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High Gain Slotted Waveguide Antenna Based on Beam Focusing
Using Electrically Split Ring Resonator Metasurface Employing

Negative Refractive Index Medium

Adel A. A. Abdelrehim and Hooshang Ghafouri-Shiraz*

Abstract—In this paper, a new high performance slotted waveguide antenna incorporated with negative
refractive index metamaterial structure is proposed, designed and experimentally demonstrated. The
metamaterial structure is constructed from a multilayer two-directional structure of electrically split
ring resonator which exhibits negative refractive index in direction of the radiated wave propagation
when it is placed in front of the slotted waveguide antenna. As a result, the radiation beams of the
slotted waveguide antenna are focused in both E and H planes, and hence the directivity and the gain
are improved, while the beam area is reduced. The proposed antenna and the metamaterial structure
operating at 10 GHz are designed, optimized and numerically simulated by using CST software. The
effective parameters of the eSRR structure are extracted by Nicolson Ross Weir (NRW) algorithm from
the s-parameters. For experimental verification, a proposed antenna operating at 10 GHz is fabricated
using both wet etching microwave integrated circuit technique (for the metamaterial structure) and
milling technique (for the slotted waveguide antenna). The measurements are carried out in an anechoic
chamber. The measured results show that the E plane gain of the proposed slotted waveguide antenna
is improved from 6.5 dB to 11 dB as compared to the conventional slotted waveguide antenna. Also,
the E plane beamwidth is reduced from 94.1 degrees to about 50 degrees. The antenna return loss
and bandwidth are slightly changed. Furthermore, the proposed antenna offered easier fabrication
processes with a high gain than the horn antenna, particularly if the proposed antenna is scaled down
in dimensionality to work in the THz regime.

1. INTRODUCTION

During the last two decades, metamaterials (MTMs) have received great attention due to their
fascinating electromagnetic (EM) properties. MTMs are artificial atoms which exhibit exotic EM
properties that cannot be achieved by the natural materials. MTMs can provide negative, zero or
positive electric permittivity and magnetic permeability by inserting inclusion with specific geometrical
shape and dimensionality in a host medium, and both of the inclusions and the host medium are
constructed from metals and dielectrics [1]. There are two main categories for the MTMs which are
resonance and non-resonance [2, 3], and each group has its own advantages and disadvantages and can
be used to develop nowadays practical applications. Recently, MTMs with simultaneously negative
permittivity, permeability and negative index of refraction are used to design perfect lenses [4, 5] for
high resolution imaging system and to design many antennas [6, 7]. Also, MTMs are proposed to
design gradient index of refraction lenses [8], absorbing, cloaking [9, 10], polarization transformer [11].
By using MTMs with negative or gradient index of refraction, compact size, high directive antennas
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can be designed [12, 13]. It is well know that high directive antennas play an important role in many
practical applications. Many conventional efforts have been made to improve the antenna directivity
such as parasitic patches, array of patch antennas, and parabolic reflectors [14–16]. Unfortunately, the
aforementioned approaches suffer from large sizes, design methodology, complex feeding network and
fabrication processes, particularly in the high frequencies. As Pendry investigated the first negative
refractive index perfect lens (i.e., double negative MTMs with simultaneously negative permittivity,
permeability and negative index of refraction) in 2000 [17], it is possible to design a compact size and
high directive antennas [18, 19]. Furthermore, metamaterial structures composed of 3-D metal grid
superstrates have been used to improve the directivity of the antennas [20, 21]. It should be noted that
the aperture size of the metamaterial superstrate is much bigger than the size of the patch which makes
the antenna very bulky. Also, a zero index medium metamaterial superstrate is used to develop a high
gain and wideband antenna [22]. It is clear from the structure of the antenna that the metamaterial
superstrate uses via to resemble shunt inductance, which makes it difficult in fabrication. The photonic
crystal-based resonant antenna presented in [23] is a high directive antenna, but it is very bulky and has
a narrow bandwidth. Engheta and his research team proved numerically and theoretically that a PEC
screen with small hole covered by two subwavelength metamaterial structures can be used to improve
the directivity of the antenna [24]. Planar metamaterial with NRI has been developed using split ring
resonator (SRR) in [25].

