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Abstract – In this article, a metamaterial horn antenna
based on transformation optics (TO) is presented to gen-
erate a focused orbital angular momentum (OAM) beam.
By applying the coordinate transformation, a metamate-
rial insertion inside the horn is designed to concentrate
the radiated OAM beam. The TO-based insertion is fur-
ther realized by using split ring resonators (SRRs). The
metamaterial antenna is fabricated and measured to ver-
ify the design. A 13o reduction in the main lobe angle is
realized in measurement by SRRs.

Index Terms – Main lobe angle, metamaterial, orbital
angular momentum, split ring resonator, transformation
optics.

I. INTRODUCTION
The orbital angular momentum (OAM) wave carries

the rotation phase factor exp(ilϕ) , where l represents
the OAM mode number [1, 2]. Due to mode orthog-
onality, OAM waves have wide applications, including
enhancing network capacity [3, 4], improving resolution
of images [5], and resisting eavesdropping [6].

However, the maximum beam intensity in an OAM
beam is with a deviation angle from the direction of wave
propagation. Thus, the conical beam intensity causes the
beam energy to spread rapidly with the propagation dis-
tance [7]. According to the communication principle of
the OAM waves, the best communication link can be
obtained only if the maximum power area is covered by
the receiving antenna. That means to receive more beam
power and improve power efficiency, the aperture of the
antennas will be linearly dependent on the communi-
cation distance, which may make the system impracti-
cally bulky for long-distance communication. Therefore,
OAM wave applications are limited to short-distance
transmission in wireless communication systems [8], or
special treatment must be involved [9]. To solve this
problem, it is important to focus the beam and reduce
the cone-apex angle of beam energy.

In the radio frequency regime, OAM beams can be
generated through various means, e.g., through modu-
lating plane waves by metamaterials [10–14], through
modulated feeding of antenna arrays [15], and by mak-

ing use of the eigenmodes of conventional single anten-
nas [16]. Among the OAM antennas, the horn antenna
has the advantages of easy fabrication, high power han-
dling, and stable phase center [9]. More importantly, it
can generate OAM beams with a mode purity as high
as 87% [9]. However, when designing horn antennas as
the transceivers with focused beams, there are two diffi-
culties. First, focused beams require a large horn, which
means increasing the length and radiation aperture of the
horn simultaneously [10]. Second, a horn antenna can-
not be designed arbitrarily large while maintaining the
purity of the radiated modes as the feeding waveguide
modes.

To address this problem, transformation optics (TO)
can be a candidate solution. By applying coordinate
transformation to the form-invariant Maxwell’s equa-
tions, a TO-based filling for an OAM horn antenna was
designed [17], with the function of focusing OAM beams
validated through numerical simulations [18]. The elec-
tromagnetic medium dictated by TO is normally inho-
mogeneous and anisotropic. To realize such parameters
in the real world remains an interesting topic. Among
many metamaterial types, a frequency selective surface
(FSS) is a two-dimensional periodic array exhibiting its
filter characteristics to transmit (band-pass) and/or reflect
(band-stop) electromagnetic waves (EMW) [19, 20]. A
split ring resonator (SRR) is one of the techniques to con-
trol the resonant frequency location and effect of the size
reduction of the antenna design [21]. In this paper, we
proposed to realize the TO-based filling by SRR, and val-
idate the OAM beam focusing function of the TO-based
filling both by numerical and physical experiments.

II. TO-BASED METAMATERIAL MODEL
Consider two spaces for coordinate transformation.

A standard conical horn antenna is defined in the vir-
tual space. As illustrated in Fig. 1 (b), this antenna has
a radiation aperture a and a feeding circular waveguide
of radius r0. Its frustum of cone is height d. a can be
determined conventionally [19]. In the physical space,
a proposed horn antenna has the same height and the
same feeding waveguide. Only the radiation aperture a′

is larger, as illustrated in Fig. 1 (a).

