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Polarization-Insensitive Holographic Surfaces
With Broadside Radiation

Mei Li, Student Member, IEEE, Shao-Qiu Xiao, Member, IEEE, and Daniel F. Sievenpiper, Fellow, IEEE

Abstract— Scalar holographic surfaces (HSs) with a unique
polarization-insensitive property are presented. The proposed
HSs are constructed by sinusoidally modulated loop-wire unit
cells, which can support both TE mode and TM mode propa-
gation with the same phase velocity. The modulation principle
in terms of refractive index is presented, which is convenient
for HS designs concerning both TE and TM modes. A scalar
polarization-sensitive HS using square patches exhibits a mis-
match in the E- and H-plane beamwidths due to the sin (ϕ)
circumferential illumination of the x-directed dipole, resulting
in a low aperture efficiency. Two novel scalar HS designs using
loop-wire configuration in square lattice and hexagonal lattice
are proposed which exhibit the polarization-insensitive property
with nearly circularly symmetric E- and H-plane beamwidths
when illuminated by an x-directed dipole. Both simulations and
measurements are carried out in this paper, which agree well
with each other.

Index Terms— Holographic surfaces (HSs), leaky-wave
antennas, metasurfaces, modulated surfaces.

I. INTRODUCTION

A HOLOGRAPHIC surface (HS) is a kind of modu-
lated artificial surface based on the interference pattern

between the currents generated by a source, which can be a
small feed or a plane wave impinging on the surface, and the
desired fields, which can be radiating leaky waves or bound
surface waves [1]. HSs are usually constituted by a series of
modulated conducting strips [2]–[6] or subwavelength, electri-
cally small periodic unit cells [1]. By properly engineering the
geometrical dimensions of the unit cells, the effective surface
impedance can be modulated. Due to the simple manufacture
process using standard printed-circuit techniques, HSs have
the advantages of low cost, low profile, lightweight, and
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conformability, and thus have gained increasing attention in
recent years.

One predominant application of HSs is holographic anten-
nas and also known as impedance modulated surfaces,
which are essentially leaky-wave antennas with radiation
performance of high gain and pencil beams. In 1959,
Oliner and Hessel [7] studied the propagation characteristics
and field distributions of waves guided by a sinusoidally
modulated reactance surface. A printed, 1-D leaky-wave
antenna with a sinusoidally modulated surface reactance was
designed in [5]. 2-D holographic antennas using scalar and
tensor holographic artificial impedance surfaces were proposed
in [1], demonstrating that a tensor impedance surface can
provide control over polarization. Minatti et al. [8], [10],
Faenzi et al. [9], and Pereda et al. [11] have done intensive
study on circularly polarized holographic antennas including
using scalar impedance surfaces with a spiral modulation as
well as tensor impedance surfaces to properly polarize the
aperture field. In [11], two synchronized modes (TE and
TM modes) with the same phase velocity are generated by
selecting an appropriate tensor modulated surface and an
LHCP or RHCP antenna is then obtained when the circular
waveguide-feed is excited with two mutually orthogonal TE11
modes in phase-quadrature. It is reported in [12] that by
varying the relative phase of the sinusoidal modulation of
the different regions of a scalar impedance HS, it is possible
to obtain a desired pencil beam with a desired polarization.
Besides the application of holographic antennas, HSs can
also be applied to the field of surface-wave manipulation.
A focusing HS, which can convert the incoming propagating
waves to surface waves and then focus on a spot, is presented
in [13]. This mechanism can be seen as the inverse process
of a holographic antenna. HSs have also been reported to be
used in the aspect of near-field focusing [14] and radar cross
section reduction [15].

Scalar impedance surfaces generally support the propagation
of either a TM or a TE lower order surface-wave mode at a
given frequency. For a vertically polarized (TM) surface-wave
excitation, for instance, a circularly symmetric E- and H -plane
beamwidth can be achieved when the HS, as shown in Fig. 1, is
constituted by a scalar artificial surface supporting TM surface
waves (namely, TM-type HS) [10]. However, for a horizontally
polarized incidence wave originating from an x- or y-directed
infinitesimal electric dipole, the radiation pattern of one plane
(E- or H -plane) exhibits noticeably wider beamwidth than
that of the other plane (H - or E-plane), regardless of whether
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Fig. 1. TM-type HS with z-directed monopole excitation.

