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ABSTRACT

In this paper, the design of a planar meta-surface based
on dipoles and wires is presented. The unit cell is formed
by three independent layers, which contain two parallel
dipoles and one wire. The behaviour of these elements
have been analysed separately as an independent unit cell,
i.e., the one dipole unit cell, the two dipoles unit cell and
the two dipoles and wire unit cell, by means of the trans-
mission response and the dispersion diagrams. For a nor-
mal incident plane wave with the E field parallel to the
wires and the H field axial to the dipoles, the electric and
magnetic responses are excited producing a pass band be-
haviour which exhibit negative refractive index. This cell
has been used to create meta-surfaces for antenna appli-
cations. Two configurations have been analysed; the first
one is a superstrate of a dipole antenna with the pass band
tuned to the resonant frequency of the dipole. It has been
observed that the power goes through the meta-surface
and is radiated mainly in boresight direction, which in-
creases the directivity up to 8 dBi and the aperture effi-
ciency of the whole configuration. In the second case, a
substrate with the stop band tuned to the pass band of the
superstrate and the resonant frequency of the dipole has
been added. A directivity higher than 9 dBi with a back
radiation of -20 dBi have been obtained.

Key words: Metamaterial; Meta-surface; Enhanced di-
rectivity.

1. INTRODUCTION

Since Veselago suggested the possibility of Left Handed
materials (LHM) [1], many implementations of them
have been carried out demonstrating the existence these
negative index materials (NIM). The first demonstration
was done by the UCSD group in 2000 [2] and after that,
most of them have been based on the topology proposed
by Pendry [3]. By combining properly Split Ring Res-
onators (SRRs), or negative permeability elements (µ <
0) and continuous wires, or negative permittivity ele-

ments (ε < 0), both magnitudes will be simultaneously
negative achieving the effective negative refractive index.

In order to excite correctly the unit cell, a plane wave
with the E field parallel to the wires and H field axial to
the SRR is required, which means a propagation vector
parallel to the SRR plane. This fixed polarization makes
it very difficult to measure the transmission and reflec-
tion coefficients, which are essential to characterize the
structure.

Due to these practical problems, alternative configura-
tions based on short wire pairs have been designed by
different authors [4]-[5]. These new planar structures
are easier to fabricate and characterize by measuring the
transmission and reflection coefficients. The main idea
is to replace the conventional SRR by two parallel wires
that produce the same effect, an inductance L and capac-
itance C with a resonant frequency ω = 1/

√
LC. Work-

ing around the resonant frequency, the magnetic and elec-
tric resonance will be excited obtaining a negative refrac-
tive index. Although theoretically only the wire pairs are
enough to obtain the negative refraction index, in practice
[5] it is required to provide extra negative permittivity by
means of a continuous wire array.

In this paper, the design of the unit cell based on dipoles
(or short wires) and continuous wires is presented. Each
element of the cell, i.e., one dipole, two parallel dipoles
and two dipoles and a wire, has been analysed in terms of
transmission response and dispersion diagram. As it will
be shown, this cell presents pass bands and stop bands
properties at which the power will be transmitted or re-
flected respectively. This property has been use to create
a superstrate or meta-surface configuration with a dipole
tuned to its pass band, what enhances the overall radia-
tion properties. Designing a substrate with the stop band
tuned to the pass band of the superstrate, the radiation
properties will be even improved; especially an important
reduction of the back radiation will be achieved.



2. DESIGN OF THE UNIT CELL

As it has been commented, the design of the unit cell has
been done step by step. First of all, a unit cell formed by
one dipole will be analysed. Then, the properties of a unit
cell formed by two dipoles and finally, a unit cell formed
by two parallel dipoles and a continuous wire, will be
calculated.

2.1. One Dipole Unit Cell

As it is known, a layer of dipoles excited by an incident
plane wave with the E field parallel to the dipoles presents
a stop band around the resonant frequency, being trans-
parent out of this frequency. This behaviour has been
analysed in terms of the transmission response and the
dispersion diagram by using the software Ansoft-HFSS.

The geometry of the unit cell is shown in inset Fig. 1. The
length of the dipoles is L=10.11mm, the width d=1mm
and the lattice constants Dx and Dy 12.11 and 4.8mm
respectively. Periodic Boundary Conditions (PBC) have
been applied in order to simulate an infinite slab with an
incident plane wave polarized in the Ex and Hy direc-
tions.

