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Abstract—The angular and polarization stability of the effective
magnetic wall behavior is critical for successful applications of
high-impedance surfaces, especially in low-profile antennas. We
suggest an approach to realization of a high-impedance surface
with unique magnetic-wall resonance for all incidence angles and
for both TE-and TM-polarizations of incident plane waves. In
order to achieve this goal we apply the concept of a grounded
uniaxial material slab as a realization of a HIS surface and find
the effective material parameters required for the unique parallel
resonance of the surface impedance. We show that these parame-
ters can be realized with a racemic arrangement of quasi-planar
resonant chiral particles. The analytical model of the structure
agrees well with full-wave numerical simulations of particular
realizations. The maximal deviation of the magnetic-wall reso-
nance frequency in the simulated example is smaller than 0.2%
for both polarizations and for the incidence angles varying from 0
to 85 degrees. To our knowledge, this is a qualitatively significant
improvement of previously obtained results.

Index Terms—High-impedance surface, grounded uniaxial ma-
terial slabs, oblique incidence excitation, reflection properties, wide
incidence angles.

I. INTRODUCTION

N general, the notion of the surface impedance is applicable

to a wide variety of artificial surfaces for electromagnetic
applications. Basically any surface with an engineered structure
with the period smaller than the wavelength can be charac-
terised in terms of its surface impedance depending on the
frequency, plane-wave incidence angle # and polarization type.
Therefore, different types of structures, such as corrugated
surfaces [1]-[3], frequency-selective surfaces [4], [5], mush-
room structures [6]—[8], etc., can all be categorized as artificial
impedance surfaces no matter how different the principles
of their operation might seem [9], [10]. In the present paper
we concentrate on so-called high-impedance surfaces (HIS)
[6]-[10], whose operation implies the magnetic-wall resonance
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at which the absolute value of their surface impedance signifi-
cantly exceeds the free space wave impedance.

For most periodic structures their surface impedance Z,
strongly depends on the incidence angle of a plane wave.
This angular dependence is different for TE and TM polarized
waves (here terms ‘TE’ and ‘TM’ as usually mean ‘transverse
electric’ and ‘transverse magnetic’ with respect to the unit
vector normal to the surface). For applications of HIS this
dependence is a serious drawback since HIS are mainly used
in antenna applications and it is desirable that they mimic the
magnetic wall response. If the frequency range of the magnetic
wall resonance were unique for the whole spatial spectrum, (in-
cluding evanescent waves), the radiation field of the horizontal
electric dipole located on the HIS would be doubled [6], [9],
[10], in accordance to the well-known mirror-image principle.
If the magnetic wall is mimicked at the same frequency at
least for the whole spectrum of propagating waves, one can
expect a significant improvement for the radiation efficiency for
low-profile antennas due to the constructive interference of their
free-space radiation with the waves reflected by the HIS [8],
[10], [11]. However, the actual improvement does not always
turn out to be significant. For electrically small antennas, the
improvement has even been quoted to be either marginal when
it results from the suppression of waves propagating along the
substrate in the absence of the HIS [11]-[13] or significant
when it results from the formation of the resonant cavity by a
finite-size HIS [14], [15]. In both these cases the enhancement
of radiation has nothing to do with constructive interaction
between the antenna and the HIS. This is rather easy to check
through the analysis of the antenna radiation resistance. For
majority of known low-profile antennas based on HIS it does
not experience the duplication with respect to its value for an
antenna located in free space [13]. This is not surprising since
the given angular range of the magnetic-wall resonance for
most of HIS corresponds only to a relatively small part of the
angular spectrum of plane waves excited by the primary source
of radiation [10], [16]-[18]. When the incidence angle varies,
the resonant frequency of the surface significantly shifts. As
a result, the interaction between the antenna and the HIS is a
combination of constructive and destructive interference effects
[10], [16]-[18].