Fig. 2. TE-type HS with horizontal dipole excitation. (a) Sin(ϕ) cir-
cumferential illumination of the HS by the x-directed electric dipole.
(b) E- and H -plane radiation patterns with different beamwidths.

the HS is composed of a TM- or TE-type scalar impedance
surface [3], [16]. Fig. 2 shows a sinusoidally modulated HS
composing of a TE-type scalar metasurface excited by a
small, x-directed electric dipole. The HS is thereby sin(ϕ)
circumferentially illuminated by the dipole. As a result, the
radiation pattern in the E-plane is much wider than that of
H -plane [as shown in Fig. 2(b)], which would result in a
low aperture efficiency. This part of work will be illustrated
in detail in Section III. With the aid of tensor impedance
surfaces, it is possible to obtain a rotationally symmetric pencil
beam from a horizontal, linearly polarized excitation [11].
Instead of using tensor HSs, this paper focuses on utilizing
scalar metasurfaces to realize this radiation property aiming
to improve the aperture efficiency. The unit cell structure of
the scalar metasurfaces is based on the polarization-insensitive,
double-layered, and loop-wire configuration proposed in [17],
which can support both TM and TE modes with the same
phase velocity.

This paper is organized as follows. Section II presents
the modulation principle of the HSs in terms of refractive
index. Based on this modulation principle, a polarization-
sensitive HS consisting of metallic square patches is pro-
posed and analyzed when excited by an x-directed small
electric dipole in Section III. Polarization-insensitive HS using
loop-wire unit cells arranged in square lattice and hexagon
lattice are proposed in Sections IV and V, respectively.
The characteristics of these two HSs are investigated both by

simulation and measurement. Then, conclusions are drawn in
Section VI.

II. MODULATION PRINCIPLE OF HOLOGRAPHIC SURFACES

Instead of modulating the surface impedance to synthesize
an HS, as is widely used in [1], here, the propagation constant
is sinusoidally modulated by the following expression:

β = β0 + m cos

(
2π

a
ρ

)
(1)

where β0 is average propagation constant and also represents
the unperturbed value of β with m = 0, m is the modulation
factor, a is the period of the modulation, and ρ is the radial
distance from the center point in a cylindrical coordinate
system.

Because of the one-to-one mapping of propagation con-
stant values with modulated geometry, the HSs obtained by
sinusoidally modulated propagation constant correspond to a
sinusoidally modulated periodic surface. Based on Floquet
theory, the propagation constant of a periodic structure can
be written as follows:

βt p = βt0 + 2πp

a
= β0+�β + 2πp

a
(2)

where p (0,±1,±2 . . .) is the index of the Floquet mode,
βt0 is the propagation constant of the Floquet mode with an
index of p = 0, and �β is perturbation of β caused by the
non-zero modulation m. βt0 is close to β0 when the modulation
of the surface is small [5]. Therefore

βt p ≈ β0 + 2πp

a
. (3)

The beam direction θ0 can be determined from

sin (θ0) = βt (−1)

k0
= β0− 2π

a

k0
. (4)

Considering the case of normal radiation (equally, plane
waves normally illuminating the surface), there is θ0 = 0°.
Therefore, it can be obtained that a = (2π/β0), and (1) can
be rewritten as

β = β0 + m cos(β0ρ). (5)

Dividing k0, i.e., the wavenumber in the free space, to both
sides of the equation, we have

β

k0
= β0

k0
+

(
m

k0

)
cos(β0ρ). (6)

Let n = β/k0, X = β0/k0, and M = m/k0. Then

n = X + M cos(Xk0ρ) (7)

where n represents effective refractive index, X represents
the average refractive index and determines the period of the
modulation, and M is the modulation depth. X and M can be
properly chosen in each individual HS design. Note that X > 1
in (7) should be met such that no other spatial harmonics
radiate besides the p = −1 harmonic. Meanwhile, M should
be small enough to be consistent with (3).

