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Direct Use of the High Impedance Surface
as an Antenna Without Dipole on Top

Caner Guclu, Student Member, IEEE, Jeff Sloan, Student Member, IEEE, Shiji Pan, Student Member, IEEE, and
Filippo Capolino, Senior Member, IEEE

Abstract—High impedance surfaces (HISs) have been proposed
and used as substrate for dipoles for realizing low-profile antennas.
Here, we show that HISs can be used directly as low-profile an-
tennas with a single feed point, without any dipole on top. The
structure is made of only two metallic layers, the patterned sur-
face and the ground plane below, at a subwavelength distance. We
analyze two possible feeding mechanisms of an HIS made of dog-
bone-shaped conductors, though the ideas proposed here can be
applied also to other HIS structures. We show that broadside gain
of the order of 7-11 dBi can be obtained. We also explain that ra-
diation of the HIS is in part related to a TM-like leaky wave with
attenuation constant that is not as small in contrast to other stan-
dard high-gain leaky-wave antennas.

Index Terms—Artificial magnetic conductor (AMC), dogbones,
high impedance surface (HIS), leaky-wave antennas, low-profile
antennas, planar antennas.

I. INTRODUCTION

LANAR antennas are desirable for their low profile and

fabrication advantages. For this purpose, ground planes
are used for confining the radiated power to a hemisphere and
increasing the directivity, as well as a shielding mechanism.
Conceptually, metamaterials and metalayers contributed to the
planarization of antennas. Grounded substrates composed of
artificial magnetic conductors (AMCs) or more generally high
impedance surfaces (HISs) increase the forward (broadside)
gain and the radiation efficiency of transverse dipole antennas.
Placing a dipole on an HIS may be advantageous compared to
directly locating a transverse dipole at a subwavelength distance
over a ground plane since the tangential electrical field is not
constrained to vanish on the plane, as shown in several studies
(see [1]-[4] and references therein). For example, [1] reports an
HIS made of the mushroom-like structure [5], used to enhance
the efficiency of a proximity dipole. In [2], a dipole antenna
over an HIS of square patches is used for miniaturization and
bandwidth enhancement. Similarly a bow-tie antenna above
a mushroom-like substrate was shown in [3]. More recently
in [4], with a fully planar implementation, an HIS of planar
dogbones was used to improve the performance of a folded
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Fig. 1. Direct use of the HIS as a low-profile antenna, and two possible feeding
mechanisms. The HIS is made by a patterned metallic surface on a grounded
substrate. (a) The HIS antenna is fed at the gap between the dogbones at the
center (Case A). (b) The HIS antenna is fed by a twin line (Case B). (c¢) Unit
cell with quotes.

dipole antenna. In [6], the radiating modes in a mushroom-type
HIS are excited by a dipole on top. These and similar studies,
like those in their references, made it possible to decrease the
thickness of a grounded transverse dipolar antenna. However,
even fully planar realizations of a dipole on top of an HIS as
in [4] require three metallic layers. In this letter, it is shown that
HISs can be used directly as a radiator, with single feed point,
and without any dipole on top, thus eliminating one metal layer.

Similar ideas have been shown in conference proceedings as
in [7] and [8]. In [7], the proposed HIS structure was made of
square patches with vias (i.e., mushrooms as in [5]) and fed
by one of the vias. In [8], a fully planar HIS (as in Case A,
Fig. 1) was proposed made by dogbone-shaped conductors over
a ground plane. The HIS resonance of dogbones over a ground
plane is related to the antisymmetric current distribution in met-
alayers made of pairs of dogbones as shown in [9] and [10],
which is associated to artificial magnetism. Therefore, the res-
onance frequency of the HIS is strictly related to the magnetic
resonance studied in [9] and [10], as explained in [4].