Submitted On: July 14, 2023
Accepted On: October 17, 2024

https://doi.org/10.13052/2024.ACES.J.390905
1054-4887 © ACES

https://doi.org/10.13052/2024.ACES.J.390905


795 ACES JOURNAL, Vol. 39, No. 09, September 2024

Overlapping the cross-sections of the two anten-
nas provides the convenience of setting up the mapping
between the two spaces. As plotted in Fig. 1 (c), over-
lapping the origins and z(z′)-axis of the two spaces as
O and z-axis, the extensions of segments MN and M′N′

intersect the z-axis at points P(0,0,−c) and P′(0,0,−c′),
respectively. Here c = r0d/(a− r0) and c′ = r0d/(a′ −
r0). Thus, the transformation from the virtual space to
the physical space is expressed as: ρ ′ = ρ · c′+z

c+z ·
c
c′

ϕ ′ = ϕ

z′ = z
, (1)

where c′ = r0d/(a′− r0) and c = r0d/(a− r0).

(a) (b) (c)

Fig. 1. Coordinate transformation scheme of the pro-
posed horn antenna (xoy cross-section): (a) TO-based
horn antenna in the physical space, (b) transformation
target of the TO-based horn antenna in the virtual space,
which is a standard horn antenna, and (c) overlapping
cross-sections of the two antennas.

Following the approach in [19], the mapping from
the virtual coordinate system to the physical coordinate
system dictates a frustum cone space with the following
radius-dependent, anisotropic relative permittivity and
permeability:

ερ = µρ = 1, (2)
εϕ = µϕ = 1, (3)

εz = µz =

(
c′+ z
c+ z

· c
c′

)2

. (4)

Equations (2)-(4) show that all permittivity and
permeability components are positive, which are much
easier to realize through artificial metamaterials than
through negative material components.

The antenna geometric dimensions in this paper are
as follows: r0 = 41.81 mm, a = 120 mm, a′ = 240 mm,
and d = 244.3 mm.

Among many kinds of metamaterials [20, 21], we
chose the classical SRRs to realize the prescribed µz
value. The substrate used in the SRRs is FR-4, whose
permittivity is 4.3 and loss tangent is 0.017. On the
top and bottom sides of the FR-4 substrate, the printed
split rings are oriented with a rotational angle of 90o, to
reduce the polarization sensitivity of the metamaterial, as
shown in Fig. 2 (a,b).

The unit cells of the metamaterial were designed
with the commercial software CST Microwave Studio.

The operating frequency is 5 GHz. With the constitu-
tive parameters’ retrieval algorithm [22], the anisotropic
constitutive parameters can be obtained. For example, to
retrieve µz, we first set the unit cell model as in Fig. 2 (c),
and assign the periodic boundary conditions to the lateral
walls in both the y- and z-directions. Then a TM polar-
ized plane wave incidence from the +x-direction (with
the magnetic field along the z-direction) was introduced.
Then µz can be retrieved from the simulated S parame-
ters. εx and εy values can be obtained similarly. To keep
this paper concise, only the simulation result of layer 11
was plotted as an example in Fig. 2 (d-f). The retrieved
µx, µy, and µz coincide with the design target (2)-(4) at 5
GHz. The imaginary parts of εx and εy are 0. It is noted
that the real parts of εx and εy differ from the design tar-
get (2) and (3), which may cause the difference between
the measurement based on the SRR realized model and
the numerical results based on the TO dictated model.
However, this difference is inevitable because of the exis-
tence of the dielectric substrate in the unit cell. Similar

(a) (d)

(b) (e)

(c) (f)

Fig. 2. (a) Geometry of the metamaterial unit-cell face
1, (b) geometry of the metamaterial unit-cell face 2, (c)
unit-cell simulation scheme, (d-f) retrieved constitutive
parameters of layer 11, (d) εx, µx, (e) εy, µy, and (f) µz.
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situations exist in the other layers. Therefore, it is neces-
sary to evaluate the metamaterials-based design.

In Table 1, we list the structure parameters of SRRs
and the SRR-realized µz of each layer. From Table 1, it
is seen that the permeability of every layer changes grad-
ually. Thus, it is expected that the SRR realized medium
will not introduce significant reflection.

