
International Journal of
Microwave and Wireless
Technologies

cambridge.org/mrf

Research Paper

Cite this article: Dawar P, Abdalla MA (2022).
A wideband and directive metasurface FPC
antenna with toroidal metal structure loading.
International Journal of Microwave and Wireless
Technologies 14, 1069–1080. https://doi.org/
10.1017/S1759078721001380

Received: 15 June 2021
Revised: 6 September 2021
Accepted: 8 September 2021
First published online: 6 October 2021

Key words:
Front to back ratio; high directivity;
metasurface; wideband

Author for correspondence:
Mahmoud A. Abdalla,
E-mail: maaabdalla@ieee.org

© The Author(s), 2021. Published by
Cambridge University Press in association with
the European Microwave Association

A wideband and directive metasurface
FPC antenna with toroidal metal structure
loading

Parul Dawar1 and Mahmoud A. Abdalla2

1Electronics and Communication Engineering Department, Guru Tegh Bahadur Institute of Technology, Delhi,
India and 2Electromagnetic Waves Group, Department of Electronic Engineering, Military Technical College,
Cairo, Egypt

Abstract

In this paper, a novel metasurface-based Fabry−Perot cavity antenna loaded with toroidal
metal structures is presented. The antenna is compact, wideband, and has high directivity
and a high front-to-back ratio. The idea of the antenna is based on loading a microstrip nar-
row band patch antenna resonating at 4.5 GHz by a single layer metasurface superstrate and
with a toroidal metal structure. The metasurface superstrate comprises a periodic array of
square patch cells. Compared to conventional microstrip antenna, the front to back lobe
ratio is increased from 7 to 20 dB and the directivity is increased by 7 dB. Also, the antenna
impedance bandwidth is 34% which is increased four times. This is the first-ever antenna with
enhanced bandwidth and directivity using a single layer of metasurface and that too made up
of periodic cell array and has application as an energy harvester.

Introduction

Microstrip patch antenna has a low profile, low cost, small size, ease of fabrication. It can pro-
vide multi-operating frequencies, polarizations, and beam scanning functionality.
Metamaterials are designed by patterning a set of small scatterers in an array yielding desirable
bulk electromagnetic behavior. Various planar metamaterials were proposed for miniaturiza-
tion and broad banding of antennas [1, 2]. However, improving the antenna efficiency and
back lobe ratio remains challenging owing to lower bandwidth and higher loss of these anten-
nas. Also, antennas for applications involving imaging at microwave frequencies should have
higher directivity, broader bandwidth, and smaller size [3].

The problem of back lobe radiation and surface waves in microstrip antennas can be solved
by backing the antennas with conductor reflectors or artificial magnetic conductors [4]. To
increase the antenna directivity, one successful approach is using resonant cavity antenna
(RCA) [5] where the antenna is loaded with partially reflecting artificial surfaces (PRS) as
superstrates forming Fabry−Perot (FP) cavity [6].

The metasurface is a two-dimensional surface version of metamaterials that is obtained by
arranging electrically small scatters/holes at a surface. Based on the pattern periodicity, the
average tangential fields can be controlled using a local Floquet-wave expansion and hence,
controlling the electromagnetic behavior at the surface [7]. Thanks to their unique electromag-
netic manipulation, metasurface-based antennas are characterized with higher directivity,
broader bandwidth, and smaller size than other planar antennas [8]. Metasurface structures
have been further employed in developing FP cavity antennas with small RCS and high direc-
tivity [9].

Metamaterial resonators were based upon two basic shapes i.e. square and circle, forming
labyrinth and circular split ring resonators (SRRs), respectively. It is observed that a high Q is
attainable in toroidal shapes in such a way that the toroidal dipole radiation is neutralized by
that of the electric dipole at a resonance frequency. It was well demonstrated resembling pol-
oidal currents capable of inducing currents in SRRs and increasing, toroidal moment remark-
ably giving way for new extended scope in electrodynamics [10–12].