Equation (7) provides the modulation principle in terms
of effective refractive index to synthesize an HS and will
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Fig. 3. Effective refractive index as a function of length p at 15 GHz.
Scatters show the result of HFSS calculations, and the line is obtained by
curve-fitting. The lattice constant of the unit cell is g = 3.5 mm.

be employed to synthesize all of the HS proposed in this
paper. Using index instead of surface impedance to express the
modulation formula offers the following convenience: On the
one hand, the conventional calculation process from index
to surface impedance and then to modulated geometry is
simplified. Here, index is directly mapped to the modulated
geometry. The need for intermediate surface impedance cal-
culation is avoided. One the other hand, regardless of TE or
TM mode, X and M in (7) stay the same so as to guarantee the
phase matching of these two kinds of modes, i.e., XTE = XTM
and MTE = MTM, as demonstrated in Sections IV and V.
In contrast, when the modulation principle is expressed in
terms of surface impedance, the average impedance X [1] of
TE and TM modes is different and so is the corresponding
modulation depth M [1].

III. POLARIZATION-SENSITIVE HOLOGRAPHIC SURFACE

DESIGN USING SQUARE PATCHES

In this section, an HS constructed by subwavelength con-
ductive square patches is designed by using (7). Those square
patches are printed on the top layer of a bare dielectric with
a relative permittivity of 2.2 and thickness of 1.575 mm. It is
known that arrays constructed by discrete patches without a
ground plane predominantly support TE-type surface waves.
Fig. 3 plots the simulated effective refractive index n as a
function of the patch length pat a frequency of 15 GHz for a
periodically infinite array. The geometry of the unit cell and
nonlinear curve fit are also provided in Fig. 3. ANSYS HFSS
was used for simulation in this paper.

An HS in circular layout with a radius of R is proposed
in this paper. As shown in Fig. 4, a quarter of the HS with
symmetric boundaries is modeled to simplify the simulation.
The HS is generated using (7) with the values of X = 1.252
and M = 0.196. In order to investigate the performance of the
proposed surface, a lumped port with E-field aligned with the
x-axis is assigned at the center to excite the surface.

Fig. 4. Quarter of the HS in circular layout with a radius of R = 5.87λ0,
where λ0 corresponds to the free-space wavelength at a frequency of 15 GHz.
Symmetric boundaries (i.e., perfect E and perfect H) are used to simplify the
simulation. A lumped port with the electric field E aligned with the x-axis
(shown in the red shadow) is assigned at the center. X and M in (7) take the
value 1.252 and 0.196, respectively.

Fig. 5. Radiation patterns of the HS constituted by conductive patches. The
directivity is 20.6 dBi at θ = 180° direction and 19.5 dBi at θ = 0° direction.
The slight difference in directivity is due to the presence of dielectric. The
return loss due to impedance mismatch is not included in the radiation
patterns.

Radiation patterns and field distributions are analyzed to
examine the surface performance. Fig. 5 shows the radiation
patterns of the HS. As can be seen from Fig. 5, the patterns
in the H - and E-plane differ greatly in beamwidth. A narrow
beam is shaped in the H -plane, while a much broader beam is
formed in the E-plane, which is consistent with the analysis
in Fig. 2. As a result, the aperture efficiency ((Dλ2)/(4π A),
where D is the directivity and A is the physical size of the
HS) of the HS is 8.72% when considering the backward beam
(θ = 180°) only and 15.27% when considering both the
forward (θ = 0°) and backward beams.
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Fig. 6. Field distributions of (a) Ex component and (b) Ey component on
a reference plane with a distance of 1 mm above the HS.