This work focuses on two interesting contributions. Firstly, a 2D single sided metasurface structure
based on an electrically split ring resonator (eSRR) [26] is designed by choosing proper dimensionality
and orientation such that it exhibits NRI property in the direction of the wave propagation, and hence
it can be used to improve the directivity of the EM emission. This 2D metasurface structure has the
advantage of easier fabrication and assembly processes over the volumetric MTMs (mentioned in [20–
22]), so it can be scaled down to be fabricated for THz antennas for high resolution imaging and
biomedical application (e.g., heart beat measurements). Secondly, a slotted waveguide antenna [27] is
used as EM radiator instead of horn antenna or patch antenna because it is difficult to design a horn
antenna with flared surfaces in the THz regime. Furthermore, there are no SMA connectors for the
patch antenna operating in the THz regime. Fortunately, for waveguide, there are waveguide connectors
up to 900 GHz [28, 29]. Thus the only solution to design a THz antenna is to use waveguide fed or photo
conductive antennas. Here, we use the waveguide to feed the slotted antenna. Due to the low gain of
the single element slotted antenna (the typical gain is 6.5 dB), NRI medium is used as a superstrate to
improve the transverse electromagnetic (TEM) wave radiated from the slotted waveguide antenna, and
hence the E and H plane gains and directivities are improved. For experimental verification, the slotted
waveguide antenna incorporated with eSRR NRI medium operating at 10 GHz is designed, numerically
optimized in CST software, fabricated and measured.

This paper is organized as follows. Section 2 provides the design and simulation of a 10 GHz
conventional slotted antenna. Section 3 discusses the design and effective parameter extraction of NRI
medium based on eSRR. Section 4 presents the design and numerical simulation of the 10 GHz slotted
waveguide antenna incorporated with NRI medium. In section 5, experimental verifications for the
proposed antenna are carried out. Finally, the conclusion and future recommendations are given in
section 6.

2. DESIGN AND SIMULATION OF 10 GHZ SLOTTED WAVEGUIDE ANTENNA

According to Babinet’s principle, in order to form aperture radiator, a slot of length Ls and width Ws can
be cut in the side wall, top wall or even in the back wall of a waveguide [30]. Here, a conventional 10 GHz
slotted waveguide antenna is designed and simulated using Finite Element based Electromagnetic CST
simulator. Fig. 1 illustrates the structure of the antenna; the antenna is constructed from WR-90
waveguide of standard dimensions a and b of 22.86 mm and 10.16 mm, respectively. The slot is cut
in the back wall of the waveguide. The slot dimensions are designed properly such that the antenna
operates at 10 GHz and has a good impedance matching with the free space; the slot length is about
free space half wavelength. Three different slotted antennas of back wall slots of dimensions (Ls, Ws)
of (14.5, 2), (14.7, 4), and (15.2, 6) are designed, and all dimensions are in mm. The waveguide has
length Lwg of 30 mm which equals one free space wavelength at the operating frequency of 10 GHz and
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Figure 1. Conventional waveguide slotted antenna, (a) 3-D view, (b) back view and (c) side view.

(a) (b)

Figure 2. Conventional 10 GHz slotted waveguide antenna performance at different slot dimensions of
length Ls and width Ws, all dimensions are in mm, (a) return loss S11 in dB and (b) E-palne Gain in
dB.

thickness 3 mm to match the requirements of the fabrication, mechanical, and assembly processes. The
antenna is simulated in CST software; the return loss S11 and gain are extracted as shown in Fig. 2. It
is clear from Fig. 2 that when the slot width Ws increases, and the slot length Ls is changed slightly
around the free space half wavelength of 15 mm at 10 GHz to keep the operating frequency at 10 GHz,
the gain slightly decreases, while the bandwidth increases. Furthermore, the results illustrate that for
slotted waveguide antennas of slot widths Ws of 2, 4, and 6 mm and slot lengths Ls of 14.5, 14.7 and
15.2 mm, the bandwidths are 0.72, 1.5 and 2.88 GHz, respectively, and the gain is about 6.5 dB mostly
for all the three slot dimensions.

