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ABSTRACT This article presents mechanically robust, low-cost, lightweight, and polarization-independent
metallic metasurfaces (MMs) to enhance the gain and directivity of shortened horn antennas. The MM was
designed based on the strategy of correcting the actual phase errors probed on the aperture of the horn
using the near-field phase-transformation principle. The fundamental unit cell of the MM is made of a pair
of cross slots created in a monolithic thin conductive sheet and is entirely free from high-cost dielectrics.
The lack of dielectrics makes MM lightweight, cost-efficient and easy to fabricate the prototype for mass
production. The MM has a 2D array of unit cells arranged to increase the gain of the shortened horn by
improving aperture efficiency through local phase transformation in a wide frequency band. The concept is
demonstrated by designing MMs for shortened horns with different heights and the same physical aperture
at the center operating frequency of 12.5 GHz. The maximum gain-bandwidth with MM is achieved for the
shortest horn, which is validated by measuring the physical prototype. The results indicate that horn gain
with MM increases by 9.2 dB (from 11.1 to 20.3 dBi) and has a 3-dB fractional gain-bandwidth of 10.4%.
The weighted density of the fabricated MM is only 0.87 g/cm2. Including MM, the total antenna height is
around 61% shorter than a conventional air-filled horn having a similar peak gain.

INDEX TERMS Conical horn, dielectric-free, high-gain, higher directivity, lens, metallic cover, metasur-
face, metal manufacturing, phase transformation, phase correction, polarization-insensitive, substrate-less,
shortened horn.

I. INTRODUCTION
Since late 1800s, the horn antenna has been a microwave
choice as a front-end antenna or feed of high-gain anten-
nas such as lenses and dishes for low-cost wireless applica-
tions [1]–[7]. To achieve high gain with reduced aperture,
horns are made taller, adding extra weight and height to
the system. The antenna weight and profile are critical for
space-limited modern systems such as CubeSats [8]. The
shortened horns with large aperture have limited gain due to

The associate editor coordinating the review of this manuscript and

approving it for publication was Derek Abbott .

dominating quadratic phase distribution errors at the aper-
ture [1]. The gain can be enhanced by improving phase
uniformity through an additional phase compensator (PC) [9].
Based on the material used in the implementation, the PC
designs reported in the literature can be categorized into all-
dielectric, composite, or fully metallic.

Conventional PCs are made of dielectrics, which are thick,
bulky and heavy [10], [11]. Thick metamaterial PCs [12],
[13] using multilayer dielectric slabs were realized based on
effective medium theory. Later, single-layer dielectric PCs
were reported with and without additional antireflection lay-
ers [14], [15]. Even more complex planar [16] and non-planar
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[17] 3D printed dielectric PCs were also investigated, but
such structures are delicate due to the cuboid 3D lattices
with thin dielectric interconnectors. The PCs in the second
group are typically made of different shapes of conductive
patterns printed on multilayer dielectric substrates, which
are often bonded together with prepregs [18]–[25]. Despite
having exceptional performance, all-dielectric and composite
PCs are either tall and heavy or costly. Some 3D printed
dielectric based PCs were developed for low-cost appli-
cations [26]. However, high radio-frequency losses make
them less attractive for practical systems [27]. Furthermore,
because dielectrics have a low electric field breakdown
threshold, their use in high-power applications is limited.

On the other hand, all-metal PCs eliminate dielectrics and
can be usedwith high-power systems. They do not suffer from
excessive losses and can be developed at a low cost. Despite
having practical interest, a limited number of all-metal PC
designs have been reported in the literature. A class of metal
lenses reported in [28] has a concave profile and is made
of conducting plates. In [29], [30], metamaterial inspired
bulky wire-medium PCs were investigated to improve the
gain of shortened horns. The metallic blocks loaded with
slow-wave techniques [31], [32] can also enhance the gain of
shortened horns. However, block placements of such designs
are arbitrary and require a sophisticated metal manufacturing
process. In [33], a shortened conical horn antenna with a
lightweight all-metal PC has been proposed. The PC com-
prises two layers of resonators connected diagonally through
0.4 mm thin metallic mesh grids. The structure is mechani-
cally fragile, and fabrication needs extended exposures to the
laser beam to remove large metal chunks, often deforming
the structure. A 3D printed all-metal PC has recently been
demonstrated to successfully improve the wideband gain of a
horn [34]. However, the volumetric intricate stepped config-
uration of such PCs is a bottleneck that can only be fabricated
using a specialized technology.