The field distributions of the Ex and Ey components along
the HS are investigated to get a better understanding of
the radiation mechanism. Assume the electric field of the
excitation has the form of E0 �x . In the cylindrical coordinates
system, there is

�ex = �eρ cos(ϕ) − �eϕ sin (ϕ). (8)

For a TE-type HS, only Eϕ component can propagate along
the HS. Therefore, the fields on the HS are as follows:

Eϕ = −E0 sin(ϕ) (as the plot shown in Fig. 2) (9a)

Eρ = 0. (9b)

Since

�eϕ = − �exsin(ϕ) + �ey cos(ϕ). (10)

Therefore, according to (9a), (9b), and (10), Ex and Ey

components on the HS have the following forms:
Ex = −Eϕ sin (ϕ) = E0 sin2(ϕ) = E0

2
(1 − cos(2ϕ)) (11)

Ey = Eϕ cos(ϕ) = − E0

2
sin(2ϕ). (12)

The field distributions of the Ex and Ey components on
a reference plane with a distance of 1 mm above the HS are
shown in Fig. 6. As can be seen from Fig. 6(a), Ex component
is concentrated around the y-axis (ϕ = 90◦) and is nearly
zero along the x-axis (ϕ = 0°), which is consistent with (11).
According to Fig. 6(b), the Ey component has the maximum
at the ϕ = 45° direction and the minimum at the ϕ = 0° and
ϕ = 90° directions, which perfectly agree with (12).

To sum up, an x-directed dipole on a TE-type HS would
result in a much wider beamwidth in the E-plane than
that in the H -plane. Similarly, an x-directed dipole on a
TM-type HS would result in a wider beamwidth in the
H -plane compared to that in the E-plane. Therefore, it can
be concluded that HSs supporting only the TM or TE mode
would result in a low aperture efficiency in the cases of
horizontal dipole excitation due to their polarization-sensitive
property. In order to overcome this disadvantage, polarization-
insensitive metasurfaces that simultaneously support both TM
and TE modes are utilized to achieve a pencil beam with
nearly circularly symmetric E- and H -plane beamwidths in
the following sections. Other methods to improve the aper-
ture efficiency include using tapered modulation, as reported
in [18].

Fig. 7. Loop-wire unit cell in square lattice.

IV. POLARIZATION-INSENSITIVE HOLOGRAPHIC SURFACE

DESIGN USING LOOP-WIRE CELLS IN SQUARE LATTICE

A. Unit Cell Design

In general, scalar metasurfaces dominantly support either
the TM or TE mode at a given frequency, and limitations
exist due to such polarization sensitivities. It is reported in [17]
that surface waveguides composed of two frequency-selective
surfaces (FSSs) layers whose dominant modes are TE and
TM, respectively, can be designed to exhibit the property
of supporting both TE and TM modes with the same phase
velocity at a given frequency. Specifically, a square loop-
wire configuration, as shown in Fig. 7, can achieve such
polarization-insensitive property. A conductive square loop
and a conductive wire-grid are printed at the top and bottom
layer of a dielectric with a thickness of h = 1.575 mm and
relative permittivity of εr = 2.2. The square lattice constant
of the unit cell is p = 3.5 mm. The outer edge length of the
square ring is kept as a constant of lout = 3.3 mm. The lengths
of the inner edges of the square loop and the wire-grid are lin

and lb, respectively.
The square loop-wire unit cells with the same dimensions

as shown in Fig. 7 are utilized to synthesize the polarization-
insensitive HS. In order to enable the phase matching of
TE and TM modes, it is necessary to guarantee that prop-
agation constants of TE and TM modes are the same. The
modulation principle of such an HS becomes

nTE = nTM = X + M cos(Xk0ρ). (13)

The next step is to determine the effective refractive index
as a function of the geometric parameters of the unit cell.
Note that, compared to a purely TE- or TM-type HS as
that in Section III, one additional requirement needs to be
met: the dispersion curves of the TE and TM modes must
overlap at the HS operation frequency, satisfying nTE = nTM.
By properly choosing the values of lin and lb, the refractive
index of TE and TM modes can be tuned simultaneously, as
shown in Fig. 8. For illustration, Fig. 8 plots indexes versus
frequency for three particular sets of (lin , lb) values, where
green points show the desired indexes satisfying nTE = nTM
at the operation frequency. In the same manner, we can obtain
a series of indexes and the corresponding (lin , lb) values, which
will be used to calculate the index functions versus geometric
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Fig. 8. Indexes versus frequency for three different sets of (lin ,lb). For each
set, the two curves show the index overlap of the TE and TM modes. The
operation frequency of the HS is 15 GHz. Three green points indicate the
desired indexes satisfying nTE = nTM at the operation frequency.