In this paper, a new design for the FPC antenna by loading a patch antenna, as a primary
radiator, with a square patch-shaped 10 × 10 array as metasurface superstrate is presented. The
novelty of the structure lies in the loading of a patch with a toroidal metal structure to achieve
a wide band with a high front-to-back lobe ratio and directivity. The antenna contribution in
the enhancement in bandwidth and directivity of the antenna over microstrip patch antenna
with compact size. This enhancement is considered state-of-the-art as it is done using just a
single layer of superstrate/reflective surface with toroidal metal structure. Moreover, it is useful
as a capacitive energy harvester.
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Metasurface FP cavity antenna

Fabry−Perot cavity antenna structure

The microstrip patch antenna is designed at 4.5 GHz on a sub-
strate with dielectric constant εr = 4.4 and substrate thickness
HS = 1.6 mm. To construct a metasurface layer, square patches
of 10 × 10 array of side DHOLE = 3.5 mm are etched on a thin
dielectric layer (H << Hs) in such a way that each cell is spaced
by Dx ×Dy = 3.5 × 3.5 mm2. This metasurface layer is placed as
a superstrate for the patch antenna at a distance HMS = 0.8 mm
above the patch. The dielectric medium between the patch and
metasurface is air (ε0) and between patch and ground plane is
FR4 (εr = 4.4). The feeding transmission line dimensions were
optimized to match the 50Ω feeding port. The detailed
metasurface-loaded antenna is shown in Fig. 1(a) for the top
view, Fig. 1(b) for the side view, and Fig. 1(c) for the bottom
view (the bottom view shows the ground plane as PEC).

The average tangential (transverse to z) field on it is given by
(1) [13].
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H
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[ ]
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where E and H is tangential electric and magnetic field, d is peri-
odicity, k is transverse wave vector, ρ is arbitrary observation point
of the metasurface. Based on the phase reflection optimization
properties of the metasurface the patch antenna radiation can
be concentrated. In other words, it acts as a lens focusing on
the EM radiations.

Fabry−Perot cavity design principles

The 3D geometry of the FPC antenna is shown in Fig. 2. In the
design of the reflective structure, the attention was focused on
the directive gain improvement and bandwidth enhancement
simultaneously. The gain and fractional bandwidth are functions
of the reflection coefficient in FP cavity are given by (2) and (3)
[14, 15]:

G = 1+ R
1− R

(2)

FBW = Df
f0

= l

2pLr
× 1− R√

R
(3)

where G is gain, R is the reflection coefficient of PRS, Lr is the res-
onant length-distance between the ground plane and the PRS, λ is
the operating wavelength, Δf is the difference between the high
and low frequencies (range of frequencies over which the return
loss is acceptable), f0 is the operating frequency.

To examine the FPC operation condition, full-wave EM simu-
lation using HFSS specifying periodic boundary conditions
(PBCs) and Floquet ports to simulate the infinite periodic
model of metamaterial superstrate has been done with simulated
reflection coefficient (magnitude and phase) plotted in Fig. 3. It is
obvious that the reflection phase (w) of the proposed metasurface
superstrate is 0 degrees and the reflection magnitude ( p) is 0.65.

As per the geometrical optics model [16], the ground plane
has a complex reflection coefficient superstrate has a complex
reflection coefficient. The ground plane is a metallic conductor
with a reflection phase close to π (w1≈ π). The improvement
in directivity [17] is given by (4) using the value of ( p) from
Fig. 3.