3. DESIGN AND SIMULATION OF 10 GHZ NEGATIVE REFRACTIVE INDEX
LAYER BASED ON ESRR

Here, a unit cell of an Electrically Split Ring Resonator (eSRR) metasurface structure is designed
and simulated in CST. The eSRR unit cell is optimized and repeated in two dimensions which may
provide electric and magnetic plasmonic resonances around 10 GHz and hence exhibits simultaneous
negative permittivity, permeability and index of refraction. The eSRR metasurface is a copper layer
with thickness t of 35 µm mounted on the top side of an RT/Duriod 5880 dielectric substrate with relative
dielectric permittivity εr of 2.2 and height h = 1.57 mm. The eSRR is shown in Fig. 3 with physical
dimensions; a, L, d, g and w of 5.5, 5.3, 2.8, 0.3 and 0.62, respectively. All dimensions are in mm. Then,
the eSRR unit cell is simulated in CST software using Floquet’s boundaries conditions of unit cells in
the x and y directions. The structure is excited by TEM plane wave propagating in the z-direction,
with incident electric field polarized in x direction and incident magnetic field polarized in y direction
as shown in Fig. 3(b). The scattering parameters of the metasurface structure are calculated, extracted
and plotted as shown in Fig. 4(a). Fig. 4(a) shows that the eSRR metasurface infinite periodicity unit
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Figure 3. The eSRR metasurface structure, (a) 3-D view with unit cell boundary conditions in x-y
plane and the excitation in z direction, and (b) front view of MTM unit cell with unit cells infinite
periodicities in x and y directions.

(a) (b)

(c) (d)

Figure 4. The eSRRs infinite 2-D periodicity metasurface structure with negative effective parameters
around 10 GHz, extracted at two different unambiguity branch parameter p of 0 and 1 [32] (a) S-
parameters magnitude. (b) Effective permittivity (ε), Effective permeability (μ) and refractive index
(n). The real part of effective parameters at p = 1 are plotted with dotted lines.

cell has a band-pass response with center frequency around 10 GHz.
Then the effective parameters of the metasurface unit cell with infinite periodicity have been

extracted from the S-parameters using Nicolson-Ross-Weir (NRW) approach [31–35], and the results
are plotted as shown in Figs. 4(b), (c) and (d), respectively for two different branch ambiguity factors
p of 0 and 1 values. According to the theory developed in [32], the correct branch ambiguity factor for
this MTM structure is p = 0 since it is a thin MTM slab.

Figures 4(b), (c) and (d) show that the real parts of the effective permittivity ε′, effective
permeability μ′ and effective refractive index n′, respectively, are negative around the resonance
frequency of 10 GHz at p = 0. In [32], the authors proved that the MTM effective parameters extraction
based on the S-parameters method has no ambiguity related to the sign of the wavenumber ks and the
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intrinsic impedance ηs of the metamaterials layer, while it has ambiguities related to the branch of the
complex logarithm. Based on this method, the effective permittivity εs and effective permeability μs

are given as follows:

εs =
ks

ωηs
(1)

ε = ε′ + j ε′′ =
εs

ε0
(2)

where ε′ and ε′′ are the real and imaginary parts of the relative (effective) permittivity of the MTM
slab, respectively; ε is the MTM slab relative permeability; ε0 is the free space permittivity.

μs =
ksηs

ω
(3)

μ = μ′ + j μ′′ =
μs

μ0
(4)

where μ′ and μ′′ are the real and imaginary parts of the relative (effective) permeability of the MTM
slab, respectively; μ is the MTM slab relative permeability; μ0 is the free space permeability.