Fig. 9. Index versus lengths (a) lin and (b) lb of the loop-wire unit cell in
square lattice.

parameters, as will be shown in Fig. 9. It is worth noting that,
lin and lb have a dominant effect on the dispersion curves of
the TE mode and TM mode, respectively, which is intuitive
because the loop FSS dominantly supports the TE mode and
wire-grid FSS dominantly supports the TM mode.

The index n, i.e., n = nTE = nTM, as a function
of lin and lb at a frequency of 15 GHz is given

Fig. 10. Circumferential illumination of an HS by the x-directed electric
dipole. The HS supports both TE and TM modes.

in Fig. 9(a) and (b), respectively. The scatter points are
obtained from HFSS simulations by the same way as shown
in Fig. 8, and the blue curves are obtained by nonlinear curve
fit. For a given index, the values of lin and lb can be uniquely
determined by solving these two fitting functions. Therefore,
both layers are sinusoidally modulated for each HS constituted
by this type of unit cells.

B. Holographic Surface Design

The field distributions on a polarization-insensitive
HS excited by a small x-directed electric dipole are shown
in Fig. 10. Because the HS can support both TE and TM
modes, both Eρ and Eϕ can propagate on the surface.
Assume the excitation of the x-directed dipole has the same
expression as that in Section III, i.e., E0 �x . According to (8)

Eρ = E0 cos(ϕ) and Eϕ = −E0 sin(ϕ). (14)

Fig. 10 shows the field distributions of Eρ and Eϕ on the HS
structure. As a result, circularly symmetric E- and H -plane
beamwidths can be achieved because the amplitude of the
circumferential illumination of the dipole is constant.

A sinusoidally modulated HS constituted by loop-wire unit
cells is designed by using function (13) with X = 1.3 and
M = 0.13. A quarter of the HS in square lattice is shown
in Fig. 11. Symmetric boundaries are used to simplify the
simulation. As shown in Fig. 11, both the top layer (loops)
and the bottom layer (grid-wires) are sinusoidally modulated.
The HS works at a frequency of 15 GHz. The radius of the
simulated HS is R = 6λ0 (λ0 is the free-space wavelength at
15 GHz.). To examine the electromagnetic properties of the
proposed HS, a lumped port with polarization aligned with
the x-axis is assigned at the center of the bottom layer of the
HS structure.

The performance of the proposed HS is examined by
HFSS simulations. Fig. 12 shows the radiation patterns of the
proposed HS. As can be seen from Fig. 12, the E- and H -plane
patterns are nearly the same, especially for the forward
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Fig. 11. Quarter of the modulated HS composed of loop-wire unit cells in
square lattice. (a) Top layer pattern. (b) Bottom layer pattern. Symmetric
boundaries are used to simplify the simulation. X and M in (13) are
1.3 and 0.13, respectively.

Fig. 12. Simulated radiation patterns with a maximum directivity of 25.6 dBi
at θ = 0° direction and 20.7 dBi at θ = 180° direction. The return loss due
to impedance mismatch is not included in the radiation patterns.

beam (θ = 0°). However, for the backward beam (θ = 180°),
the beamwidth in the H -plane is noticeably wide compared to
that in the E-plane. This is due to the lumped port excitation,
which is directly attached to bottom layer, i.e., the wire-grid
layer. As is mentioned before, the wire-grid layer would have a
strong effect on the TM mode and therefore, for the backward
beam, the beamwidth of the H -plane pattern is wider than
that of the E-plane pattern. In the whole, such a pencil beam
demonstrates that a rotationally symmetric E- and H -plane
beamwidth can be achieved when the HS can support both
TE and TM modes simultaneously. Therefore, a high aperture
efficiency can be predicted. In fact, the aperture efficiency is
25.5% when considering the forward beam only and 33.7%
when including both the forward and the backward beams,
which demonstrates a great improvement compared with the
aperture efficiency reported in Section III.