DD(dB) = 10log10
1+ p
1− p

(4)

Hence, ΔD is found out to be 6.7 dB using FEM. Theoretically,
the refractive index (η) can be found as in (5).

h = Im{ln (e j2nkod)}+ 2mp− jRe{ln (e j2nkod)}
2kod

(5)

where k0 is the wavenumber in free space, d is HS, n is the integer.
Putting values η = 0.4. The reflection coefficient is related to the

Fig. 1. Geometry of the metasurface antenna (LP =WP = 16 mm, Wfeed = 13.92 mm Lfeed = 41.74 mm, LMS =WMS = 131 mm, Lg =Wg = 139 mm, DX = Dy = 3.5 mm, Dhole =
3.5 mm) (a) top view (b) side view (c) bottom view.

Fig. 2. Fabry−Perot cavity:(a) enlarged view of the unit cell of superstrate (b) patch
antenna with superstrate.
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refractive index by (6).

p = (1− e(2kod))h
(1− h2e(2kod))

(6)

Putting values p = 0.67 and using (4), the improvement in
directivity comes out to be 7 dB.

Fabry−Perot cavity design results

The simulated reflection coefficients of the unloaded and meta-
surface superstrate loaded patch antenna are shown in Fig. 4.
The unloaded patch antenna is resonating at 4.5 GHz with a
reflection coefficient = 12 dB. When using the metasurface super-
strate, strong resonance is generated in the cavity which enhances
the matching over a wider band, covering the original frequency
(4.5 GHz). The metasurface antenna is in a good matching with
a maximum return loss = 23.5 dB, at the resonance frequencies
4.5 and 5 GHz. The bandwidth increases more than four times
(4.25 to 4.75 GHz). The FPC antenna with periodic square cells

has the maximum impedance matching bandwidth of 11% (in
comparison to 2% of the patch antenna).

The fabricated antenna porotype is shown in Fig. 5. It is worth
commenting that four pin screws of plastic material were used for
the assembly of the antenna with superstrate on the top and
ground plane on the bottom. A comparison between the reflection
coefficient of the simulated and fabricated structures, shown in
Fig. 5, is added to Fig. 4. The measurement was done using
Keysight RF Fieldfox Network Analyzer. The comparison confirms
that the measurement results agree with the simulated ones.

To validate the effect of the employed metasurface layers, dif-
ferent loading elements, shown in Fig. 6, as periodic square cells,
periodic S-shaped cells, periodic Ω-shaped cells, periodic hole
array [18–21] were examined. In objective of the designing reflect-
ive structure, the attention was focused on the directive gain
improvement and bandwidth enhancement simultaneously.
Many different periodic metamaterial elements such as square
cell, S-shaped, Ω-shaped, hole element array, as shown in
Fig. 6, have been considered. The PFC antenna loaded with
these elements is as the metasurface layer were simulated and
the simulated reflection curves are shown in Fig. 7. The
periodic square cell elements were used which results in the
best enhancement of the reflection coefficient. It has a maximum
impedance matching bandwidth (−10 dB condition) of 22.2% in
comparison to 8.89% of the patch antenna as calculated from
equation 2.

Antenna radiation properties

The simulated directive-gain curves in XZ and YZ planes for the
conventional patch antenna case and the metasurface superstrate
loaded cases are plotted in (Figs 8(a) and 8(b)), respectively. As
shown in Fig. 8(a), the peak directivity is 5 dB, and Front to
back lobe ratio is 7 dB (5-(−2) dB). On the other hand, in
Fig. 8(b), when the superstrate loads the antenna the peak direc-
tivity becomes 12 dB, and the front to back lobe ratio is 20 dB
(12-(−8) dB). The enhancement in directivity agrees with the

Fig. 3. Reflection phase and magnitude of proposed superstrate with Floquet port
set-up for FEM Analysis.

Fig. 4. Simulated reflection coefficient for the pro-
posed antenna (without and with using metasurface
substrate).
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previously shown theoretical results (improvement by 7 dB).
This leads to a 140% improvement in directivity and 186%
improvement in front-to-back lobe ratio along with its physical
protection.

Using AMITEC gain measurement set-up as shown in
Fig. 9(a). This setting was placed in an anechoic chamber
shown in Fig. 9(b) where we manually had to take this gain meas-
urement setup inside the chamber for measuring the radiation
pattern.