This article presents mechanically robust, fabrication-
friendly, fully metallic metasurfaces (MMs) synthesized
based on the near-field phase transformation principle [35].
Hence, such PCs can be placed closest to the horn aperture
(≤ λ/24), whereas PCs based on lens theory must maintain
a certain focal distance from the feed. The proposed MM is
novel in many aspects. The structure is made of four identical
thin metal sheets with a 2D array of narrow slots. It uses
the concept of creating narrow slots in thin monolithic metal
sheets, making the structure mechanically rigid without using
any external supports or 3D structures [34]. Unlike PC in [33],
removing minimal metal from thin metal sheets in the shape
of narrow slots is easy to create with any low-cost metal
manufacturing procedures. The fundamental cells of the MM
can achieve a nearly continuous phase shift from 0 to 360◦

while maintaining high transmission magnitude (> −1 dB),
whereas cells in [33] have limited phase coverage. The MM
does not alter the polarization of the electric field propaga-
tion through it and hence can be used both for linearly and
circularly polarized base antennas. The MM can be made

FIGURE 1. A perspective view of the proposed antenna system with an
exploded view of a feed adapter. The MM is placed at the horn’s aperture
at a spacing of S.

out of any planar, inexpensive off-the-shelf thin metal sheets
instead of the stepped 3D metallic PCs proposed in [34]. Fur-
thermore, the lack of dielectric reduces the cost and weight
significantly and makes the system potential for high-power
applications.

The rest of this article is organized as follows. Section II
presents the overall configuration of the antenna system
and briefly discusses the design principle. The detailed
design strategy of shortened horn and MMs are explained
in Section III. The improvement in radiation performances
of shortened horns with MMs, predicted through full-wave
simulations, are compared in Section IV. The prototype and
measurement results are discussed in Section V. Finally,
Section VI concludes the article.

II. CONFIGURATION OF THE ANTENNA
The configuration of the proposed antenna system is shown
in an exploded view in Fig. 1. It has a shortened horn and
an MM placed at the aperture of the horn. The aperture size
(D) and flare height (H ) can be varied with the change in
flare angle of the horn. The spacing (S) between horn and
MM has a crucial impact on antenna performance and can
be defined by the MM’s design methodology. The thickness
of MM is T , and it is comprised of four identical thin metal
sheets where each sheet has arrays of narrow slots. TheMM is
specially designed to process the electric field locally, leaving
the aperture of the horn by improving the phase uniformity.
It is worth mentioning that in order to have reflection less
field propagation with the shortest S, the MMmust be highly
transparent.

The horn is excited through a WR-75 waveguide-to-
coaxial adapter fixed with an a × b mm2 slot (see inset of
Fig. 1) at the center of a metal sheet. A 2 mm thick circular
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FIGURE 2. Horn configurations with different flare heights and fixed
apertures: (a) design I, (b) design II, and (c) design III.

base with a diameter of 50 mm is attached at the bottom part
of the horn to hook up the slotted metal sheet, feed and horn
firmly through four pre-cut holes. The top of the horn cone
has a 7.6 mm wide extended circular edge with a thickness
of 2.4 mm, which is created to securely attach the MM to the
horn in the near-field region. For this purpose, the edge-ring
has twelve holes separated by an angular spacing of 30◦.

III. DESIGN METHODS
The design strategies of customized shortened horns andMM
are discussed in this section elaborately.

A. SHORTENED CONICAL HORN
The horn theory has been extensively covered in the litera-
ture [1]; only key features necessary to understand the design
aspects are discussed here for brevity. The gain, G, of a
conical horn can be estimated numerically (1).