The field distributions of Ex and Ey components of an HS
supporting both TE and TM modes can be derived as follows.

Since

�eρ = �ex cos(ϕ) + �ey sin (ϕ). (15)

Fig. 13. Field distributions of (a) Ex and (b) Ey components at a distance
of 1 mm above the surface.

According to (10), (14), and (15), the Ex and Ey components
on the HS structure have the following forms:

Ex = −Eϕ sin (ϕ) + Eρcos(ϕ) = E0 (16)

Ey = Eϕcos(ϕ)+Eρ sin (ϕ) = 0. (17)

Expressions (16) and (17) manifest that the Ex component
remains constant at the HS surface with the same magnitude
as the excitation and is independent of the azimuthal angle ϕ,
while the Ey component is always zero.

Fig. 13 plots the field distributions of Ex and Ey com-
ponents on a reference plane at a distance of 1 mm above
the HS. As can be seen from Fig. 13(a), contrasting with
those in Fig. 6(a), the Ex component is distributed along
the whole surface, as is consistent with (16). Meanwhile, the
Ey component is very weak over the whole surface, which
agrees well with (17). Therefore, for the proposed polarization-
insensitive HS, an x-directed dipole can fully illuminate the
HS, which contributes to its high aperture efficiency.

Fabrication and measurements are carried out to verify the
simulations. In simulation, the HS is excited by a lumped
port. Similarly, in experiment, the HS is excited by an SMA
probe with the inner conductor soldered to one edge of the
wire-grid (bottom layer) and the outer conductor soldered
to the other edge of the wire-grid along the x-axis. Fig. 14
shows the measured radiation patterns, which agree well with
those in Fig. 12. The fabricated HS panel is also provided in
Fig. 14. As can be seen from Fig. 14, the beamwidths in the
E- and H -plane are nearly the same. Compared with simula-
tion, a slightly higher side lobe level appears around θ from
90° to 120° due to the SMA probe feed on the bottom layer.

V. POLARIZATION-INSENSITIVE HOLOGRAPHIC SURFACE

DESIGN USING LOOP-WIRE CELLS

IN HEXAGONAL LATTICE

A. Unit Cell Design

Square and hexagonal lattices are two commonly seen lattice
types. The effects of these two lattice types on dispersion
curves have been investigated by using the loop-wire configu-
ration in [17], which demonstrates that surface waveguides
with a hexagonal lattice exhibit better performance in the
aspect of dispersion isotropy than those with a square lattice.
In this section, an HS using hexagonal loop-wire unit cells,
which can support both TE and TM modes propagation, is
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Fig. 14. Fabricated HS panel and its measured radiation patterns.

Fig. 15. Loop-wire unit supercell in hexagonal lattice.

proposed following the same design procedure as that in
Section IV. For the sake of calculation, as shown in Fig. 15, a
rectangular unit supercell instead of a hexagonal one is chosen
for simulation. As shown in Fig. 15, a rectangular supercell
consisted of hexagonal unit cells in terms of discrete loop-FSS
for the top layer and continuous wire-FSS for the bottom layer
is presented. A conductive hexagonal loop and a conductive
wire-grid are printed at the top and bottom layer of a dielectric
with a thickness of h = 1.575 mm and relative dielectric
constant of εr = 2.2. The outer edge length of the square
ring is kept as a constant of lout = 2.8 mm. The lengths of
the inner edges of the square loop and the wire-grid are lin

and lb, respectively. The gap between two adjacent loops is
s = 0.25 mm.

Next, the relationship between index and geometric para-
meters of the hexagonal loop-wire unit cell needs to be
determined. The index of the TE mode and the TM mode
can be tuned simultaneously (i.e., nTE = nTM) when
lengths lin and lb are properly chosen. The index n
(n = nTE = nTM) versus lengths lin and lb at a frequency of
13.5 GHz is given in Fig. 16(a) and (b), respectively, where the
points are obtained from HFSS simulations and blue curves
are obtained by curve fitting.