In the setup given by AMITEC [‘https://amitec.co/training/
antenna-training-system-ats04/’], transmitted power is −40 dBm,
received power is −78.92 dBm, transmitting antenna gain is 10
dB, and the distance between transmitting and receiving antenna
is 2 m. Using these values and taking logarithm on both sides of
Friis Equation, the antenna-gain values of receiving antenna is
3.63 dB and directivity is 12.2 dB. Therefore, a 2% error in the
directivity of the fabricated antenna is obtained when compared
with simulated. The errors can be accounted to fabrication toler-
ances or testing environment etc. The upward shift in boresight
gain is mainly due to the tolerance of the dielectric constant of
the FR4 substrate that is specified as 4.4 ± 5% [22].

Fig. 5. Fabricated Fabry−Perot cavity antenna.

Fig. 6. Various reflective surfaces used as superstrate in the FPC antenna: (a) square cell, (b) S-element, (c) Ω-element (d) hole element.

Fig. 7. Simulated reflection coefficient of the loaded patch antenna with S, Omega,
patch, periodic holes cells.
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Toroidal patch antenna with superstrate

Toroidal metal structure design

It is seen in the previous section that the metasurfaces are capable
of improving the bandwidth of the antenna but still not to a level
that the antenna could be called broadband (the metasurface is
somehow narrowband). This section proposes a toroidal metal
structure with the capability of enhancing directivity and band-
width simultaneously.

As mentioned earlier, the square and circle SRR are two basic
metamaterial resonator shapes. In this section, a third basic meta-
material shape i.e. a triangle has been explored. The triangular single
ring unit cell (a toroidal metal structure) is shown in Fig. 10. The
cell has been designed in such a way that its outer perimeter is
the same as that of the circular SRR (rext = 6.9 mm). The advantage

of using a triangle shape is a better degree of control as it has more
variable parameters than a circle or square shape, i.e. length,
breadth, height, and angle between two arms.

The equivalent circuit of the Toroidal metal structure is shown in
Fig. 11. The values of Ceq = 70 Cpul (i.e. capacitance per unit length)
and LT = 1.59 × 10−8 H are obtained using the same formula as for
square SRR [23]. The average length is calculated to be lavg = 35.4
mm; thus, Ceq = 1.03 × 10−9 F. The value of resonant frequency is
found out to be 3.93 GHz and for circular-shaped SRR is 4.53 GHz
i.e. more than triangular SRR. Therefore, it is observed that the filling
ratio i.e. (a/λ) of triangular SRR is more than circular SRR. Hence, it
is a better candidate for metamaterial than a circular SRR.

The advantage of the toroidal cell is it has a high magnetic
field as a consequence of toroidal currents in its anti-symmetric
arms. Toroidal functionality can be explained by simulating a

Fig. 8. Simulated directive pattern for the (a) single
patch antenna, (b) proposed metasurface superstrate
antenna in XZ and YZ planes.

Fig. 9. (a) AMITEC gain measurement set-up (b) com-
parison of directivity (dB) at 4.5 GHz of simulated
and fabricated metasurface antenna.
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2-port unit cell of meta-molecule Fig. 12(a) illustrates the mag-
netic field intensity distribution in a plane perpendicular to the
array and Fig. 12(b) illustrates the surface current distribution
forming toroidal moment because of their anti-symmetric flow in
both arms. The circular loop current excited on the XY plane of
the metasurface creates a magnetic moment on it. Thus, this leads
to a toroidal moment oscillating back and forth along the axis of
the metal molecule. The two side gaps also support a magnetic
quadrupole moment. It is seen that the resonant magnetic fields
at the center of two consecutive elements are in phase.

Mathematical analysis

Considering metasurface superstrate patch antenna loaded with
toroidal metal structures, the field reaching the observer plane

Fig. 11. Equivalent circuit model of toroidal metal structure.

