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This paper uses a Computer Simulation Technology microwave studio to simulate the performance of a new high-

directivity anisotropic magnetic metamaterial antenna loaded with a frequency-selective surface. Frequency-selective

surface with cross-dipole element has a great effect on the directivity, radiation pattern, and gain of such an antenna.

The experimental results show that frequency-selective surface (FSS) significantly improve the radiation performance

of anisotropic magnetic metamaterial antenna. For example, as a single anisotropic magnetic metamaterial antenna,

half power beam width is 4 degrees in the H planes, and the gain of this antenna is 19.5 dBi at 10GHz, achieving a

2.1 degree increment in half power beam width, and a 7.3 dB gain increment by loading with the FSS reflector. The

simulating results are consistent with our experimental results.
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1. Introduction

During the last years, there has been a lot of inter-
est in high-directivity antenna in the microwave and
millimetre region.[1,2] The one of major applications
of this type antenna is the passive direction-of-arrival
location and direction measurement of satellite and
radar system. To achieve high directional radiation,
traditional antenna utilizes large antenna size, for in-
stance, the high-directivity paraboloid antenna with
large aperture, large size antenna array. The disad-
vantages of the traditional high directivity antenna,
i.e. paraboloid antenna, are large size, accurate design
and fabrication, and thus cost too much. In recent
years, metamaterial antennas become a hot research
in antenna field. Due to the backward wave property
of metamaterial,[3] the physical dimensions of the mi-
crostrip antenna have been significantly reduced.[4−7]

The refractive indices of metamaterial can be con-
trolled by the external voltage applied on the varactor
diode,[8] and the mini-scanning controllable antenna
can be designed. From the gain and half power beam

width, and size, the high-directivity metamaterial an-
tenna have unique advantages.[9−11] There are few re-
ports on the improvement of performance of the high-
directivity metamaterial antenna. Li et al [12] used a
high impedance surface and an electrically responded
surface to make a clipole highly directive, and 3dB
angular width is less than 30◦.

Frequency selective surface (FSS) has been ex-
tensively investigated in the last two decades. FSS
is periodic arrays of conducting elements and ex-
hibits total reflection or transmission at the reso-
nance frequency.[13−15] Due to its unique character-
istics, FSS is widely used in the area of the high-
directivity antenna, greatly increasing the gain and
directivity of the antenna.[16−18] As the FSS structure
acts as an efficient reflector that redirects most of the
wasted energy from the undesired direction to the de-
sired direction without interfering with the metamate-
rial antenna return loss performance, this paper uses
the FSS structure with double-square-loop element
to improve performance of high-directivity anisotropic
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magnetic metamaterial antenna.

2. A new high-directive anisotr-

opic magnetic metamaterial

antenna using FSS

2.1. FSS structure

This paper designs the FSS structure with cross-
dipole element, as shown in Fig.1.

Fig.1. The FSS structure with cross-dipole element.

The simulated transmission property of the FSS
is shown in Fig.2. Figure 2 shows that the electromag-
netic wave is totally reflected at the 10 GHz.

Fig.2. Transmission and reflection coefficient of the FSS.

2.2.An anisotropic magnetic metamate-

rial

The metamaterial is assumed to have a constant
effective permittivity with εr = 1, while the effective
permeability is anisotropic. The dispersion relation of
the effective anisotropic permeability is described by

Drude model. Drude model has the following formu-
lation:

µr = µr(∞)− ω2
p

ω(ω + iγ)
. (1)

To construct this anisotropic magnetic metama-
terial, whose effective permeability is a tensor ex-
pressed as ¯̄µr = diag(µrx, µry, µrz), the effective per-
meability in different direction is chosen as µrx =

µrz = 1− ω2
p1

ω(ω + iγ1)
and µry = 10− ω2

p1

ω(ω + iγ1)
with

ωp1 = 2π · (10 × 109)(rad/s) and γ1 = π(rad/s). At
the plasma frequency of 10GHz, the effective perme-
ability can be calculated as: ¯̄µr ≈ diag(iα, 9 + iα, iα).
Meanwhile from the calculated numerical results, the
imaginary part of the anisotropic permeability is al-
most to be zero, i.e. α ¿ 1, so this material can be
treated as a low loss anisotropic magnetic metamate-
rial and ¯̄µr ≈ diag(0, 9, 0).

Assume that z-polarized electromagnetic wave
propagates inside this material, if the operation fre-
quency is smaller than the plasma frequency (10GHz)
of this dispersive media, the dispersion relation of a
transverse-electric (TE) wave is derived as a parabolic
curvature (see above derivation) for µry < 0, while the
dispersion exhibits an elliptical curvature when the
operation frequency is above 10 GHz. The dispersion
relation of the low loss dispersive media can be written
as:

k2
x

µry
+

k2
y

µrx
= k2

0. (2)

