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ABSTRACT We present the detailed design and experimental demonstration of a low-sidelobe horn antenna
based on controlling the amplitude and the phase distribution of the electromagnetic fields over the aperture
of the horn antenna using a thin single-layer metasurface lens. The lens is composed of two identical
subwavelength metallic square-ring arrays printed on the two sides of a single dielectric layer. By placing
the metasurface lens inside a standard pyramidal horn, the electromagnetic fields over the horn aperture can
be manipulated, resulting in low sidelobe radiation in both E- and H -planes. Both simulated and measured
results demonstrate the tapered field distribution over the horn aperture and the significant reduction of
sidelobes in the E-plane as well as the reduction of the backlobes.

INDEX TERMS Low-sidelobe horn, metasurface lens, square-ring arrays, tapered field distribution.

I. INTRODUCTION

Metamaterials, which are artificial materials with periodic
structures in the sub-wavelength scales, have triggered great
interest of developing high-performance electromagnetic
devices due to their unprecedented ability of manipulating
electromagnetic (EM) waves. The well-known invisibility
cloaks [1]-[5] are one of the most important metamaterial
applications. Other prominent metamaterial devices in var-
ious microwave applications include beam-scanning anten-
nas [6], [7], Luneburg lens [8], Maxwell fish-eye lens [9],
low sidelobes antennas [10]-[14], far-field high gain anten-
nas [15], [16], near-field high gain antennas [17]-[20], as well
as the multi-beam electromagnetic wave emission anten-
nas [21]. Among them, most metamaterial lens antennas
have served to increase the gain of antennas by converting
spherical waves to plane waves using phase compensating
techniques [15]-[18] or gradient refractive index (GRIN)
techniques [19], [20].

The GRIN metamaterials, which first appeared in 2005 and
possess the gradient equivalent permittivity and/or per-
meability, have been applied to the manipulation of the
amplitude and phase of electromagnetic waves, resulting
in a variety of electromagnetic devices, such as high-gain

antennas [19], [20]. However, antennas made out of GRIN
metamaterials normally have bulky structures. For exam-
ple, the GRIN metamaterial lens usually have a large thick-
ness, especially in microwave applications, because the small
equivalent permittivity and/or permeability on the entire
GRIN metamaterials, matching layers and hence multiple
metamaterial layers or a large thickness are needed in order
to achieve small reflections and the necessary phase coverage
within a wide bandwidth.

Recently, metasurfaces, usually 2—-D metamaterials with
a planar structure, have been introduced to generate abrupt
phase difference, leading to anomalous reflections and refrac-
tions. The generalized Snell Laws [22] were derived to
explain these phenomena. Planar metasurfaces consist of
periodic metallic structures printed on the surfaces of pla-
nar dielectric layers. Due to the various resonances includ-
ing plasmonic resonances, both reflective and transmissive
metasurfaces with a relatively thin thickness are capable of
generating discontinuous phase shifts with high efficiency,
such as focusing mirrors [13], [14], flat lens [15], [16], etc..

In this article, we propose a simple but efficient method
of manipulating the aperture field by loading a thin meta-
surface lens inside a horn antenna, resulting in the reduction
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of the radiation sidelobe level and the backlobe level.
Horn antennas are widely used in various applications, for
example, satellite communication systems, and serve as feeds
for large parabolic reflector antennas. However, the clas-
sic pyramidal horn antennas have high sidelobes in their
E plane. Much effort has been made to suppress the side-
lobe levels of horn antennas. The dual-mode horns [23],
corrugated horns [24], [25], horns with a solid dielectric
core [26], the strip-loaded horn [27], and the recent metama-
terial horns [10]-[14], were all developed for this purpose.
However, these horns are usually bulky, heavy, lossy and/or
more expensive. These approaches were effective but compli-
cated when designing and manufacturing horns. The metasur-
face adopted here has a thin planar structure. Designed by the
phase compensation method [15], [16], it is able to manipu-
late the phase of incident waves and hence the amplitude and
phase distribution of the aperture field when placed inside the
horn antenna. More specifically, placing a thin metasurface
lens inside a standard pyramid horn will succeed to reduce the
sidelobe level in the E plane and the backlobe level without
changing its original size and increasing much the weight and
the cost.