Plotting the S parameters of this unit cell (see Fig. 1), a
resonant frequency at 18 GHz which corresponds to the
dipole first resonance is observed. A second resonance
can be observed at 25.5 GHz which corresponds with the
grating lobe that appears at f=c/Dx.
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Figure 1. One-dipole unit cell. Incident plane wave
analysis.

The dispersion diagram of the cell has been computed
and it is depicted in Fig. 2 with the resultant irreducible
Brillouin zone. Only the modes correctly polarized are
shown. The periodicity in the z direction was large
enough to isolate the elements, avoiding coupling effects
between them. The KX section corresponds with the in-
cident plane wave in the z direction analysed previously
with the transmission response method. Similar behav-
iour can be observed in the dispersion diagram, where

a full gap appears around the resonant frequency, from
12.76 to 24.49 GHz.
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Figure 2. One-dipole unit cell. Dispersion diagram over
the irreducible Brillouin zone.

2.2. Two Parallel Dipoles Unit Cell

The next step in the design of the unit cell was the analy-
sis of a unit cell formed by two parallel dipoles (see inset
Fig. 3). As in the previous case, PBC have been applied
in order to simulate an infinite layer and provide the cor-
rect polarization. The dimensions of the dipoles and the
lattice constants are the same than in the previous case,
being the separation between dipoles h=2 mm.

For a normal incident plane wave with the electric field
parallel to the dipoles and the magnetic field perpendic-
ular to the plane which contains the pair, the electric and
magnetic responses both are resonant at the same time
producing a resonant behaviour of the refractive index,
which can become negative above the resonance. This
resonance can be understood as a resonance of a LC cir-
cuit, with the metal dipoles providing the inductance L
and the dielectric gaps between the dipoles acting as ca-
pacitive elements C. Furthermore, this pair of dipoles is
similar to a rectangular-double-cut split ring resonator
(SRR) which arms have been stretched. So, the known
equivalent LC circuit can be applied.

As in the previous case of the one dipole unit cell, the
transmission response and dispersion diagram have been
analysed. Computing the S parameters for the unit cell
(see Fig. 3), a pass band appears at 11.87 GHz, below the
stop band, due to the resonance of the structure. Analyz-
ing the dispersion diagram (see Fig. 4), this pass band is
reflected in a new mode with negative slope that appears
in the KX section around the resonant frequency, which
confirm the negative behaviour of the unit cell. The full
gap still remains up to 25 GHz where the grating lobe
appears.

Plotting the currents in the dipoles at the pass band fre-
quency of the cell, it is observed that they are flowing
in the opposite direction in both dipoles (see Fig. 5).
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Figure 3. Two-dipoles unit cell. Incident plane wave
analysis.

K X M Y K
0

5

10

15

20

25

30

Fr
eq

ue
nc

y 
(G

H
z)

K

X M

Y

Figure 4. Two-dipoles unit cell. Dispersion diagram over
the irreducible Brillouin zone.

The same result is obtained for the currents of the sec-
ond mode, which confirm the correspondence between
the pass band and the second mode. As in the case of
the SRR, due to the small gap between dipoles, these
currents are closed forming a circular path through the
dipoles which leads to a magnetic field opposing the ex-
ternal magnetic field. As a result, the electric and mag-
netic resonances are obtained simultaneously and there-
fore the left-handed behaviour.

2.3. Two Parallel Dipoles and Wire Unit Cell

Finally, the whole unit cell formed by the two parallel
dipoles and a wire has been analysed. A detail of the
geometry is shown in Fig. 6. As it has been explained, the

Figure 5. Currents at the resonant frequency of the cell.

pair of dipoles is similar to a SRR. So, with the addition
of the wire, this unit cell is similar to the classical SRR,
shown in Fig. 6 (e).

(e)

Figure 6. Two dipoles and wire unit cell. (a) E-H plane.
(b) Perspective. (c) k-H plane. (d) k-E plane. (e) Classi-
cal LH unit cell.