Fig. 16. Index versus lengths (a) lin and (b) lb of the loop-wire unit cell in
hexagonal lattice at a frequency of 13.5 GHz.

B. Holographic Surface Design

An HS in hexagonal lattice is designed using the hexagonal
unit cells presented in Fig. 15 in this section. It is worth
mentioning that the working principle of this HS is the same
as that of the square lattice, which is analyzed in Section IV.
Due to the loop-wire configuration, both of them are able to
support both TE and TM modes at the operation frequency, and
therefore pencil beams with circularly symmetric beamwidth
in both the E- and H -plane can be obtained. In this section, the
detailed analysis of the proposed HS is omitted for concision.
The proposed HS, as shown in Fig. 17, is generated by using
function (13) with X = 1.41 and M = 0.13. A lumped port at
the bottom layer with polarization aligned with x-direction is
used to illuminate the surface. The HS works at a frequency
of 13.5 GHz. The radius of the simulated HS is R = 5.59λ0
(λ0 is the free-space wavelength at 13.5 GHz).

The simulated radiation performance is shown in Fig. 18.
As can be seen in Fig. 18, a pencil beam is achieved both in
the E- and H -plane. Especially for the forward beam (θ = 0°),
the beamwidths of the patterns in both planes are nearly the
same. Due to the bottom-layer excitation, the beamwidth of
the H -plane is slightly larger than that in the E-plane for
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Fig. 17. Quarter of the proposed HS with symmetric boundaries in hexagonal
lattice. (a) Top layer pattern. (b) Bottom layer pattern. X and M in (13) are
1.41 and 0.13, respectively.

Fig. 18. Simulated radiation patterns with a maximum directivity of 24.7 dBi
at θ = 0° direction and 20.9 dBi at θ = 180° direction. The return loss due
to impedance mismatch is not included in the radiation patterns.

the backward beam (θ = 180°). The same phenomenon can
be found in Fig. 12. The corresponding aperture efficiency
of the proposed HS is 23.8% when considering the forward
beam only and 33.9% when considering both the forward
beam and the backward beam. Almost the same aperture
efficiencies are achieved for the HS in square lattice and that in
hexagonal lattice. Therefore, both polarization-insensitive HS
designs using loop-wire configuration in square and hexagonal
lattice exhibit pencil beams and improved aperture efficiencies
compared with a traditional scalar HS which has the drawback
of polarization sensitivity.

Fig. 19 shows the fabricated panel of the proposed HS as
well as the measured radiation patterns. As can be seen from
Fig. 19, a narrow pencil beam is formed in the broadside
direction. Compared with the simulated results, the beamwidth
in the H -plane is slightly wider because of the errors resulting
from the measurement setup and fabrication. Compared with
simulations, a noticeably higher sidelobe appears in the lower
hemisphere due to the SMA probe excitation, which is directly
soldered to the center wire-grid cell on the bottom layer.

Fig. 19. Fabrication HS panel in hexagonal lattice and measured radiation
patterns.

In the whole, the measurements agree well with the
simulations.

VI. CONCLUSION

Traditional scalar HSs are able to support a TE or TM lower
order Floquet mode, and have the drawback of polarization
sensitivity, which results in a mismatch between the E- and
H -plane beamwidths when excited by a horizontal dipole,
and thus a low aperture efficiency. In this paper, loop-wire
unit cells, which can support both TE and TM modes with
the same phase velocity are utilized to design polarization-
insensitive HSs. Instead of modulating the surface impedance
to synthesize an HS, the refractive index is sinusoidally mod-
ulated in this paper, which provides convenience to the design
of HSs for simultaneous TE and TM modes. Two HS designs
using square and hexagonal loop-wire cells are proposed
and experimentally studied to validate the characteristics of
polarization insensitivity. Simulation and measurements show
that pencil beams are achieved in the E- and H -plane of
these two HS. This demonstrates that the proposed HS are
insensitive to the polarization of coming waves and able to
support both TE and TM modes. This kind of HS has the
potential to be used in applications such as energy scavenging,
because they can focus incoming waves to the center point of
the antenna regardless of their polarization.
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