Table 1: Size and µz of every layer
Layer Z

(mm)
L

(mm)
d

(mm)
w

(mm)
Re
(µz)

1 0 0 0 0 1
2 10 5 0.3 0.1 1.28
3 20 5 0.1 0.1 1.62
4 30 5 0.1 0.1 1.62
5 40 5 0.1 0.2 1.85
6 50 5 0.4 0.3 2.01
7 60 5 0.3 0.2 2.46
8 70 5 0.3 0.2 2.46
9 80 5 0.3 0.2 2.46

10 90 5 0.4 0.3 2.76
11 100 5 0.4 0.3 2.76
12 110 5 0.2 0.4 2.91
13 120 5 0.1 0.3 3.02
14 130 5 0.1 0.2 3.12
15 140 5 0.1 0.1 3.21
16 150 5 0.5 0.2 3.29
17 160 5 0.1 0.5 3.38
18 170 5 0.3 0.4 3.51
19 180 5 0.3 0.4 3.51
20 190 5 0.1 0.4 3.67
21 200 5 0.4 0.3 3.77
22 210 5 0.2 0.3 3.80
23 220 5 0.2 0.3 3.80
24 230 5 0.3 0.2 3.91
25 240 5 0.2 0.3 4.04

III. FULL-WAVE SIMULATIONS
In this section, the proposed antenna with the TO-

based filing realized by the SRR material is investigated
using CST Microwave Studio. Limited by computing
resources, the model of the horn antenna is only filled
with the first five layers of SRR filling. A reference
antenna is obtained by simply removing the SRR filling
from the proposed antenna. The simulated S11 results
are plotted in Fig. 3. Due to the reflection between each
layer in the SRR insertion, the proposed antenna has an
impedance band of 4.6-5.5 GHz (a relative bandwidth of
18%), which is narrower than the unfilled antenna.

OAM waves of mode l = 1 are exited in the feeding
waveguides of the two antennas. Observation planes are

Fig. 3. Simulated S11 of the SRR-filled horn antenna and
unfilled horn antenna.

defined 2λaway from the radiation aperture of each horn
antenna. The simulated amplitude of E-field is shown in
Figs. 4 (a) and (c). An apparent low amplitude zone can
be found in the beam center, which is a characteristic fea-
ture of the OAM beam. Additionally, we can see that the
energy is more focused for the cases of the SRR-filled
antennas. In all cases, an obvious spiral phase distribu-
tion corresponding to OAM of order +1 can be observed,
as shown in Figs. 4 (b) and (d).

(a) (b)

(c) (d)

Fig. 4. Measured amplitude distribution and phase pat-
tern: (a,b) the SRR-filled horn antenna and (c,d) the
unfilled horn antenna.

From the above phase information, OAM mode
purities are calculated on different concentric integration
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contours on the observation planes [23]. These contours
are indicated by radius r in Fig. 5. It shows that the SRR-
filled horn antenna has a mode purity comparable to that
of the unfilled antenna, indicating that the layered meta-
material does not degrade the mode purity.

Fig. 5. OAM mode purity of the antennas.

The simulated gains of the antennas at 5 GHz are
plotted in Fig. 6, with the main lobe angle summarized
in Table 2. In the SRR-filled antenna, there is a reduction
of 6.5o in the main lobe angle in the E-plane and H-plane
compared with the unfilled antenna. In addition, it can be
seen that the maximum gain of the SRR-filled antenna is

(a) (b)

Fig. 6. Simulated gain of the antenna: (a) E-plane and (b)
H-plane.

Table 2: Simulated main lobe angle for the L = 1 OAM
beam

E-plane H-plane

Cases Angle
(o )

Gain
(dBi)

Angle
(o)

Gain
(dBi)

SRR-filled
antenna 17 8.9 17 8.9

Unfilled
antenna 23.5 11.6 23.5 11.6

lower than the unfilled one. This is attributed to the lossy
FR-4 substrate used in the filling.

IV. EXPERIMENTAL RESULTS
To verify the design, the horn antenna, as illustrated

in Fig. 1, was fabricated. Its photograph is shown in
Fig. 7 (a). Two SMA connectors are used to feed the
horn antenna with equal magnitude and a +90o phase
difference to generate the OAM mode. The first 11 lay-
ers of metamaterial in Table 1 were fabricated, as shown
in Fig. 7 (b).

(a) (b)

(c)

Fig. 7. (a) Fabricated horn antenna, (b) fabricated meta-
material, and (c) unit cell layout of the metamaterial.

First, the reflection coefficients of the SRR-filled
antenna and the unfilled antenna are measured (Fig. 8).
The reflection coefficients for the two antennas are com-
parable with an operating band centered at 5 GHz,
demonstrating that TO-based filling does not introduce
extra reflection.