The intrinsic impedance in the MTM layer ηs can be calculated from the free space intrinsic
impedance η0 which is 120π Ω and the MTM S-parameters as follows:

ηs = ± η0

√
(S11 + 1)2 − S2

21

(S11 − 1)2 − S2
21

(5)

The wavenumber ks inside the MTM layer of thickness d can be expressed as follow:

ks =
j

d
log (Z) =

1
d

(− (Arg (Z) + 2πp) + j log (Z)) (6)

Z =
S21(ηs + η0)

(ηs + η0) − S11(ηs − η0)
(7)

The term 2πp (where p is an integer number) defines the branches of log Z, and there is a specific
value of p giving the branch ambiguity in the real part of ks which is k′

s. It has been noticed that
there is no branch ambiguity in the imaginary part of ks which is k′′

s . The branch ambiguity factor p is
determined based on the geometry of the MTM slab, whether it is thin, thick or multi-layered. In our
case, the MTM slab is thin, since the relation between the wavelength λs of 30 mm at the predefined
interesting frequency which is 10 GHz and the thickness d of the MTM slab which is 1.6 mm is λs>2d.
As a result, |k′

s| d < π, and therefore, Arg (Z) is limited to the interval [−π, π], so p is set to 0 in
Equation (6). Thus, the material parameters can be extracted unambiguously for electrically thin slab
which is the case of this paper. This means that there is limitation for applying the NRW algorithm
in extracting the effective parameters of eSSR MTM resonating at high frequency, since the NRW
algorithm can be used to extract the effective parameters of the eSRR MTM only if the fundamental
branch of the complex logarithm is selected throughout the entire frequency range. Moreover, if the
frequency is changed, shift of branch from the fundamental to the next higher order branch is required
to enable the NRW algorithm to extract the effective parameters, in order to ensure the continuous
material parameters [32].

The impact on infinite periodicity truncation of the metasurface structure on the effective
parameters is studied by designing an eSRR metasurface structure of size 3 × 6 × 2 with negative
effective parameters around 10 GHz. After truncation, the dimensions of the eSRR unit cell is optimized
such that the structure still has negative effective parameters around 10 GHz. The dimensions of the
truncated periodicity eSRR metasurface are; a = 3.75 mm, L = 3.525 mm, d = 1.75 mm, g = 0.3 mm
and w = 0.496 mm. The truncated periodicity eSRR metasurface structure is designed and simulated
in CST; the S-parameters are extracted and plotted as shown in Fig. 5(a). The S-parameters show that
the structure still has a band pass response at 10 GHz. Then the effective parameters are extracted
and plotted as shown in Figs. 5(b) to (d) from the S-parameters using the NRW algorithm at different
non-ambiguity branches of p = 0 and = 1. It is clear from Fig. 5 that at p = 0 which is the correct
branch according to the theory developed in [32], the structure still has simultaneous negative real
effective parameters around 10 GHz. It means that the eSRR structure of size 3 × 6 × 2 exhibits NRI,
so it can focus the radiated EM waves from the slotted waveguide antenna.
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Figure 5. The eSRR metasurface structure with truncated periodicity with finite sizes of 3×6×2 with
negative effective parameters around 10 GHz, extracted at two different unambiguity branch parameter
p of 0 and 1 [32] (a) Magnitude of the scattering parameters. (b) Effective permittivity (ε), Effective
permeability (μ) and refractive index (n).

4. DESIGN AND SIMULATION OF 10 GHZ SLOTTED WAVEGUIDE ANTENNA
INCORPORATED WITH MTM LENS

Here, the proposed slotted waveguide antenna incorporated with eSRR Metasurface employing MTM
lens shown in Fig. 6 is analyzed, simulated and optimized using CST software. The proposed antenna
operates at 10 GHz, and the metasurface structure is optimized to have a negative permeability, negative
permittivity and negative refractive index in a wideband around the 10 GHz. Among high microwave
frequencies X-band (8–12 GHz) makes a significant contribution to various applied and emerging wireless
services [36–39]. X-band is mostly devoted to point to point wireless applications, such as on-road traffic
control [36], air traffic control [37], imaging radar [36–38] and satellite communications [39], where low
profile and highly directive antennas are appropriated as a reliable and economical solution for the
transmission systems.