Applying the same process than in the previous cases, the
transmission response and the dispersion diagram have
been calculated. Due to the presence of the wire, a new
resonant frequency appears at 10.23 GHz (see Fig. 7),
but the second resonance and the stop band remain un-
affected. Both resonant frequencies depend on the para-
meters of the cell (with and lattice constants) and can be
adjusted to be in close proximity in order to increase the
transmission bandwidth.

This behaviour is also reflected in the dispersion diagram
(see Fig. 8). In this case, two modes are present in the
KX section (normal incident plane wave regime) which
correspond with the two resonant frequencies, and a gap
from 13.78 to 24.76 GHz.
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Figure 7. Two-dipoles and wire unit cell. Incident plane
wave analysis.

Fig. 9 shows the currents in the dipoles and wire at both
resonant frequencies. The first resonance is due to the
presence of the wire. So, although both dipoles have the
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Figure 8. Dispersion diagram and the irreducible Bril-
louin zone.

(a) (b)

Figure 9. Currents at the resonant frequency of the cell.
(a) f1 = 10.23 GHz. (b) f2 = 11.52 GHz.

currents flowing in the same direction, the current of the
wire flows in the opposite one providing the resonance
of the whole structure. As it has been observed for the
two-dipoles unit cell case, the second resonance is due
to the electrical and magnetically excitation the parallel
dipoles. So, in this case, the currents are flowing in the
opposite direction creating a circular path. The same re-
sult is obtained for the currents of the two first modes,
which confirm the relation between the resonant frequen-
cies and the propagating modes.

3. SUPERSTRATE CONFIGURATION

The superstrate configuration is based on the final version
of the unit cell, i.e., two parallel dipoles and a continuous
wire. As it has been shown, this unit cell has a pass band
and a stop band frequency. Tuning a dipole to the pass
band frequency of the superstrate, the directivity and ef-
ficiency of the whole system will be enhanced.

The geometry of the structure is shown in Fig. 10. The
length of the dipoles is L=9.17 mm, the thickness of
the dipoles and wires d=0.8 mm, the dielectric constant
εr=2.2, the copper cladding t=17 m, the distance between
dipoles and wires dy=0.8 mm, the horizontal distance be-
tween dipoles dx=1 mm, the vertical distance h=1.574
mm and distance from the dipole to the superstrate 1.016
mm. The thickness of the whole configuration is 2.625
mm, i.e., less than λ0/11 at the resonant frequency of 10
GHz. The physical area of the meta-surface is 31.51 mm
x 11.2 mm, i.e., 0.39 λ2

0 at 10 GHz. .

The whole radiating system has been analysed in terms of

Figure 10. Superstrate configuration. (a) Top view. (b)
Perspective. (c) H plane view. (d) E Plane view.
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Figure 11. Directivity at θ=0-180 and S11 parameter.

return losses, boresight radiation and back radiation (see
Fig. 11). The dashed line represents the S11 parameter. A
resonant frequency has been obtained at 10 GHz with an
impedance matching of -10 dB. Around this resonant fre-
quency, the directivity at boresight increases (continuous
line) and the back radiation decreases (dotted line).

Plotting the radiation pattern at the resonant frequency
(see Fig. 12), more directive radiation patterns compared
with a single dipole are obtained with a directivity at
boresight of 8 dBi and a back radiation of -3.7 dBi.

Looking at the S11 parameter, two resonances with high
directivity are observed, the main one at 10 GHz and a
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Figure 12. H-plane (continuous line) and E-plane
(dashed line) and 3D radiation patterns at fr=10 GHz.



(a) (b)

Figure 13. Surface currents (a) f = 10 GHz. (b) f = 10.48
GHz.

second one at 10.48 GHz. Plotting the surface currents at
these frequencies (Fig. 13 (a) and (b) respectively) it can
be observed that they correspond with the two resonances
obtained in the analysis of the whole unit cell. The first
one is associated to the presence of the wires, with the
currents in the dipoles in the same direction, and the sec-
ond one is due to the dipoles, with the currents flowing in
the opposite direction. As it was aforementioned and it is
corroborated here, the resonance produced by the dipoles
is very week, being necessary the presence of the wires.

Taking into account the physical area of the meta-surface
Aphy, the wavelength λ0 and the directivity D, the aper-
ture efficiency ηap can be calculated by applying (1).