Fig. 8. Measurement results of S11 from the antennas.
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The near-field measurement setup is shown in Fig. 9.
An open waveguide is used as a probe to measure the
phase and field intensity. Scanning is performed in a
planar zone for both horizontal polarization and vertical
polarization.

For all the antennas to be scanned, observation
planes are defined 2λ away from the radiation aperture
of the horns. The measured amplitude distribution
and phase pattern are shown in Fig. 10. Similar to the
simulation results in Fig. 4, an OAM null zone can be
found in the beam center. Additionally, we can see that
the energy distribution is in a better regularly circular
form for the case of the SRR-filled antenna. Obvious
spiral phase distributions corresponding to OAM of
order +1 can be observed for both antennas, which is
consistent with the simulation results in Fig. 4. Only
the H-polarization measurement results are plotted in
Fig. 10. Similar results for the V-polarization can be
obtained and are not plotted here.

From the phase information, OAM mode purities are
calculated again as a function of the contour radius r,

Fig. 9. Near-field measurement setup.

(a) (b)

(c) (d)

Fig. 10. Measured amplitude distribution and phase pat-
tern: (a) amplitude, SRR-filled antenna, (b) phase pat-
tern, SRR-filled antenna, (c) amplitude, unfilled antenna,
and (d) phase pattern, unfilled antenna.

Fig. 11. OAM mode purity of the antennas.

as shown in Fig. 11. It shows that the SRR-filled horn
antenna has a mode purity of over 80% in the range of
40 mm ≤ r ≤ 90 mm with a maximum of 88.9% reached
at r = 76 mm. It is comparable to the mode purity of the
unfilled antenna.

The gains of the antennas are measured with the sys-
tem setup shown in Fig. 12. The measured gains at 5 GHz
are depicted in Fig. 13. The key information of the main
lobe angle is summarized in Table 3.

Compared with the unfilled horn antenna, the SRR-
filled antenna has a reduction of 13oon the main lobe

Fig. 12. Far-field measurement setup.

(a) (b)

Fig. 13. Gain of the antennas: (a) E-plane and (b) H-
plane.
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Table 3: Measured main lobe angle for the L = 1 OAM
beam

E-plane H-plane
Cases Angle (o) Angle (o)

SRR-filled antenna 20 11
Unfilled antenna 20 24

Table 4: Comparison with other designs
Ref. [11] [15] This Work
Type HMS CUCA TOMS
Angle - 15 11

OAM purity 84% - 90.5%

angle in the H-plane. However, in the E-plane, the lobe
angles of the two antennas are similar.

Further investigation shows the different perfor-
mance in measurement and simulation origins from
the feeding of the antennas. In the simulations, ideal
waveguide ports are defined at the end of the circu-
lar waveguides and the antennas are circular polarized.
However, as the fabricated antennas are fed with a pair of
waveguide ports, the antennas become linearly polarized
and, thus, the gains in E- and H-planes lost symmetry.
Table 4 shows the comparison of the proposed transfor-
mation optics metasurface (TOMS) and other designs,
including Huygens’ metasurface (HMS) [11] and con-
centric uniform circular array (CUCA) [15]. We know
the proposed work can reduce the cone-apex angle of the
beam energy, while maintaining high OAM purity.

To conclude, the reduction on main lobe angle in the
H-plane measurement results show that the layered SRR-
filled antenna can generate focused OAM beams.

In this paper, we only consider the TE polarized
wave. For the TM wave, the metamaterial must be
designed with desirable εz, while µz can be arbitrary.
The desirable εz can be realized by wire medium and be
explored in the future.

V. CONCLUSION
In this study, a SRR-filled horn antenna is proposed

to generate a focused OAM beam. Transformation optics
was utilized to obtain an inhomogeneous transformation
medium for focusing the OAM beam. To validate the
proposed approach, we fabricated and measured the pro-
posed antenna based on a double-sided split ring res-
onator. By inserting SRR-filling, the OAM mode purity
is well-preserved, and the OAM main lobe angle can be
reduced by 13o, which agrees with the simulation results.
The focused OAM beam can be a preferable feature in
the OAM wireless communication systems.
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