G = ηa
4πAP
λ2

(1)

where ηa is the aperture efficiency,Ap is a physical aperture of
the antenna, and λ is the free-space wavelength at the design
frequency.

The maximum gain is achieved when the aperture diam-
eter, da of horn satisfies da ∼=

√
3Hλ (where H is the

axial length of horn) [1]. In principle, the flare angle (or
aperture size) and horn height significantly impact the peak
gain. Although a larger flare angle provides a higher gain
for a given axial length, it limits the gain due to dominating
quadratic phase error at the aperture. On the other hand, for a
fixed aperture (da), its flare length must be sufficiently large
to achieve high gain, which is impractical in many volume
constraint applications.

To investigate the efficacy of the proposed MM, three
customized shortened conical horns have been designed with
different heights and fixed apertures, as shown in Fig. 2. The
aperture size of the horn is kept fixed at 6λ0, whereas the
flare heights are: 2.2λ0, 3.13λ0 and 4.5λ0, where λ0 denotes
free-space wavelength at the design frequency of 12.5 GHz.
Hereafter, the three horns are referred to as Design I,
Design II, and Design III.

The three horns were modeled and simulated with the
time-domain solver of CST Microwave Studio (MWS). The
aperture phase distributions of the dominant electric field (Ey)

FIGURE 3. Aperture phase distribution (Ey ) of shortened horns;
(a) design I, (b) design II, and (c) design III.

FIGURE 4. The configuration of a fundamental metallic cell used in the
MMs.

are shown in Fig. 3 (a-c) for each Design. The maximum
phase variations for Design I, II, and III are 415◦, 313◦ and
243◦, respectively, which limit their respective peak gains in
the broadside direction of 11.1 dBi, 13.2 dBi, and 16.0 dBi.
It is worth mentioning that the shortest horn (Design I) has
the maximum phase error of 415◦, and hence, suffers from
the lowest peak gain of only 11.1 dBi. With the expense of
horns’ height, the gain improves as the phase error reduces.

B. METALLIC METASURFACE (MM)
The phase nonuniformity for the three designs is improved
with three different MMs. The MMs are designed using a
fundamental metallic cell that can provide a complete 360◦

phase shift with high transmission magnitude at the operating
frequency. A generic configuration of the quad-layer metallic
cell used in the MM is shown in Fig. 4. It is built on 0.5 mm
narrow slots cut in a thin continuous metal sheet, ensuring
mechanical rigidity automatically without using any dielec-
tric substrate or extra 3D and non-electromagnetic (EM)
metallic features’ support.

Cells of the metallic lattice were analyzed and optimized
with periodic boundary conditions and Floquetmodes (Fig. 4)
in CST MWS. The lateral dimensions of the cells are set to
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FIGURE 5. The transmission characteristics of the fundamental cells in
MM. The length of cross slots S1 and S2 in the cells are varied from 6 to
11 mm, and 1 to 5 mm, respectively.

FIGURE 6. Aperture phase distribution and phase shifts are needed
through MM for compensating the phase nonuniformity in the aperture.

C = 12.5 mm, the air gap between adjacent metal sheets is
fixed to g = 6 mm, and the metal thickness of each layer
is t = 0.3 mm. It should be noted that for a complete
360◦ phase range with a higher transmission magnitude,
a quarter-wavelength air gap (g = λ/4) is considered the
optimal distance [36], [37]. The cells’ slot lengths (S1 and
S2) were varied between 6 to 12 mm and 1 to 5 mm,
respectively. The transmission magnitude and phase of all
the best-selected cells are plotted in Fig. 5. It shows that any
phase value between 0 and 360◦ with reasonable continuity
can be achieved while maintaining transmission magnitude
> −1 dB (blue dots). This feature is highly desired for
phase-shifting cells because phase variation on antenna aper-
ture is often continuous. Moreover, the cell is 90◦ rotationally
symmetric, which makes the MM polarization insensitive.

