing
topologies specially with its compact design and abil-
ity to address extreme incident angles. In future work,
a more conformal design can be investigated to address
wide range of incident angles for different applications.

SUPPLEMENTARY MATERIAL

See supplementary material for the complete dimen-
sions of the super-cell designs at each angle of incidence
and the phase of the reflection coefficient for each inci-
dent angle case.
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