To design a structure which would mimic the magnetic wall
properties for the whole angular spectrum of incident waves
becomes an important target. Attempts to improve the angular
stability of the magnetic-wall resonance are known [16]-[20],
however in these works only a partial stabilization has been
achieved (either for small incidence angles [16]-[18] or for one
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polarization [19], [20]—either TE or TM). A quite stable res-
onance of a HIS for both TE- and TM-waves within the wide
range of angles was demonstrated in papers [21], [22], where
the special design solution has been suggested based on effec-
tive split-rings resonators. In [21], [22] it was shown that the
structure possessing a rather angularly stable resonance behaved
as a uniaxial magnetic medium with resonant effective perme-
ability. However, papers [21], [22] did not contain a systematic
analysis of the angular stability for the magnetic-wall resonance.
Moreover, the target of these works was the maximally wide res-
onance frequency band, whereas the angular stability was only
a secondary result.

II. ALL-ANGLE AND BOTH POLARIZATIONS GROUNDED
UNIAXIAL SLABS

The present study is based on the idea of artificial uniaxial
material layers as promising to design different types of high-
impedance surfaces, which was introduced in [23]. In a uni-
axial material, the relative permittivity and permeability have
different values along the transversal and normal axes (defined
with respect to the surface of the material slab). As was shown
in [23], the use of uniaxial materials with proper parameters of-
fers a possibility for design of structures with the desired per-
formance of angularly-stable HIS, but some exotic values of the
effective material parameters (close to zero or very high) are
required. In the following we study one possibility to realize
an all-angle and both-polarizations magnetic wall through engi-
neering the needed normal components of the effective permit-
tivity and permeability.

A. Surface Impedance of a Grounded Uniaxial Material Slab

Following [23], here we briefly introduce the general for-
mulas for reflection coefficients from grounded uniaxial slabs
and discuss the choice of the required material parameters. In
Fig. 1(a), a schematic picture of a grounded uniaxial material
slab is shown. The properties of the material slab are described
by the effective transverse and normal permittivities (¢; and €,,)
and permeabilities (¢; and j1,,), respectively. It is convenient
to model the structure shown in Fig. 1(a) with the surface
impedance at the top interface of the structure. Assuming only
the fundamental-mode plane waves, this surface impedance
can be calculated through the transmission-line model [24]
(see more details in [25]), illustrated by Fig. 1(b) as the input
impedance of a TEM line section of length /. For this we need
both the wave impedance Z and the normal component (3 of
the wave number in the uniaxial material of the substrate.

The wave impedances in the uniaxial material read for TE-
and TM-polarized incident plane waves, respectively, as [25]
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Fig. 1. Anillustrative picture of the grounded uniaxial material slab (a). Index
t corresponds to the direction tangential to the interfaces, and index n marks the
components along the unit vector ii. Transmission-line model for the grounded
uniaxial material slab (b).

Here, the normal components of the wave vectors in the uniaxial
slab read [25]

PRy = weu, — Lok 3)

Bim = e — ;—tkf 4)
where k; = kg sin(6) is the transverse wave number (# is the
angle of incidence) and % is the wave number in free space.
Using the transmission-line model illustrated in Fig. 1(b) and
(1)—(4), we can write the surface impedances for both polariza-
tions as

ZIE = j P fan(frsh) ®)
BTE
) e,
ZSTM = jX—TM tan(frumh). (6)
WEet

Let us look more closely into the cases of TM and TE polar-
izations. Both surface impedances strongly depend on the inci-
dence angle and are different at the same frequency even for the
same 6. Our goal for both polarizations is to realize a magnetic
conductor whose performance would not be affected by the in-
cident angle nor by the polarizations of the fields.