The antenna is optimized by changing the size of the metasurface and the separation between the
metasurface and the slotted waveguide antenna. Figs. 7(a) and 7(b) show the return loss and radiation
gain at 10 GHz of the proposed antenna at 18.5 mm separation distance hs between the slot and the
metasurface bottom side and with different slot sizes (Ls, Ws) of (14.5, 2), (14.7, 4),and (15.2, 6). The
size of metasurface is 6×6×2 in x, y and z directions, respectively The proposed antennas are compared
with a conventional antenna of a slot size (Ls, Ws) of (15.2, 6), and all dimensions are given in mm.

It is clear from Fig. 7(a) that the radiated slot size plays an important role in widening the
bandwidth of the proposed antenna. For example, the bandwidth of the proposed antenna increases
from 0.854 GHz to 1.567 GHz and 2.22 GHz as the radiated slot size (Ls, Ws) is changed from (14.5, 2) to
(14.7, 4), and (15.2, 6), respectively. Furthermore, as shown in Fig. 7(b), the gain of the proposed slotted
waveguide antenna incorporated with NRI metasurface is increased from 6.5 dB to 10.6 dB, i.e., the E
plane gain is improved by 4.1 dB, while the beamwidth decreases from 94.1 dB to about 50 dB, mostly for
all the different three slots compared with their conventional slotted waveguide antenna counterparts,
mostly for all slot sizes. However, the bandwidth of the proposed antenna is decreased from 2.88 GHz
to 2.22 GHz compared with the conventional slotted waveguide antenna for slot dimensions (Ls, Ws) of
(15.2, 6).
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Figure 6. 10 GHz slotted waveguide antenna incorporated with eSRR NRI metasurface structure.
(a) 3D view, and (b) side view.

(a) (b)

Figure 7. The simulated return loss (a) and the simulated E plane gain at 10 GHz of the proposed
slotted waveguide antenna with and without eSRR metasurface with different slot sizes (Ls, Ws) of (14.5,
2), (14.7, 4),and (15.2, 6) and at 18.5 mm separation distance between the slot and the metasurface,
the NRI metasurface is 3-D eSRR of 6 × 6 × 2 size in x, y and z direction, respectively.

In addition, the effect of the eSRR metasurface structure size on the impedance matching,
bandwidth, beamwidth and the gain of the proposed antenna is studied as shown in Fig. 8 which
shows the return loss and gain of the proposed slotted waveguide antenna with and without eSRR
metasurface layers. By using CST, the eSRR metasurface structure is designed with different sizes of
3×6×2, 3×6×4 and 6×6×2 sizes in x, y and z directions, and then the separation distance hs between
the slot and the eSRR metasurface structure is changed slightly around half the free space wavelength
of 15 mm at 10 GHz till the optimum impedance matching and gain are obtained. The radiated slot is
of dimensions (Ls, Ws) of (14.5 mm, 2mm) and for the size of each eSRR metasurface structure there is
a corresponding separation hs between the slot and the eSRR metasurface structure which is 21.5 mm,
22.5 mm and 18.5 mm for the eSRR metasurface structure of sizes of 3× 6× 2, 3× 6× 4 and 6× 6× 2,
respectively.

Figure 8(a) shows that the size of the eSRR metasurface structure and the separation distance
between the slot and the eSRR metasurface structure play important roles in optimizing the impedance
matching of the antenna. For example, the return loss is improved from −30 dB to about −34 dB when
the size of the eSRR metasurface structure is 6×6×2, and the separation distance hs is 18.5 mm, while
it becomes the worst when the size of the eSRR metasurface structure is 3× 6 × 4. However, as shown
in Fig. 8(b), the E plane gain is improved from 6.5 dB to 10.5 dB when slotted waveguide antenna is
incorporated with a eSRR metasurface structure of size 6 × 6 × 2. It is clear that as the transverse
size of the eSRR metasurface structure increases with the same number of unit cells in both x and y
directions while keeping the longitudinal size, both return loss and gain are improved.
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Figure 8. The simulated return loss (a) and the simulated E plane gain at 10 GHz of the proposed
slotted waveguide antenna with and without eSRR metasurface structure of slot sizes (WsLs) of (2 mm,
14.5 mm) and at 18.5 mm separation distance between the slot and the eSRR metasurface structure,
which is 3-D eSRR metasurface of different sizes of 3× 6× 2, 3× 6× 4 and 6× 6× 2 sizes in x, y and z
directions.