The next step is to form the MM with metallic cells
arranged in a 2D array. In MM design, first, the phase of
the field radiated by the horn is probed at its aperture at a
spacing of S = λ/24 using virtual E-probes in full-wave EM

FIGURE 7. The arrangement of cells in the MMs and front layout of MMs
for (a) design I, (b) design II, and (c) design III.

FIGURE 8. The predicted gain and impedance match bandwidths of three
shortened horns with their respective MMs.

FIGURE 9. Aperture phase distribution (Ey ) of shortened horns after
using respective MMs with (a) design I, (b) design II, and (c) design III.

simulations. This is done by discretizing the space above the
horn aperture into 12× 12 cells. The E-field probes are then
defined at the centre of each cell to compute the phase of the
electric field. A more detailed description of this process is
reported in earlier publications [35], [38] and is not repeated
here for brevity. It can be seen in Fig. 3 (a-c) that the near-field
phase distribution is rotationally symmetric; hence, the phase
probed at six (6) discrete radial distance points will be a
close approximation and also reduce the design complexity
significantly. Therefore, the normalized phases (θP) probed
along the +x-axis at six discrete points for three designs are
listed in Table 1. Each best metallic cell is thus selected and
incorporated in a specific fashion to form the MM based on
the pre-calculated phase shift required at each location. As a
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TABLE 1. Slot dimensions and transmission coefficients of metallic cells used to form three different MMs for the respective design I, design II and
design III.

FIGURE 10. Photographs of (a) an assembled MM for the design I, (b) 3D
printed copper-tapped shortened horn with coaxial to waveguide adapter
feed, and (c) assembled prototype.

result, each cell in an MM locally manipulates the incoming
electric field’s phase and shifts it into a desired phase of the
outgoing fields resulting in uniform phase distribution at the
output plane.

The formation of MM for Design I (shortest horn) is
explained in detail here, and others are designed following
the same methodology. The non-uniform aperture phase (θP)
of Design I probed at discrete points is plotted in Fig. 6. The
desired uniform phase at the outgoing plane of MM, which
can be any constant value, is set to 466◦, as shown in Fig. 6.
The phase compensation needed at discrete points on the
aperture of Design I is simply the difference between desired
and existing phase. For example, at position x = 6 mm, the

FIGURE 11. Measured and predicted VSWR for the fabricated prototype of
shortened horn with MM.

TABLE 2. Performance of design I, II and III with their respective MMs.

aperture non-uniform phase (θP) is 415◦; hence, θI = 51◦

(= 466◦−415◦) phase value is ideally required for the phase
compensation.

Against each phase shift value needed for the phase com-
pensation, a cell is selected from the pre-computed cell
database (Fig. 5) with the strategy to have the highest trans-
mission magnitude and phase value, θA closest to the ideal
phase θI needed for compensation. For this example, the
selected cell has slot dimensions of (S1, S2) = (9.6 mm,
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FIGURE 12. Measured and predicted far-field pattern cuts of the
shortened horn (design I) with and without MM, at 12.5 GHz.

FIGURE 13. Near-field phase distribution of the dominant field
component (Ey ) in a cross-section of the shortened horn antenna at
12.5 GHz.

2.1 mm) and has a transmission magnitude and phase of
−0.11 dB and 50◦, respectively. Subsequently, all other
required cells were selected and summarized in Table 1. The
cells needed for the phase compensations of Design II and
Design III are also listed in Table 1. The least transmission
magnitude for the selected cells is −0.83 dB, and the phase
deviation is not more than 3◦. The top-view ofMMs designed
from the selected cells is shown in Fig. 7 (a-c). It is to be
mentioned here that following rotational symmetry in the
aperture phase distribution, selected cells were repeated in the
physical MMs equivalent to the aperture of the horn.