Il. MECHANISM OF CONTROLLING THE
ELECTROMAGNETIC FIELDS

Metasurfaces having capacity to manipulate the amplitude
and phase of incoming waves have attracted more and more
attentions in recent years [15]-[18]. Applying arrays of
metallic structures to the surface of planar dielectric slabs,
which act as Huygens sources, the so called Huygens meta-
surfaces can be constructed. The discontinuous phase shifts
can be generated on Huygens metasurfaces, resulting in the
anomalous reflection and refraction. In this work, we use the
Huygens metasurface to control the near fields of the antenna
source, to generate the ideal aperture near-field distribution
and hence enhance the radiation performance of pyramid horn
antennas.

It is well known that the distributions of electromagnetic
fields over the aperture of antennas play an important role
in determining the far-field radiation performance. In the
classic pyramidal horn antennas, the amplitude of tangential
component of the aperture electromagnetic field is given by
the general expressions:

|Ey| = Eo cos (mx/ay) (1a)
|Hy| = |Ey| /n (1b)

where aj, is the aperture dimension of the pyramidal horn
along the x-axis. Fig. 1(a) shows a pyramidal horn operating
at 10-15 GHz, where a;, = 103 mm, b, = 83 mm and the
length of the horn is 134 mm. From Equation (1a) and (1b),
one obvious feature is that the aperture distribution of electric
field of a classic pyramid airhorn (the empty pyramidal horn)
is approximately uniform in the E plane and tapered in the
H plane, as shown in Fig. 1(b). As a result, it has high-
level sidelobes in the E plane and low-level sidelobes in
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FIGURE 1. (a) The geometry of the classic airhorn, (b) Electric field
amplitude distribution on the aperture plane for the airhorn,

(c) The near-field amplitude distribution inside and outside the airhorn in
the E plane, (d) The near-field amplitude distribution inside and outside
the airhorn in the H plane, (e) 3-D radiation pattern at 12 GHz for the
airhorn, (f) Electric field phase distribution for the airhorn.

the H plane, due to the uniform and tapered aperture field
magnitudes in the E and H planes respectively, as displayed
in Fig. 1(c) and (d) respectively. Furthermore, studies have
shown that the field diffracted by the E-plane edges is the
main source of backlobes [28], [29].

A 3-D radiation pattern of the classical pyramidal horn
antenna at 12 GHz is simulated and plotted in Fig. 1(e),
which shows the low-level sidelobes in the xoz plane
(H-plane) and relatively high-level sidelobes in the yoz
plane (E-plane). Fig. 1(f) plots the spherical-like phase dis-
tribution inside and outside the classical pyramidal horn
antenna. It has been demonstrated that the spherical-like
wavefront can be manipulated by a phase compensation
matesurface lens in the far field region [15], [16]. In this
paper, we will show that the phase compensation metasurface
lens not only can be employed to transform a spherical wave
to a plane wave in the near-field region, but also can be used
to tailor the amplitudes of electromagnetic fields.

Generally, the far-field radiation patterns are determined
by the distributions of electromagnetic fields on the horn
aperture. Therefore, an expected aperture field distribution is
the key to suppress the sidelobes of the far-field radiation pat-
terns. As shown in Fig. 2, a metasurface lens is placed inside
the pyramidal horn to transform the spherical-like wave-front
to be a planar wave-front. The wave-front can be further
shaped so that the focusing point can be moved from the
infinite region to the near-field region. Meanwhile, the radi-
ation energies can be concentrated and hence the amplitude
distributions on the horn aperture can be changed. To achieve
this purpose, a metasurface lens is first designed to modify
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Phase compensation
metasurface lens.