5. FABRICATION AND MEASUREMENT

For experimental verification, the proposed antenna resonating at 10 GHz and the eSRR metasurface
structure have been fabricated as shown in Fig. 9. The eSRR metasurface structure is fabricated using
wet etching technique on an RT/Duroid 5880 substrate with a relative permittivity of εr = 2.2 and
thickness of h = 1.57 mm. The slotted waveguide antenna is fabricated using milling technology with the
same dimensions mentioned in the previous section. Furthermore, the effect of the eSRR metasurface
structure size on the antenna performance is studied using eSRR metasurface structure of sizes 6×6×4
and 7× 7× 4, placed in front of the slotted waveguide antenna at a separation distance of 18 mm. The
separation distance is 5 mm from the center to the center of each two adjacent eSRR layers. The slot
dimensions (Ws, Ls) are (6 mm, 15.2 mm). The return loss S11 for the simulated and the fabricated
antenna with and without eSRR metasurface/MM is shown in Fig. 10. The measured and simulated
return losses of the proposed antenna without eSRR metasurface are in agreement, and the bandwidth
is about 2.88 GHz. It is important to notice that there is a shift in the center frequency, and some
losses for the measured proposed antenna with mm over the simulated one due to the SMA connector,
the nylon screws, and the misalignment of the eSRR stacked layers constructing the mm structure.
Furthermore, the bandwidth of the proposed antenna with eSRR mm of size 7×7×4 is more than that
of 6 × 6 × 4. This means that as the size of the eSRR metasurface structure increases, the bandwidth
of the antenna increases, due to decrease of the quality factor as a result of the added conductor and
dielectric losses. The bandwidth of the 10 GHz slotted waveguide antenna incorporated with MTM is
increased from 22.8% to 28.8%. This increase in the bandwidth is useful for applications such as airport
surveillance radar antennas which can send and receive with different frequencies in different directions
[37]. It is clear from Fig. 10 that there is about 1 GHz bandwidth deviation between the simulation and
measurement for the antenna incorporated with 6 × 6 × 4 MTM structure due to the misalignment of
the MTM layers with respect to the slotted antenna.

The simulated and measured gains versus frequency of the proposed antenna with and without
mm are then plotted as shown in Fig. 11. The results show that as the size of the eSRR metasurface
structure increases, the radiated wave becomes more focused due to the NRI property, and hence the
antenna directivity increases. Although the eSRR metasurface structure adds more loss to the antenna
which degrades the radiation efficiency, the overall gain of the antenna increases due to the significant
increase in the antenna directivity over its efficiency. The antenna gain increases from about 6 dB to
11 dB at 10 GHz. There is a deviation between the measured and simulated results due to the losses
presented by the connectors, nylon spacers, metal nuts and misalignment of the eSRR layers.

It is clear that although the MTM has a good transmission around 10 GHz, and the allotted



Progress In Electromagnetics Research C, Vol. 79, 2017 123

(a) (b)

Figure 9. The fabricated antenna, (a) conventional slotted waveguide antenna on the right, other two
slots in the centre and eSRR metasurfaces of sizes 6 × 4 × 1, 6 × 6 × 1 and 7 × 7 × 1 from right to left,
and (b) slotted waveguide antenna incorporated with eSRR 3D structure of size 6 × 6 × 4 located at a
distance hs of 18 mm from the slot and the separation distance is 5 mm from the centre to the centre of
each two adjacent eSRR layers.