IV. PERFORMANCE OF THREE SHORTENED HORNS
Three customized horns with MMs demonstrated in
Section III were simulated in CST MWS. The key perfor-

FIGURE 14. The measured and predicted realized gain of the shortened
horn (design I) with and without MM over a wide frequency range.

mances of the three designs are compared and presented in
Table 2.WithMM, a noteworthy gain improvement of 9.2 dB,
8.8 dB, and 6.0 dB for Design I, II and III, respectively, was
achieved. Such gain enhancement of three different shortened
horns confirms that the proposed MMs can effectively com-
pensate for the significant phase variations of any shortened
horns, thanks to their vital phase compensating ability.

The wideband performances (gain and impedance match-
ing at the antenna input with MMs) are plotted in Fig. 8.
Each Design also shows a reasonable wideband gain and
impedance matching bandwidths. At VSWR < 2, the
impedance bandwidths of Design I, II, and III are 11.45 %
(11.78 - 13.21 GHz), 11.11% (11.9 - 13.3 GHz), and 10.64%
(11.9 - 13.26 GHz), respectively. The respective 3-dB gain
bandwidths are 10.4% (11.9 - 13.2 GHz), 10.2% (12.1 -
13.4 GHz), and 8.7% (12.1 - 13.2 GHz). Design I provides
the largest 3-dB gain bandwidth, but it gradually reduces
for Design II and Design III with the increasing in horn
heights. The aperture phase distributions of the dominant
e-field components (Ey) of all three Designs with MMs are
plotted in Fig. 9 (a-c). The nearly uniform phase distribution
is noted over the aperture in each case.

Furthermore, according to the gain vs horn’s length and
aperture diameter plot reported in [1], for a fixed aper-
ture diameter of 6λ0, approximately 189.6 mm (≈ 7.9λ0),
237.6 mm (≈ 9.9λ0), and 240.0 mm (≈ 10λ0) long air-filled
conical horn antennas are needed to achieve the gain values
of around 20.3 dB, 22.0 dB and 22.3 dB, respectively. These
figures indicate a 72.2% (from 189.6 to 53 mm) reduction in
the flare height of Design I. The height reductions for Design
II and Design III are 68.7% (from 237.6 to 75 mm) and 55%
(from 240 to 108 mm), respectively.

V. PROTOTYPE AND MEASUREMENTS
A prototype of the Design I was made and tested experi-
mentally to validate the predicted results. Photographs of the
prototyped horn, MM, and the assembled system are shown
in Fig. 10.
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TABLE 3. Performance comparison of horns with state-of-the-art phase compensator.

A. FABRICATION AND ASSEMBLING
A laser-cut manufacturing procedure was used to fabricate
each layer of MM by etching narrow slots in 0.3 mm thick
conductive sheets. Twelve additional holes with an angular
spacing of 30◦ were created at the edge in extended metal to
assemble the systems. The four layers ofMMhave suspended
above 6 mm plastic spacers with screws to create the precise
air gap between adjacent layers, as shown in Fig. 10 (a). The
MM has an overall thickness of 0.8λ0 and a total weight of
around 142.4 g only.

For fast prototyping, the conical horn used to demonstrate
the operation of the MM was fabricated with a 3D printed
technology using acrylonitrile butadiene styrene material.
The 3D printed plastic horn’s inner surface was then met-
alized using thin copper tape, as shown in Fig. 10 (b). The
overall weight of this 3D printed horn is only 55.5 g. Finally,
the assembled MM was stacked on the horn with 1 mm
spacers in the system to complete the prototype, as shown
in Fig. 10 (c). Including MM, the maximum antenna height
is 73.2 mm (≈ 3.05λ0).

B. MEASURED RESULTS
The impedance matching at the input of the antenna system
was measured using a multi-port vector network analyzer
(Agilent PNA-X N5242A). The measured and predicted volt-
age standing wave ratio (VSWR) is plotted in Fig. 11.
The measured impedance bandwidth is around 16% (11.72 -
13.76 GHz) and agrees well with the predicted result obtained
through full-wave simulation.