Instead of using the HIS as a pure magnetic reflector, we use
the HIS directly as a radiating low-profile antenna, utilizing only
two metal layers. We also show the underlying physical radia-
tion mechanism that is based on the ability of the HIS to support
leaky waves (LWs), in the proximity of the magnetic resonance,
as was shown in [11] for a metalayer made of pairs as in [9]
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Case A Case B

(b)

Fig. 2. Lumped port excitation in the gap between two dogbones at the center
of the antennas for (a) Case A and (b) Case B.

and [10]. In fact, the authors observed that in the design of a
dipole antenna over an HIS, as reported in [4], certain sidelobes
appear in the E-plane, with beam pointing angle increasing with
frequency, as is typical of forward LW radiation [12]. This was
a hint that the real radiation mechanism of dipole over the HIS
was not purely that of a magnetic mirror. One should note that
the field produced by a dipole over a patterned surface consists
of the so-called “spatial field” contribution, which is subject to
reflection due to a magnetic mirror, and also by modal fields
(bound and leaky waves). In this letter, we show that the term
due to the modal field plays an important role. For comparison
purposes, we choose the same HIS as in [4] where the HIS was
used as a substrate for a folded dipole (exact dogbone dimen-
sions and more or less the same overall HIS size). Therefore,
here, as in [4], the dogbone-shaped conductors have dimen-
sions (in millimeters) A = B = 7, A1 = 0.875, A2 = 6.83,
B1 = 3.5, B2 = 0.7, over a Duroid substrate (¢, = 2.2) with
thickness 4 = 1.6 mm. The ground and dogbone conductors are
made of 35-um-thick copper with conductivity 5.8 x 107 S/m.
The frequency at which the plane-wave reflection coefficient
from the HIS has zero-phase is 6.75 GHz (also called magnetic
resonance). It should be stressed that the proposed antenna is
not a conventional leaky-wave antenna, based on having a very
small LW attenuation constant «, as that studied in [13] for in-
stance. Note also that in high-gain Fabry—Perot cavity LW an-
tennas, as those in [13], the thickness is much larger than the
one considered in this letter.

II. DESIGN AND ANALYSIS

The HIS antennas in Fig. 1(a) and (b) are made of dogbones
shown in Fig. 1(c). Two types of feeding configurations are in-
vestigated and shown in Fig. 2: Case A and Case B. In Case B,
a twin line is used to connect the central row of dogbones. The
metal strips of the twin line have width A1. In both HIS antenna
designs, the feed is a lumped port placed in the gap between two
contiguous dogbones (Fig. 2), at the center of the antenna that is
simulated with Ansoft HFSS. The twin line is used to improve
the broadside gain by improving the excitation of parallel linear
arrays of dogbones (chains). This is compared to Case A and
explained later on.

The broadside gains of Cases A and B are plotted versus fre-
quency in Fig. 3. HFSS and Ansoft Designer provide an overall
agreement, besides a frequency shift, cross-validating the sim-
ulated radiation performance of the HIS antenna (all other re-
sults in the letter are obtained with HFSS). Case A provides
7.5-10 dBi gain over a band from 5 to 6.7 GHz. Case B pro-
vides a wide gain band from 5.5 to 7.6 GHz with gain values be-
tween 7.5 and 12.6 dBi. The sharp decrease in the broadside gain
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— - — Case A (Designer)
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1 Case B (Designer)

Fig. 3. Broadside gain with respect to frequency. HFSS results are compared
to those from Ansoft Designer.
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Fig. 4. E-plane and H-plane gain pattern at (a) 6.7, (b) 7.0, (c) 7.6, and
(d) 8.0 GHz.