D =
4π

λ2
0

ηapAphy (1)

The directivity achieved at the first resonance of 10 GHz
was 8 dBi, which means an aperture efficiency ηap = 1.28.
The maximum directivity was obtained around the sec-
ond resonance, 8.684 dB at 10.54 GHz, i.e., ηap = 1.35.
These values larger than one are normal in small anten-
nas and are included to show the good aperture efficiency
that can be obtained with the presented configurations.

4. SUBSTRATE-SUPERSTRATE CONFIGURA-
TION

As it has been seen, the unit cell also has a stop band at
which the power is reflected. Tuning the stop band of the
substrate to the pass band of the superstrate, the power
will not be radiated to the bottom part of the structure,
enhancing the directivity and reducing the back radiation.
The advantage of this configuration is that it remains thin,
with higher directivity and lower back radiation and bet-
ter matching.

The geometry of the substrate-superstrate configuration
is shown in Fig. 14. The dimensions of the superstrate
are the same than in the previous case, being the dimen-
sions of the substrate the following: L=13.6 mm, d=0.8
mm, t=17 m, dy=2.4 mm, dx=1.36 mm, h=1.016 mm and
distance from the dipole to the substrate 0.787 mm. The
thickness of the whole configuration (substrate plus su-
perstrate) is 4.428 mm, i.e., λ0/7 approximately at the

Figure 14. Substrate-superstrate configuration. (a) Top
view. (b) Perspective. (c) H plane view. (d) E Plane view.
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Figure 15. Directivity at θ=0-180 and S11 parameter.

resonant frequency of 9.99 GHz. The area of the radiating
surface, the superstrate, is the same than in the previous
case, 0.39 λ2

0, but the area of the whole system (substrate
and superstrate) is 1.088 λ2

0.

As in the case of the superstrate, the S11 parameter, the
directivity and the back radiation have been analysed (see
Fig. 15). Due to the presence of the substrate, the im-
pedance matching has improved significantly, obtaining
a S11 value of -24 dB at the resonant frequency of 9.99
GHz. Moreover, the boresight radiation and back radia-
tion are also enhanced in a wider band, with directivity
and back radiation values of 9 and -20 dBi respectively
around the resonant frequency. The H and E plane radi-
ation patterns and the 3D one at 9.9 GHz are shown in
Fig. 16.

As the case of the superstrate structure, two resonant fre-
quencies are observed at 9.9 and 10.3 GHz. Plotting the
surface currents at these frequencies (see Fig. 17 (a) and
(b)), both resonances can be linked to the ones observed
in the analysis of the whole unit cell.

In order to calculate the aperture efficiency around these
resonant frequencies, the physical area of the whole sys-
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Figure 16. H-plane (continuous line) and E-plane
(dashed line) and 3D radiation patterns at f=10 GHz.

(a) (b)

Figure 17. Surface currents (a) f = 9.9 GHz. (b) f = 10.3
GHz.

tem (substrate plus superstrate) has been taken into ac-
count. However, only the superstrate is radiating, so, the
aperture efficiency obtained is smaller than in the previ-
ous case. The maximum directivity obtained around the
resonant frequencies was 9 dBi at 9.9 GHz and 9.934 dBi
at 10.23 GHz (see Fig. 16 (a)) which means an aperture
efficiency of 0.58 and 0.69 respectively.

5. CONCLUSIONS

In this paper, the design of a planar unit cell based on
dipoles and continuous wires is presented. The unit cell
has been analysed step by step, one dipole, two dipoles
and two dipoles plus wire by means of transmission re-
sponse and the dispersion diagrams. Pass band and stop
bands have been observed which have been used in or-
der to create a meta-surface for a dipole antenna. Two
configurations have been analysed, obtaining an enhance-
ment of the directivity and a reduction of the back radia-
tion. In the case of the superstrate, the maximum direc-
tivity achieved was 8.68 dBi, which means an aperture
efficiency of 1.35. By adding a substrate with the stop
band tuned to the pass band of the superstrate, the direc-
tivity increased up to 9.93 dBi and the back radiation is
reduced to -24 dBi.

One of the main advantages of this configuration com-
pared with the ones formed by SRRs, is that is based on
planar technology, what simplifies the manufacturing and
measuring processes, and the thinner resulted configura-
tions.
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