Figure 10. Simulated and measured s-parameter
magnitudes of the slotted waveguide antenna with
and without eSRR metasurface structure of sizes
6× 6× 4 and 7× 7× 4, located at a distance hs of
18 mm from the slot and the separation distance
is 5mm from the centre to the centre of each two
adjacent eSRR layers.

Figure 11. Comparison between the measured
and the simulated gains of the proposed antenna
with and without eSRR metasurface structure of
sizes 6×6×4 and 7×7×4, located at a distance hs

of 18 mm from the slot and the separation distance
is 5 mm from the centre to the centre of each two
adjacent eSRR layers.

waveguide antenna has a good impedance matching at 10 GHz, the slotted waveguide antenna peak
gain does not occur at 10 GHz as shown in Fig. 11. The main reason behind shifting the peak gain
of the designed antenna away from 10 GHz for the measured proposed antenna is that the reference
antenna used to measure the designed antenna S21 parameter is linearly polarized, and at the same
time the MTM layers placed in front of the slotted antenna can slightly change the polarization of
the antenna due to the misalignments between the different layers of MTM and/or between the MTM
layers and the slotted antenna. The mismatching between the polarizations of the measured antenna
and the reference antenna may cause shift in the transmission peak between the two antennas as shown
in Fig. 11. As a future work, this problem can be solved by using a more precise alignment tools in the
construction of the prototyped antenna.

Furthermore, E and H plane radiation patterns at 10 GHz of the simulated and measured proposed
antennas with and without eSRR metasurface structure are plotted as shown in Fig. 12 for different
eSRR metasurface structure sizes and at a separation distance of 18 mm between the MM structure
and the slot edge. It is clear that as the eSRR metasurface structure size is increased from 6× 6× 1 to
7× 7× 4, the radiation pattern becomes more focused, and the beamwidth decreases in both E and H
planes. However, there is a nice agreement between the measured and simulated results.
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(a) (b)

Figure 12. Measured and simulated radiation pattern at 10 GHz of the proposed with and without
eSRR metasurface structure of sizes 6× 6× 1, 6× 6× 4 and 7× 7× 4, located at a distance hs of 18 mm
from the slot and the separation distance is 5mm from the centre to the centre of each two adjacent
eSRR layers, (a) E-plane and (b) H-plane.

6. CONCLUSION

In this paper, a new slotted waveguide antenna incorporated with eSRR metasurface structure employing
a NRI medium is proposed, designed, simulated in CST, fabricated and measured. The major advantage
of the proposed slotted waveguide antenna over the high gain conventional horn antennas is that it is
uses planner metasurface structure with NRI property for beam focusing purposes of the radiated EM
waves and hence antenna gain can be improved. The proposed MTM structure in this paper can be
designed at THz frequencies by using different materials.

The proposed antenna is constructed from a back side slotted waveguide antenna incorporated
with 2-D eSRR metasurface structure arranged as sacked layers with 5mm separation distance between
each two layers, then the 3D eSRR metasurface structure is placed in front of the slotted antenna
with a separation distance about half the free space wavelength. The proposed antenna is designed
and optimized in CST, and the impact of the eSRR metasurface structure size and the separation
distance between the eSRR metasurface structure and the slotted antenna on the antenna performance
are studied. The slotted waveguide antenna is fabricated using the milling technology, and the eSRR
metasurface structure is fabricated using the wet etching technology. The return loss, gain and radiation
pattern in both E and H planes are measured. The simulated and measured results are compared. The
results show a good agreement between the simulation and measurement. The antenna gain is improved
from 6.5 dB to 11 dB; the beam is reduced from 94.1 degrees to about 50 degrees in E plane, while the
bandwidth and return loss are slightly changed.

As a future work, the idea of gain improvement of the slotted waveguide incorporated with the eSRR
metasurface structure can be extended to THz frequency range to be used for short distance wireless
communication links, particularly in the biomedical application and inside the satellite to reduce the
wiring complexity of the satellite system. Also, eSRR metasurface structure can replace the bulky
silicon lens used in THz photoconductive and photo mixer optical antennas to focus the radiated beam
and improve the antenna gain for medical applications [40, 41].
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