The far-field measurements were carried out in an NSI
spherical near-field range. At the design frequency of
12.5 GHz, the measured and predicted pattern cuts of short-
ened horns with and without MM at two principal planes are
compared in Fig. 12. Excellent agreements are noted between
measured and predicted pattern cuts with minor discrepancies
due to measurement tolerances. The measured peak gain
is around 19.6 dBi, and the main beam is directed in the
boresight direction. The measured cross-polar component is
at least 28 dB below the co-polar component. The sidelobes
are 15.6 dB and 14.6 dB below the main beam in the E- and
H-plane, respectively. There are 59.3% (27◦ to 11◦) and 63%
(46◦ to 17◦) reductions in 3-dB angular beamwidths at E- and
H-plane, respectively

The increase in gain for Design I with MM is 8.5 dB due to
its increasing uniform phase aperture area. The aperture phase
compensations are verified through simulations, as shown in
Fig. 13. With MM, the phase fronts are almost parallel (i.e.
planar) throughout the aperture (Fig. 13 (b)), whereas it was
curved (i.e. spherical) without MM (Fig. 13 (a)).
The broadband performance of Design I was also tested

over a frequency range from 11.8 to 13.3 GHz. The mea-
sured and predicted gains are plotted in Fig. 14, and a good
agreement is noted with a minor discrepancy because of
fabrication, assembling and measurement tolerances. The
measured 3-dB fractional gain bandwidth is around 10.4% at
the center frequency of the operating band, and the maximum
peak gain of 19.7 dBi is recorded at 12.3 GHz. At this fre-
quency, the aperture efficiency is 27.2%, which is seven times
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FIGURE 15. The measured and predicted far-field pattern cuts of the antenna system (design I) at two principal planes within the band of interest.

greater than the 3.7% aperture efficiency of the horn without
a metasurface. The predicted gain curve of shortened horn
without MM is also included in Fig. 14 to show the notable
contribution of the proposed MM. Around 5.8 - 8.7 dB gain
enhancements are noted throughout the operating band of
interest. However, the 3-dB gain bandwidth of the horn with
metasurface is reduced compared to that of the horn without
metasurface.

The normalized far-field pattern cuts in E- and H-planes at
six different frequencies within the band are plotted in Fig. 15.
There are good agreements between measured and predicted
pattern cuts, and the measured sidelobe levels are acceptably
low over the entire band of interest. Overall, the measured
results validate the proof of concept of fully metallic meta-
surfaces to compensate for the phase errors of shortened
horn’s aperture. Table 3 compares the key performance of
the proposed shortened horn to the state-of-the-art designs to
assess the MM’s efficacy. Table 3 shows that the shortened
horn with mechanically robust MM has comparable height
and electrical performance. Moreover, such planar polariza-
tion invariant MM can be realized through industry-friendly
fabrication processes with extremely low-cost, off-the-shelf
thin metal sheets.

VI. CONCLUSION
Lightweight, low-cost, mechanically robust MMs are devel-
oped, and their potential to compensate for the aperture phase
nonuniformity of shortened horn antennas is demonstrated
successfully. The design aspect of MM is guided by the
physics of near-field phase transformation and built on a
knowledge of actual phase errors. Hence the proposed MMs

are also equally useful to synthesize and analyze near-field
for other applications. The design approach populates a
polarization-insensitiveMM, and it does not depend on polar-
ization conversion at all. The lack of bulky dielectrics also
makes the MM ideal for many industrial applications consid-
ering cost, weight, and environmental hazard resistance. The
measured results validate the concept and indicate excellent
antenna performance. Including MM, a 61% shorter horn
antenna was realized, and around 5.8-8.7 dB gain enhance-
ments were achieved with lower sidelobes over a reason-
able wide band. The aperture efficiency was improved by
7.35-folds with the excellent cross-polar component rejection
capability. Overall, the innovative design approach, system’s
weight, size, and excellent radiation performance make it
attractive and open the door for many possibilities for terres-
trial and space applications.
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