The plane-wave reflection coefficient R is related to Z; as
[25]

ZIE —n/cos(f)
TE __ 8
= ZTE + 5/ cos(f) )

ZIM — pcos(6)

RTM _
ZIM 4+ ncos(6)
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Fig. 2. Reflection phase of a grounded dielectric slab (¢, = ,, = 2.25 and
Its+ = [tn = po) with the quarter-wavelength electrical thickness (A, /4 = 8
mm) for the normal incidence and for oblique incidences of 15, 30, 45, 60, 75
and 85 degrees, for (a) TE and (b) TM polarizations.

in the TE and TM-cases, respectively. Here 7 is the free-space
wave impedance. In order to realize a magnetic conductor, the
absolute values of the surface impedances for both polarizations
need to be maximized. When the surface impedance is infinite,
the reflection coefficient R equals +1, and the phase of R ex-
actly equals 0. One of the main problems for artificial magnetic
conductors is the angular dependencies of the magnetic wall
effect. A grounded dielectric slab with the quarter-wavelength
electrical thickness serves as a good example here. The mag-
netic wall effect moves to higher frequencies as the incidence
angle grows (see Fig. 2).

B. All-Angle and Both Polarizations Design

In view of possible practical realizations, we select a structure
with high values of the normal components of both permittivity
and permeability among the possibilities discussed in [23]. The
angle-dependence of the normal components of the wave vec-
tors (see (3) and (4)) come from the term k; = ko sin(f). In

order to minimize the angular dependency of the normal com-
ponents of the wave vectors, we should have

for TE polarization )
(10)

fbn — 0O,
en, — 00, for TM polarization.

In this case the normal components of the wave vectors become
independent from the incidence angle and equal to each other
for both polarizations, since
Bin = Brp = Wiy (11)
For this case, we can write the surface impedances (see (5)
and (6)) as

ZIE = ]ﬂ tan (Greh)
Bt
! Brm )
= ]& tan(ﬁTEh) = j/ ™ tan(ﬁTMh) = Z;FM.

Wr/Etlht WE

(12)

Now both surface impedances do not depend on the incidence
angle and are the same for both polarizations (Z1F = ZIM),
Thus, when the surface impedances for both polarizations are
maximized, the magnetic wall effect of the slab becomes inde-
pendent from the incidence angle for both TM and TE fields.

To illustrate the effectiveness of this method, we assume the
Lorentz resonant model for the effective normal permittivities
(e,,) and permeabilities (y+,,) near the resonance frequency
(wo), given by

1y Fexeg (13)
E&n = Eh -
! wi —w? + jwole

L, x w?
. = Hp [ 1 - - . 14
I 1} ( + w% 2 +Jw01ﬂm> (14)

Here ¢4, and i, are the host dielectric slab permittivities and
permeabilities, respectively (g5, = &4, o5, = pit). Fe and F,, are
constant values, and I', and I',,, are absorption coefficients. For
simplicity of the analytical study we neglect the losses in the
structure (I, = T',,, = 0). The effects of losses is studied at the
end of this paper.

For comparison with Fig. 2, a grounded uniaxial material slab
example is considered as well. With this example we wish to
demonstrate that the normal constitutive parameters of the uni-
axial material slab can help us to have incident-angle-insensitive
and polarization-independent magnetic wall effect. By substi-
tuting (13) and (14) in (3)—(8), for a grounded uniaxial material
slab with the quarter-wavelength electrical thickness (A, /4 = 8
mm) and choosing the resonance frequency (wq) of the normal
components of the constitutive parameters equal to the magnetic
wall effect frequency (6.32 GHz), we can see that the zero reflec-
tion coefficient phase for both polarizations are stable and the
magnetic wall effect of the slab becomes independent from the
incidence angle (see Fig. 3). Fig. 3(b) shows some spurious res-
onances with a very narrow frequency band after the resonance
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Fig. 3. The simulated reflection phase of grounded uniaxial material slab for
the normal incidence and for oblique incidences of 15, 30, 45, 60, 75 and 85
degrees for (a) TE and (b) TM polarizations. The results are calculated using
(13), (14). The parameters of the slab are the following: ¢, = 2.2,y =
jiooh =X, /4=8mm, F. = F,, = 1,we = 6.32 GHz.

frequency (wq) of the normal permittivities. The spurious reso-
nances appear due to the fact that after the resonance frequency
e, — 0, at which, according to (4), Srn — 0.