FIGURE 2. The schematic diagram of controlling the electromagnetic
fields in a standard pyramidal horn.
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FIGURE 3. The phase distribution of the electric field on a certain cross
section parallel to the horn aperture.

the local phase, in order to achieve a planar near-field phase
distribution inside the horn. Secondly, this lens is loaded
inside the pyramidal horn antenna so that the electromagnetic
wave propagating from the outside surface of the lens is
able to focus on the horn aperture. The performance of the
antenna depends on the location of the lens or the wave-front
shaped over the horn aperture. Finally, a tapered amplitude
distribution of the electric fields on the horn aperture can be
achieved, which will result in low-sidelobe far-field radiation
patterns. We have performed numerical simulations to obtain
the phase of electric fields inside the pyramidal horn using the
commercial software Ansys HFSS. Fig. 3 shows the phase
distribution on a certain cross section parallel to the horn
aperture, like the plane the metasurface lens located in Fig. 2.
It can be seen that the phase difference between zone A and
zone B is about 60°, which can be tuned to obtain a quasi-
identical phase front to tailor the field distribution on the horn
aperture by using a phase compensation metasurface lens, as
shown in Fig. 2.

Ill. METASURFACE ELEMENTS
The proposed metasurface element, composed of two iden-
tical square rings printed on the two sides of a single-layer
dielectric substrate, is shown in Fig. 4. The substrate uses FR4
material that has a thickness of #;, = 3 mm, the permittivity of
&, = 4.40 and the tangent loss of tanf = 0.02. The physical
parameters of the proposed element are listed in Table 1.
The unit element can be analyzed by an equivalent circuit
model shown in Fig. 4. The shunt capacitance Cy models
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FIGURE 4. The unit element of the phase compensation metasurface lens
made out of square rings and a single-layer dielectric substrate and their
equivalent circuit model.

TABLE 1. The parameters of the metasurface element used in the design.

Parameter Value
periodicity of the element: P Smm
width of the ring: W 0.2mm
substrate thickness: £, 3mm
copper thickness: ¢, 0.035mm
substrate permittivity: 4.40
substrate loss tangent: tané 0.02

the gap between each two adjacent square rings and the
inductance Ly represents the square ring. According to the
equivalent circuit model, the resonant frequency wy is calcu-
lated as

wo = v/1/LoCo (2)

The values of the inductance Ly and capacitance Cy depend
on the geometrical parameters of the unit element. The actual
side length of the inner ring varies from 2.3 mm to 3.3 mm.
Consequently, the element is quite small compared to its
operating wavelength (25 mm at 12 GHz) and the design
frequency 12 GHz is well below its first-order resonant fre-
quency that exhibits the characteristics of high impedance
state.

Full wave numerical simulations have been carried out
for the unit element to study the metasurface performance.
To simulate the metasurface, a single element, shown
in Fig. 4, is set in a TEM waveguide. The boundaries par-
allel to y direction are assigned as perfect magnetic conduct
boundary conditions and those parallel to x direction are
assigned as perfect electric conduct boundary conditions.
If a plane wave with the electric-field polarization in the
y direction illuminates the metasurface lens, the capacitors
can couple to the electric field. By keeping the parameters
fixed with W = 0.2 mm and ¢, = 3 mm while changing
L, the transmission phase characteristics are simulated and
displayed in Fig. 5. It can be seen that the phase gradually
reduces with increasing L. A transmission phase range of 60°
can be achieved when the length of the metallic strip L varies
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FIGURE 5. The transmission phase and coefficient versus the copper strip
length (L).
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FIGURE 6. (a) The location of element (m, n), (b) The schematic diagram
of the phase compensation lens.

between 2.4 mm and 3.4 mm and the transmission coefficient
is less than —2 dB over the phase range. The varied phase
can be used to compensate the phase of electric fields inside
the pyramidal horn, which is the solid foundation of the
metahorn (pyramidal horn with a metasurface lens inside),
described as follows.