Fig. 10. Toroidal metal structure with dimensions dx = 0.5mm, dy = 1mm, dx” = 0.5mm,
dy” = 1.3mm, dx” = 0.15mm, dy” = 0.3mm, l = 4.8mm, b = 4.3mm, h = 3.5mm.

Fig. 12. Simulated distribution plot of toroidal metal structure for (a) magnetic field (b) surface current.
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(OP) can be found by Fourier propagating the field distribution at
the intermediate superstrate up to the OP as shown in Fig. 13.

The total field (E) radiated by a 2 × 2 planar array of toroidal
meta-atoms is obtained by summing the contributions from all at
the position of the observer is given by (7).

E =
∑
r

E(r) ≈ 1

D2

∫
array

d2rE(r) (7)

Equation (7) holds provided that all meta-atoms oscillate in
phase and that the separation between meta-atoms is sufficiently
smaller than the wavelength of incident radiation. The latter
assumption replaces the sum over the unit cells with an integral
over the array area (Δ2). In Fig. 13, three planes have been intro-
duced: the array plane, the superstrate plane (SP), and OP [24–
26]. Yl,l”,m are the spherical vector harmonics that represent any
vector field on the surface of the unit sphere in the same way
as spherical harmonics represent any scalar field on the surface
of the unit sphere.

The current is given by (8).

Il,m =
∫2p

0

dw′
∫1

0

r.dr.Yl,m (u, w′ + p)
exp(−ikr)

r
(8)

where ρ and w” are the radius and the angle specifying the pos-
ition of toroidal meta-atoms, r is the distance between the obser-
ver and toroidal meta-atom, θ is the angle between the line
connecting the observer to a toroidal meta-atom and its normal,
and R is the distance from the observer to the toroidal array.

The directivity of the antenna is given by (9).

D(u, w) = 4pU(u, w)
Prad

(9)

where U (θ, w) represents normalized radiation pattern and is
given by (10).

U(u, w) = r2

2h
|E2

w + E2
u| (10)

Therefore, to calculate directivity, the equivalent circuit model
[27] can be used to determine the ratio of the total currents using
the equivalent circuit, shown earlier in Fig. 11. In the equivalent

circuit, the current entering the toroidal meta-atom is assumed
to be Io, and I1 and I2 are the anti-symmetric currents in the tri-
angular SRR. The segment joining the two triangular split rings
plays a role in altering the direction of the current. However, its
R, L, C can be considered negligible. The current and voltages
in each meta-atom can be found out from (11) and (12) where
V1 is the voltage at the input terminal and V2 is the voltage at
the output terminal of corresponding rings in meta-atom.

V1 = − 1
jv

.
(I0 − I1)

C
= (R− jvL) I1 (11)

V2 = − 1
jv

· I2
C
= −(R− jvL)I2 (12)

Using (11) and (12), the ratio of currents can be found out as
in (13)

I1
Io
= − −jvC(R− jvL)

X(v)
(13a)

I2
Io
= − −jv(−jvL)

X(v)
(13b)

X(v) = −v3C2 [−L2v− 2jRL]+ v2[(R2 − C2)− 2CL]

− 2jvRC + 1 (13c)

A linear array of meta-atoms separated by distance “d” radiat-
ing in end-fire direction is formed as shown in Fig. 11 with exci-
tation coefficients as Io = 1, Io’ = ±ejkd and d = 0.1 λ. The
directivity given by (14) was obtained by putting optimal excita-
tion coefficients for currents [28] and then doing Taylor series
expansion of ratio of excitation coefficients assuming kd << 1.