The above analysis allows us to establish the required con-
dition of grounded uniaxial material slab which will present a
unique resonant frequency for all directions of plane-wave in-
cidence: the slab material should have the effective normal per-
meabilities (y4,,) as described by formulas (9) and the effec-
tive normal permittivities (e,,) as described by formulas (10)
for TE and TM, respectively. The effective normal components
of the constitutive parameters can be made enough large by in-
troducing a resonance in these parameters. A realization of this
condition with proper designed inclusions will be discussed in
the following section.

Left Hand Spiral

h Right Hand Spiral
1

i
Nyy

A GND
-

A a
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Fig. 4. Proposed rectangular unit cell with racemic arrangement of embedded-
circuit inclusions parallel to ground plane.

C. The Proposed Inclusion

The main idea of the design which we introduce here comes
from the knowledge that a conducting chiral particle (for
example, a metal helix) develops strong electric and magnetic
dipole moments at the particle resonance. The resonant fre-
quency for both electric and magnetic polarizabilities is the
same, because both moments are created by the same current
flowing along the helix. Moreover, the shape of the spiral can
be engineered so that the relative effective permittivity and
effective permeability of a composite formed by many identical
helices are nearly equal to each other. This property was earlier
used in the design of matched absorbers and cloaks, where the
equality of the permittivity and permeability is an essential
requirement [26], [27]. For applications in artificial magnetic
walls chirality of the inclusions is not desired (since it produces
cross-polarized reflections). Thus, we will use racemic config-
urations combining particles with the opposite handedness.

Here we propose to use inclusions depicted in Fig. 4, which
basically shows (Fig. 5(a)) a broadside-coupled version of the
two-turn spiral resonator (2-SR) and other nonbianisotropic
topologies. The fundamental magnetic mode of these resonators
can be excited by both electric and magnetic fields applied
parallel to the ring axis. The susceptibility to the electric field
is due to the strong electric field between the upper and lower
rings that appear near the resonance. It is well known that the
current distribution in a resonator near its resonances does
not significantly depend on the exciting field distribution and
polarization, and the electric excitation of these resonators
excites the fundamental resonant mode (the quasi-static reso-
nance). The electric and magnetic excitations provide effective
negative permittivity and permeability, and for avoiding the
chirality effect we can use a racemic arrangement of inclusions.
In general, these types of resonators can be implemented in two
dimensional (2-D) arrays, as an embedded-circuit metamaterial,
for providing a uniaxial substrate.

Inspection of the currents at resonances, inferred from the
particle symmetries and full-wave electromagnetic simulations,
allows us to predict the dipole moments induced in different res-
onators. The application of an axial, uniform, and time varying
electric/magnetic field to the proposed resonators induces cur-
rent loops at the resonance. Current loops can also be induced by
a uniform time varying electric field lying in the particle plane
(z-y plane) for broadside coupled spiral resonators (BC-SR)
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Fig. 5. Topologies for metamaterial resonators with two metal levels (at both
sides of a dielectric layer) connected by vias. (a) Broadside coupled spiral res-
onators (BC-SR). (b) broadside-coupled nonbianisotropic split ring resonator
(BC-NB-SRR). (c) Resonant particle with eight appropriately shaped metal el-
ements at both sides of a dielectric layer, connected by four vias. (d) Resonant
particle similar to (c) but with one via instead of four vias to simplify fabrication
techniques.

(see Fig. 5(a)). This is due to the dipolar electric moment in-
duced in the rings, as a consequence of the cross polarization
effects present at the BC-SR first resonance. Similarly, an elec-
tric/magnetic field applied in the axial direction is also able to
induce this dipolar electric moment. This bianisotropic behavior
of BC-SRs is closely related to their topology. Now let us con-
sider a regular planar square array formed by BC-SRs located
near an ideally conducting plane and parallel to that plane. As
has been shown in [28], there can exist a possibility for a very
strong and narrow resonance response from an array of electric
dipoles positioned parallel and near to an ideally conducting sur-
face due to very strong interaction between the dipoles array and
the ground plane. Thus, the dipolar electric moment induced in
the z-y plane should be removed to increase the frequency band-
width of the magnetic wall effect.