at 5.4 GHz for Case B is due to opposite-phase currents in the
adjacent chains, whereas a similar phenomenon occurs around
7 GHz for Case A. The two antennas show similar gain trends
from 5 to 6.9 GHz, where Case A reaches the maximum gain of
9.9 dBi. However, the gain of Case B continues to grow to the
maximum of 12.6 dBi at 7.6 GHz. We conclude that from the
point of view of maximizing gain, the twin line feeding appar-
ently improves the HIS antenna performance. The comparison
of gain patterns in both E- and H-planes of the two HIS antennas
is provided in Fig. 4 at 6.7, 7, 7.6, and 8 GHz. At 6.7 GHz, both
Case A and B exhibit similar radiation patterns with a maximum
at broadside. At 7 GHz, the radiation pattern for Case A exhibits
two maxima in the H-plane around 47° from broadside. Indeed,
the sharp decrease in Fig. 3 of the broadside gain at 7 GHz (for
Case A) is related to the appearance of lateral beams. Case B ex-
hibits a radiation pattern with a maximum at broadside beyond
7 GHz. At 7.6 GHz, Case A exhibits a gain maximum at broad-
side, whereas Case B has sidelobes at 60° in the H-plane. At
8 GHz, even stronger sidelobes are present for Case B in both
planes and especially in the H-plane. The difference of gain and
radiation patterns in Cases A and B is associated with the dif-
ferent ways that the adjacent chains of dogbones are fed.
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Fig. 6. Broadside gain versus frequency, by changing the number of HIS ele-
ments along the x:-direction (for instance, 6 means three dogbones on each side
of the feed, as in Fig. 1). Increasing the number of elements causes the sudden
gain drop at lower frequencies.

In Case B, the phase of excitation of the lateral dogbone
chains is still almost in phase at frequencies up to 7.6 GHz to
cause the gain increase and the presence of the radiation max-
imum at broadside.

The lumped-port input impedance for Cases A and B is
plotted in Fig. 5. Near 6.2 GHz, the input resistance and
reactance of Case A changes slowly, showing that this is a
promising band for matching and also has desirable gain levels.
The elimination of the inductive input reactance requires fur-
ther investigation for input matching. The input impedance of
Case B has two frequency bands in which the real part has low
variation with frequency: 1) around 5.5 GHz, Case B exhibits
low reactance with gain of the order of 7.5 dBi; 2) around
6.8-7.6 GHz, Case B still exhibits slowly varying impedance
with gain in the range of 10—12 dBi. Also, the input reactance
is lower compared to Case A. To conclude, Case B seems
more favorable to be matched, and it exhibits a wider band of
broadband gain. A twin line may be exploited for feeding and
matching Case B; a coaxial feed from the bottom can be used
for feeding both Cases A and B.

A layer of dogbones in periodic arrangement can support
TM-like leaky modes along the dogbone chains (i.e., in the z-di-
rection, Fig. 1), as was also proved in [11]. Radiation from the
HIS is surely affected by the number of HIS elements in the di-
rection of LW propagation, especially when only a few elements
are used. This is shown in Fig. 6 for the promising HIS antenna
“Case B” by varying the number of dogbones in the chains and
keeping the number of chains fixed at 5.

When the number of dogbones in the chains is increased, the
dip after the gain peak moves to lower frequencies, as plotted in
Fig. 6. Also, the maximum broadside gains of Case B 6 x 5 and
8 % 5 designs are pretty high: 12.6 dBi at 7.6 GHz and 12.7 dBi
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Fig. 7. (a) Real and (b) imaginary part of the input impedance I?;, + 7.X;, for
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at 7.3 GHz, respectively. This result implies that it is better to
have at least a few dogbones along z, though increasing the
number of dogbones in a chain, to more than 6 for example,
does not improve the broadside gain considerably. This means
that most of the radiation is due to the currents flowing in the
first three dogbones close to the excitation port.

The real and imaginary parts of the input impedance of
Case B with 4x 5, 6 x5, 8 x5, and 10 x 5 dogbones are
plotted in Fig. 7. In all these cases, there are two regions
that are important for stable input matching. The first one is
around 6 GHz, where all the curves show more or less the
same impedance and same gain values (Fig. 6). The second
one is the frequency region where the real part of the input
impedance for the aforementioned four designs exhibits flat
regions. This happens between the two resonances: one at
6.5 GHz and the higher one in the range 7.4-8 GHz, depending
on the number of dogbones along the z-direction. Note that this
latter resonance corresponds to the sudden gain drop shown
in Fig. 6. In this second frequency band, the bandwidth of the
flat real part of the input impedance decreases with increasing
number of dogbones. In this region, the imaginary part of the
input impedances is not far from vanishing for all the cases. In
conclusion, increasing the number of dogbones to more than
six elements in the chains does not significantly improve the
gain and causes degradation in the bandwidth of input matching
in the second frequency region.