D = I1optimal + I2optimal + ee+kd (14a)

I1
I2

[ ]
= optimal =

1− 3
2
pe+jkd

e+jkd − 3
2
p

(14b)

p = sin(kd)
kd

1− 1

(kd)2

[ ]
+ cos(kd)

(kd)2
(14c)

Using the set of equations (14a)– 14c), Doptimal≈ 28.57 or 14.5 dB

Energy harvesting applications

A parallel plate system is formed between a plane containing a tor-
oid and a plane containing a superstrate. This is proposed capacitive
energy harvester system, where the curling magnetic field density
(B) accelerated by toroidal meta-atoms produces the changing elec-
tric field (E) as elucidated by Maxwell’s equation [29] as in (15)

∇XB = m010
∂E
∂t

(15)

Fig. 13. Plane setup for measurement of radiation at observer plane.
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where μ0 is the magnetic permeability and ε0 is the electric permit-
tivity of free space between the two annular plates. The toroid
meta-atoms are spaced at r1 and r2 from the patch feed point.
The curl can now be written as

∇XB = −m0I
4p

∂E
∂t

1
r

∂

∂r

∫r2

r1

1
r
∂r

⎛
⎜⎝

⎞
⎟⎠

⎡
⎢⎣

⎤
⎥⎦ẑ (16)

Then by substituting (16) into (15), a model of changing elec-
tric field is obtained as

∂E
∂t

= −mI
8pm01o

1
r22

− 1
r21

[ ]
ẑ (17)

Assuming the time-varying current is to be alternating as a
sinusoidal function of time and angular frequency (ω), the electric
field between the superstrate and patch plane varying with time
comes out to be

E = −mI
8pm01o

1
r22

− 1
r21

[ ]
Iovcos(vt)ẑ (18)

From (18), the induced voltage for capacitive energy harvester
is obtained as

V = E
d
= E = −mI

8pHMSm01o

1
r22

− 1
r21

[ ]
Iov cos (vt)ẑ (19)

Thus, it can be observed that the proposed capacitive energy
harvester is a function of the gap “HMS” between the plates i.e.
the patch plane and SP.

Simulated results

The comparison of simulation of the toroidal metasurface anten-
na’s directivity of a patch antenna with and without toroid is
shown in Fig. 14. The patch with toroidal metal structure and
superstrate directivity is 15 dB. There is a slight error between
the theoretical and simulated values.

The comparison of simulation reflection coefficient curves of a
toroidal metasurface antenna with a conventional patch antenna
and without toroid is shown in Fig. 15. The 10 dB impedance
bandwidth obtained through simulation of the patch with toroidal
metal structure and superstrate is 34%. Therefore, the bandwidth
increases eight times using the proposed structure comparing
with the conventional patch. It can be claimed that this
state-of-art improves the bandwidth by 800% and directivity by
200% which is the first-ever proposed in the literature, using a sin-
gle layer of the metasurface.

Simulated Current Distribution

The simulated current distribution at 4.5 GHz is shown in Fig. 16
(a) for a single microstrip patch and Fig. 16(b) for the
metasurface-loaded patch antenna. When the Fourier transform
of a short pulse is taken, a broad frequency spectrum is obtained.
This analogy is used in determining the radiation pattern of an
antenna: the pattern can be thought of as the Fourier transform

Fig. 14. Comparison of directive gain (dB) at 4.5 GHz of simulated metasurface antenna with toroid /without toroid vs conventional antenna.

Fig. 15. Comparison of bandwidth at 4.5 GHz of simulated metasurface antenna with
toroid /without toroid vs conventional antenna.
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of the antenna’s current or voltage distribution [30]. As a result,
small antennas have broad radiation patterns (low directivity),
and antennas with large uniform voltage or current distributions
have very directional patterns (and thus, a high directivity) as evi-
dent from Fig. 16(b). This further confirms the directivity
enhancement.

The patch antenna is further loaded with four toroidal metal
structures at areas where current density was comparatively
higher (as shown in Fig. 16(b). As a consequence, the current dis-
tribution is more uniform and higher on the patch as seen in

Fig. 16(c). There is a 38% increase in current density i.e. from 5
to 24 A/m on the patch.