Around 10GHz, due to the fact that µry À µrx,
the asymptote slope of the parabolic dispersion curve
and the shorter axis of the elliptical dispersion curve
should be very small. The wave number of the TE
wave propagation in two directions are kx ≈ 3k0 and
ky ≈ 0 with k0 is the wave number in free space. Thus,
the radiated TE wave inside the metamaterial will ex-
hibit special properties. In the y-direction, the radi-
ated wave will have a large wavelength and a large
phase velocity, while in the x-direction, the radiated
wave will have a small wavelength and a small phase
velocity, so the radiated wave inside the metamaterial
will can be treated as a quasi-plane wave. Because of
the finite dimension of the anisotropic metamaterial,
the electromagnetic wave radiated inside the metama-
terial will suffer the boundary between metamaterial
and free space. At the boundary, the phase match
condition will force the omnidirectional wave inside
the metamaterial to propagate along x-direction after
the metamaterial-air as previous analysis.
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2.3. Simulated results of high-directive

metamaterial antenna using FSS

In our CST simulation, the dimensions of the
metamaterial bulk are 45mm, 250mm and 20mm
in the different x, y and z directions, as shown in
Fig.3(a). A 20 mm long line current source is placed
inside the media with its axis along z-direction. For
the anisotropic magnetic dispersive property of the
media, this metamaterial bulk will only influence the
radiation direction of the z-polarized wave. In the
calculation, we choose the boundaries in x and y di-
rections to be perfect matched layers, but a periodic
boundary condition is used in z direction.

Fig.3. The electric field distribution inside the metama-

terial bulk media.

From CST simulation, the electric field distribu-
tion inside the bulk media is shown in Fig.3(b). As
predicted, the radiated wave inside the media is a
quasi-plane wave around 10GHz, which is determined
by the intrinsic dispersion of the bulk media. In the
x-direction, the bulk has a boundary paralleling to
y-axis with air. The electric field is almost uniformly
distributed on this boundary, which will cause a strong
radiation along the x-direction in free space. While in
the y-direction, the bulk has a boundary paralleling
to x-axis with air. The electric field has a wave-like
distribution on this boundary, which will degrade the
radiation in y-direction in free space. We simulate the
radiation pattern of this kind metamaterial bulk an-
tenna in −x and +x direction, the result is shown in
Fig.4.

From the radiation pattern of this kind metamate-
rial bulk antenna, half power beam width (HPBW) is

5.6 degrees, and the main lobe has a peak of 12.4 dBi.

Fig.4. The radiation pattern of anisotropic magnetic

metamaterial antenna in −x and +x direction.

To increase the gain of this antenna, the FSS is
placed behind the bulk antenna, a distance of 2.5 mm
from line current source in the x direction, and the
line source is placed at the bulk edge, as shown Fig.5.
In this case, the antenna will radiate power in only
one direction (x-direction), we find that the applica-
tion of the FSS does improve the radiation pattern, as
the simulated results, in Fig.6.

Fig.5. Anisotropic magnetic metamaterial antenna loaded

with FSS.

From the simulated result in Fig.6, the directivity
of the antenna is higher than the previous one, HPBW
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Fig.6. The radiation pattern of antenna in x direction.

is 3.2 degree, achieving a 2.4 degree increment, while
the gain is 20dBi, a 7.6 dB increment is achieved by
the FSS reflector.

To realize the high directivity in space, we use an-
tenna array in the z-direction to improve the directiv-
ity and gain the antenna loaded with FSS. We repeat
the single antenna in z-direction with 8 periods, the
radiation pattern of the antenna array is evaluated by
adding the radiation patterns with different radiation
origins, as shown in Fig.7.

Our calculated results show that the radiation
pattern has a 4.1 degree HPBW in the H-plane. The
antenna gain of this antenna array is 29.3 dBi.

Fig.7. The radiation pattern of the antenna array loaded with FSS.

3. Experimental results

Experimental setup of single anisotropic magnetic
metamaterial antenna loaded with FSS and antenna
array is respectively shown in Fig.8 and Fig.9.

The radiation patterns of single anisotropic mag-
netic metamaterial antenna and antenna array with
and without FSS are measured. Table 1 is the exper-
imental results of the antenna radiation patterns.

From the experimental results in Table 1, whether
single antenna or array antenna, the FSS structure
greatly improves performance of anisotropic magnetic
metamaterial antenna. Our experimental results are
consistent with the simulating results.

Fig.8. Experimental setup of single anisotropic magnetic

metamaterial antenna loaded with FSS.
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Fig.9. Experimental setup of the metamaterial antenna

array.

Table 1. Experimental results of the antenna.

metamaterial antenna FSS HPBW/(◦) Gain/dBi

single antenna
without 6.1 12.2

with 4 19.5

antenna array
without 6.4 22.1

with 4.3 29

4. Conclusion

This paper uses the FSS structure to improve
performance of high-directivity anisotropic magnetic
metamaterial antenna. Whether single antenna or
array antenna, the FSS structure greatly improves

performance of metamaterial antenna. For single
anisotropic magnetic metamaterial antenna, the sim-
ulated result shows that HPBW is 3.2 degree, achiev-
ing a 2.4 degree increment, while the gain is 20dBi,
a 7.6 dB increment is achieved by the FSS reflector,
at 10 GHz. The simulating results are consistent with
our experimental results.
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