The radiation mechanism of the HIS antenna is now further
analyzed by exploring the TM-like LW in the HIS, propagating
along the z-direction (Fig. 1). We have already observed in
Fig. 6 that the plot of gain versus frequency tends to stabilize
when increasing the number of elements in the z-direction. This
behavior is now clarified by plotting the z-component of the
electric field in the gap between consecutive dogbones, versus
dogbone number, as in Fig. 8. This HIS is made of 30 dogbone
elements along the z-direction, and periodic boundary condi-
tions are used along the y-direction in the HFSS simulations.
The first dogbone in the row is excited by a lumped port. These
curves show that the field decays with a clear exponential trend
for the first dogbone elements, revealing the presence of an LW.
At 5.5 GHz, after element 4, the LW field is already decayed
25 dB, and other modes or the spatial field generated by the ex-
citation become dominant. Instead, at 6.5 GHz, the LW decays
with a smaller attenuation constant <, and the exponential decay
trend associated to the LW is clear for the elements 1-5. This
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the 2 -direction, which is dominant in the elements 1-5. They are normalized
with respect to the free-space wavenumber kg = w\/Egjt0.

analysis reveals that an LW is dominant at least in the first five
dogbones for several considered frequencies.

The normalized phase and attenuation constants (3 — jo)
of the dominant LW along z are plotted in Fig. 9 by curve-fit-
ting the electric field sampled at each of the first five dogbones,
#1-#5. The phase constant 3 of this LW is smaller than that of
free space until 8 GHz, thus clearly this mode is in the fast-wave
region (i.e., it is an LW.) The attenuation constant o decreases
as the frequency increases, whereas the phase constant /3 has
the opposite relation. This causes beam splitting in E-plane,
which decreases the broadside gain as the frequency increases.
Atlower frequencies, the currents on all the dogbones are almost
in phase, and the current magnitudes decay rapidly, which re-
sults in lower broadside gain, as clearly explained in [12]. Note
that at 6.6 GHz, 5 =~ « < ko, which has been indicated as the
optimum condition for an LW broadside beam [12]. The plot in
Fig. 8 also shows the field along the ¥-direction for a periodic
HIS with 30 elements along y, and PBCs along z, with only the
first element fed. A bound mode is traveling for a narrow fre-
quency band around 7.1 GHz (in agreement with [10]), causing
the out-of-phase excitation of parallel chains, and thus the drop
of broadside gain around 7 GHz for Case A.

III. CONCLUSION

HISs can be used as direct radiators without any dipole on
top. The presence of a usable leaky wave shows that HISs do
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not necessarily act simply as magnetic mirrors. The feeding in
Case B has higher gain, reaching values of 9-12.6 dBi, and
a better radiation pattern than Case A in the frequency band
6.7-7.6 GHz because of better excitation of the lateral dogbone
chains. It is worth mentioning that Case-B designs can be also
matched at frequencies of gain peak. Both designs A and B can
be used in the band around 6 GHz, with gains on the order of
7.5 dB, comparable to what was achieved in [4], though in this
letter we did not use a dipole on top of the HIS. It is for the sake
of comparison that we have used the same HIS as in [4] with
exact dogbone dimensions and more or less the same overall
HIS size. However, other HIS designs (including tapering of
dimensions) may offer even better performances, in terms of
gain and bandwidth, to be explored. The excitation by a dipole
may introduce degrees of freedom for input matching purposes.
However, some extra capacitance to balance the inductive reac-
tance shown in Figs. 5 and 7 can be easily inserted by modifying
the metal layer near the excitation.
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