IV. PYRAMIDAL HORN ANTENNA WITH

METASURFACE LENS

In order to reduce the sidelobe and backlobe levels of the
pyramidal horn, an artificial metasurface lens is designed to
adapt to the horn to modify the distribution of the aperture
electric field along the y-axis, making the amplitude distri-
bution tapered. We consider a metasurface lens composed of
subwavelength elements with different phase characteristics.
The lens consists of M x N elements, as shown in Fig. 6(a),
where each element is represented by a rectangular strip. The
schematic phase compensation diagram is shown in Fig. 6(b),
where F,,, represents the phase delay between the phase
center of the feed and the (m, n) element of the lens. The
transmission phase across the lens at the point of (m, n) is
denoted by S,%;, With the corresponding parameters given
above, the phase distributions ¢, and ¢{,, of the transmitted
wave can be expressed by the following equations:

@'y = Fon + S2L 3)
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@by = Foo + S35 4

where ¢!, and @[, denote the phases outside the (m, n)
and (0,0) elements respectively. In order to obtain a constant
phase front, we need

O =By =2m. K=0%L. )

Then we have

S2 — S = —Fpy+ Foo + 2k, k=0,%1,... (6)

When S&é is set to be a specific value, S,%L can also be
obtained. Fig. 5 shows how the dimensions of square rings
can be selected to achieve the required phases for com-
pensation. Black symbol represents the original phase Sgé
versus Log and red symbol denotes the proposed phase S%l
versus Ly,.

A classical pyramidal horn antenna produces a spherical-
like wave front inside the horn. After loading this proposed
lens, the electric field phase ¢/, on the outside surface of lens
could be tuned to be quasi-identical, generating a plane wave
inside the horn. Compared with the field phase distribution in
a classic airhorn, shown in Fig. 1(f), a spherical-like wave is
nearly converted into a plane wave and simulations have been
carried out to validate the proposed design concept. Fig. 7(a)
shows the proposed metahorn, where a metasurface lens is
placed inside an airhorn. Through simulation studies, it is
found that the performance improvement of the antenna also
depends on the position of the metasurface lens. If the lens
is placed near the waveguide port, the wave will propagate
along the z-axis in the form of a spherical-like wave due
to the flare angle of the horn antenna and there’s no differ-
ence between a classic pyramidal horn and a metamaterial
pyramidal horn. If the lens is placed on or close to the horn
aperture, a planar phase distribution is achieved but a tapered
field amplitude distribution on the horn aperture turns out
to be really hard to implement. Therefore, the lens should
be placed near the middle of the horn. As for our design,
the lens is placed 63.9 mm away from the aperture of the
horn, whose entire length is 134 mm. The phase compen-
sation from the metasurface lens is able to manipulate the
aperture field distribution to some extent and the electromag-
netic energy can be concentrated to the central zone of the
horn aperture. Fig. 7(b) plots the simulated field distribution
over the aperture of the designed metahorn. As can be seen,
the magnitudes of the electric field in the E and H planes are
both tapered. Fig. 7(c) and (d) show the field distributions in
the E and H planes of the metahorn. Compared with that in
the E plane of the airhorn, shown in Fig. 1(c), the gradually
formed tapered field distribution behind the metasurface lens
is apparent and this yields the significantly reduced sidelobes
and backlobes in the far field region in the E plane, as depicted
in Fig. 7(e). Fig. 7(f) plots the simulated phase distribution
in the E plane of the metahorn. The quasi-planar wave front
is obtained on the outside surface of the metasurface lens.
A direct comparison of the simulated far-field patterns both
in the E and H planes between the classic airhorn and the
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FIGURE 7. (a) The geometry of the proposed metahorn, (b) Electric field
amplitude distribution on the aperture of the metahorn, (c) The near-field
amplitude distribution inside and outside the metahorn in the E plane,
(d) The near-field amplitude distribution inside and outside the metahorn
in the H plane, (e) 3-D radiation pattern at 12 GHz for the metahorn,

(f) Electric field phase distribution for the metahorn.
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FIGURE 8. Simulated far-field patterns at 12 GHz in the E-plane and
H-plane.

proposed metahorn is given in Fig. 8. It can be seen clearly
that the relatively lower backlobe level is obtained and the
significantly lower sidelobe level is achieved in the E plane
of the metahorn while the similar sidelobe level to the airhorn
in the H plane of the metahorn is maintained.