On the basis of the above observations, other resonant par-
ticles can be proposed in order to avoid bianisotropy in gen-
eral. A broadside-coupled nonbianisotropic split ring resonator
(BC-NB-SRR) (see Fig. 5(b)) can be proposed in order to avoid

the cross-polarization effects and the dipolar electric moment
induced in the z-y plane. By combining eight appropriately
shaped metal elements at both sides of a dielectric layer and
connecting them by four vias, it is possible to design new res-
onant particles with negligible cross-polarization effects and
more complete symmetry in the z-y plane (see Fig. 5(c)). This
topology yields more similar response for both TE and TM po-
larizations. Finally, we can use just one via instead of four vias
to simplify fabrication of such inclusions (see Fig. 5(d)).

We realize a periodic racemic arrangement array of em-
bedded-circuit inclusions (depicted in Fig. 5(d)) parallel to
ground plane (see Fig. 4) that presents a relatively high arti-
ficial normal permittivity (g,,) and permeability (u,,) at the
frequency of resonance.

III. NUMERICAL RESULTS AND VALIDATION

In order to study if the desired response outlined in
Section II.LB can be indeed realized with the topologies
described in Section II.C, we will use the rectangular unit cell
depicted in Fig. 4 and verify the response by full-wave sim-
ulations using Ansoft’s High Frequency Structure Simulator
(HFSS). In reference to Fig. 4, “a” is the unit cell size in both
z and y-axes directions, “A” is the slab thickness, and “h;” and
“hy” are the distances to the left- and right-handed inclusions
from the ground plane. To have the resonance frequency of
the inclusions (responsible for the normal components of the
constitutive parameters) equal to the magnetic wall resonant
frequency for both TE and TM fields, the inclusions dimensions
and the unit cell parameters must be optimized. As an example
of the performance of the proposed realization for an all-angle
grounded uniaxial material slab, a periodic structure based on
the unit cell of Fig. 4 with the following parameters is consid-
ered: t = 1.3 mm, w = 0.39 mm, s = 0.05 mm, 2r = 0.58
mm (in reference to Fig. 5) and ¢ = 7 mm, A = 6.32 mm,
hy = 4.52 mm and hs; = 0.52 mm and &; = 2.2¢q, it = o,
(in reference to Fig. 4).

The phase of the reflection coefficient of the structure (ob-
tained from full-wave electromagnetic simulations by means of
the HFSS commercial software) for the normal incidence and
for oblique incidences at 15, 30, 45, 60, 75 and 85 degrees for
TE and TM polarizations is depicted in Figs. 6(b) and 7(b), re-
spectively. The results of simulations based on the method pro-
posed in Section II.B are also shown in Figs. 6(a) and 7(a) and
can be easily compared with the results obtained from the nu-
merical electromagnetic simulation. We assume that the height
h is not much smaller than a. In this situation we can neglect
higher-order Floquet modes generated by the periodical cells.
All parameters are the same as those of Fig. 3 except £, and F),,
values, which are tuned in order to model our example here. In
the HFSS simulations, when 8 varies from 0° to 85° the zero
phase reflection varies between 6.3190 and 6.3204 GHz for TE
and between 6.3196 and 6.3316 GHz for TM polarizations. The
maximal angular deviation of the resonant frequency is then
Awg /wg = 0.022% for TE and 0.19% for TM polarization. To
avoid cross-polarization effects we have used a racemic arrange-
ment of inclusions in a unit cell. To illustrate the effectiveness
of the proposed approach we can check the cross-polarization
levels for both TE and TM fields. Full-wave electromagnetic
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Fig. 6. The reflection coefficient phase of grounded uniaxial material slab for
the TE polarization and for the normal incidence, oblique incidences of 15, 30,
45, 60, 75 and 85 degrees. (a) The slab parameters are: ¢, = 2.2¢q, pt; =
fto,h =Xy /4 =8mm, F. =0.15, F,,, =0.10,wo = 6.32 GHz. The results
are calculated using (13), (14). (b) Full-wave electromagnetic simulation of unit
cell with parameters: t = 1.3 mm, w = 0.39 mm, s = 0.05 mm, 2r = 0.58
mm,a =7 mm, b =6.32mm = A, /5.1, = 4.52 mm, h> = 0.52 mm,
g: = 2.25q, and pty = po.