Fabrication measured results

The fabricated prototype of the metasurface superstrate toroid
antenna is shown in Fig. 17. The antenna performance was eval-
uated by checking its matching properties and EM radiation prop-
erties as shown in Fig. 18 by plotting the simulated and measured
reflection coefficient. It is obvious that the results agree with each

Fig. 16. Simulated current distribution plot of (a) conventional patch antenna (b) metasurface superstrate antenna (c) antenna with proposed toroidal metal struc-
ture and superstrate.

Fig. 17. Fabricated toroid metasurface superstrate
antenna.
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other and also both of them are lower than – 10 dB from almost
3.7 to 4.4 GHz and 4.42 GHz to near 6.5 GHz.

A comparison between simulated and measured antenna radi-
ation patterns and reflection curves at 4.5 GHz is shown in Fig. 19.
The results are close to each other. As shown in Fig. 19(a), the
peak directivity is 15 dB, and Front to back lobe ratio is 20 dB
(15-(−5) dB). The enhancement in directivity agrees with the pre-
viously shown theoretical results. This leads to a 200% improve-
ment in directivity and 800% improvement in bandwidth with a
20 dB front-to-back lobe ratio along with its physical protection.

Using AMITEC gain measurement set-up as shown in Fig. 9(a),
the radiation pattern was measured and plotted in Fig. 19(a). In
the setup given by AMITEC, transmitted power is −40 dBm,
received power is −75.09 dBm, transmitting antenna gain is
10 dB, and the distance between transmitting and receiving

antenna is 2 m. Using these values and taking logarithm on
both sides of Friis Equation, the antenna-gain values of receiving
antenna is 6.6 dB and directivity is 15.2 dB. Therefore, a 2% error
in the directivity of the fabricated antenna is obtained when com-
pared with the simulated (shown in Fig. 14). The discrepancy
between the simulated and measured results for reflection coeffi-
cient as shown in Fig. 19(b), the difference in peaks can be
accounted to the tolerance of the dielectric constant of the FR4
substrate that is specified as 4.4 ± 5% [26] and to fabrication tol-
erances or testing environment, etc. However, the 10 dB band-
width is measured the same as the simulated one.

Finally, a comparison of the proposed antenna with existing
state of art antenna structures [27–31] using FPC has listed in
Table 1. All the reference antennas have larger dimensions except
[31, 32]. The bandwidth of the proposed antennas is significantly

Fig. 18. Comparison of reflection coefficient at 4.5 GHz
of simulated metasurface antenna with toroid vs fabri-
cated antenna.

Fig. 19. Comparison of directive gain (dB) at 4.6 GHz of simulated metasurface antenna with toroid vs fabricated antenna.
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more than the reference antennas. In [33, 34], the antennas are
wideband as they use superstrate but this has led to a decrement
in the directivity of the antenna. Also, in [27, 29], the antennas
have high directivity at the expense of decreasing the antenna
bandwidth. It is noticeable that the proposed antenna has the
highest front-to-back lobe ratio. Therefore, it can be claimed
that the proposed antenna which is designed using just a single
layer of superstrate improves the antenna directivity and band-
width simultaneously and has a compact size and lower height
in comparison with the reported antennas.

Conclusion

A new wideband and directive toroidal metasurface antenna is
designed and analyzed using a substrate with εr = 4.4. Antenna
performance parameters, especially reflection co-efficient and
front-to-back lobe ratio, enhanced. The antenna covers a com-
plete band from 4.2 to 8 GHz. It becomes well isolated and pro-
tected from the outside environment with 200% enhancement
in directivity (10 dB directivity enhancement), 186% increase in
front to back lobe ratio, 8 times improvement in bandwidth com-
pared to conventional unloaded patch antenna. This idea is
demonstrated for the first time for the best to authors’ knowledge.
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