V. EXPERIMENTS AND RESULTS

To further experimentally verify the design concept, the pro-
totype of the proposed metahorn was developed. A standard
gain horn LB-75-20, shown in Fig. 9(a), is used to carry out
the experiments. This standard horn has an aperture size of
103 x 83 mm? and a horn length of 134 mm and operates
at 10-15 GHz, with a gain range of 19-21 dBi. The typical
radiation characteristics of sidelobes and backlobes, namely
low-level sidelobes in the H plane and relatively high-level
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FIGURE 9. (a) The photography of the classic airhorn, (b) The metahorn
antenna under test.
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FIGURE 10. The measured and simulated reflection coefficients of the
metahorn.
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FIGURE 11. The comparison of the antenna gains for the airhorn and the
metahorn. (a) Simulation, (b) Measurement.

sidelobes in the E plane and large backlobe are also essential
properties of the horn. To reduce the sidelobe level in the
E plane as well as the backlobe level, a metasurface lens
was designed using the unit element proposed in Section III.
The standard substrate FR4 that has a dielectric constant
of 4.40 and a thickness of 3 mm is applied to the design.
The final lens is 60 mm long and 45 mm wide and totally
contains 12 x 9 elements. The fabricated lens is placed
inside the horn. The location is 63.9 mm away from the
horn aperture. The assembled metahorn has been measured
in an Anechoic Chamber. Fig. 9(b) shows the metahorn under
test. Fig. 10 shows the obtained reflection coefficients both
from the simulation and the measurement, which are in good
agreement. According to the results, the metahorn antenna
is well matched from 11.2 GHz to 12.8 GHz and the S is
below —10dB within the frequency range. The gains of the
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FIGURE 12. Measured far-field patterns of the airhorn and the metahorn
in E-plane. (a) At 11.8 GHz, (b) At 12GHz, (c) At 12.2 GHz.

airhorn and the metahorn are plotted and compared in Fig. 11.
It is clear that the gain of the airhorn is slightly higher than
that of the metahorn both in simulations and in measurements.
The main reason is that the aperture field of the metahorn
along the y-axis is a tapered distribution instead of a uniform
one.

The measured far-field patterns of the airhorn and meta-
horn at 11.8 GHz, 12 GHz and 12.2 GHz are plotted
in Fig. 12(a)-(c) respectively. It can be seen that the metahorn
exhibits a lower backlobe levels and lower sidelobe levels
in the E plane at the three frequencies, confirming the pre-
dicted good radiation performance. Fig. 13 shows measured
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FIGURE 13. Measured far-field patterns of the airhorn and the metahorn
in H-plane at 11.8 GHz, 12 GHz and 12.2 GHz.

radiation patterns in H-plane. All the sidelobe levels in the
H-plane at the three frequencies are below —40 dB, almost
the same as those of the airhorn. With the loading of the
metasurface lens, the sidelobe level in the E-plane and the
backlobe level decrease at least 15 dB, with a minor reduction
of the gain over the operating band. The measured radiation
patterns also show some slight asymmetry. The reason is that
the mounting and the manufacturing of the lens are slightly
imperfect.

VI. CONCLUSION

In summary, we have presented a method to control the
amplitude and phase of electromagnetic fields inside the
pyramidal horn by using a thin metasurface lens. Such a thin
single-layer metasurface lens is successfully designed and
placed inside of a standard pyramidal horn antenna to carry
out the phase compensation and hence reduce its E-plane
sidelobe level and backlobe level. According the simulated
and measured results, the peak sidelobe level and the back-
lobe level of the original standard horn antenna have been
reduced about 15 dB at the center frequency. This method
can significantly enhance the radiation performance of con-
ventional horn antennas without increasing their sizes and
compromising much the weight and the cost.
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