simulations show that this value is lower than —22 dB when 4
varies from 0° to 85° for both TE and TM polarizations. The
frequency bandwidth of HIS is not wide in general and usually
it is considered only for the normal incidence. In our case and
specially for TE waves, the bandwidth is narrow for large angles
of incidence. But other structures (see Fig. 2) without angularly
stabilization, completely loose the AMC properties for large in-
cidence angles.

Losses in metamaterials render many applications of such ex-
otic materials less practical. Here we study the effects of losses
in our example by considering a particular substrate: Rogers
RO5880 with the dielectric constant £, = 2.2, tan 6 = 0.0009
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Fig. 7. The reflection coefficient phase of grounded uniaxial material slab for
the TM polarization and for the normal incidence, oblique incidences of 15,
30, 45, 60, 75 and 85 degrees. (a) The slab parameters are: £, = 2.2zq, j#; =
pio. = XAy /4 =8mm, F. =0.15, F,,, = 0.10, wo = 6.32 GHz. The results
are calculated using (13), (14). (b) Full-wave electromagnetic simulation of unit
cell with parameters: t = 1.3 mm, ¢ = 0.39 mm, s = 0.05 mm, 2r = 0.58
mm,a = 7mm, b =6.32mm = A,;/5.1,h; = 4.52 mm, h> = 0.52 mm,
gr = 2250, and pt; = po.

and deposited copper layers of the thickness 35 xsm with the bulk
conductivity ¢ = 5.6 x 107 S/m. When we consider the metal
thickness for the resonators, the resonance frequency (wg) of the
normal components of the constitutive parameters will change.
Thus, all the parameters are kept the same as those of Figs. 6
and 7, except the value of £, which is tuned in order to ensure
the magnetic wall effect frequency equal to wg. The results are
depicted in Fig. 8. In the HFSS simulations of the lossy case,
when # varies from 0° to 85°, the zero phase reflection point
varies between 6.414 and 6.427 GHz for both TE and TM polar-
izations. The maximal deviation of the magnetic-wall resonance
frequency in this simulated example is again smaller than 0.2%
for both polarizations and for the incidence angles varying from
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Fig. 8. The reflection coefficient phase of a lossy grounded uniaxial material
slab for the TE and TM polarizations. The unit cell parameters are the same as
those of Figs. 6 and 7, except & = 6.22 mm, /; = 4.42 mm, hy = 0.42
mm. The considered substrate is Rogers RO5880 with the dielectric constant
g = 2.2.tan & = 0.0009 and the deposited copper layer of the thickness 35
stm with the bulk conductivity ¢ = 5.6 x 107 S/m.

0 to 85 degrees. This simulation shows that losses in commer-
cially available substrates do not deteriorate the desired effect
and ensures successful realization.

IV. CONCLUSION

In this work we have suggested and numerically studied a
practical implementation of the governing idea of the previous
work [23] where the angular stability of a high-impedance sur-
face has been found achievable using a uniaxial magneto-di-
electric medium with extreme parameters. We have engineered
these parameters designing an effective medium as an array of
scatterers which are feasible to manufacture using the existing
LTCC technology. A scatterer is formed by two planar metal
spirals connected by two vias. The angular stability of the mag-
netic-wall resonance frequency in our numerical examples is ex-
cellent. The shift of the resonance versus the incidence angle is
not detectable visually because it is smaller than 1%. This result
promises radiation enhancement for low-profile antennas which
is related neither to the finite sizes of the HIS nor to the suppres-
sion of eigenwaves in the grounded substrate. The gain related to
the angularly stable magnetic wall effect can complement these
already achieved mechanisms of the antenna radiation enhance-
ment. Experimental realization of the suggested HIS as well as
practical designs of low-profile antennas enhanced using our
HIS are planned in the future.
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