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ABSTRACT Awideband high-gain circularly polarized (CP) shaped dielectric horn-lens antenna (SDHLA)
operating in the frequency band between 6.7 and 18.2 GHz [fractional impedance bandwidth (FIBW) of
92.4%] with a 3-dB axial-ratio in the frequency range from 8.1 to 16.3 GHz [fractional axial-ratio bandwidth
(FARBW) of 67.2%], is presented. The antenna, composed of a suitably shaped dielectric horn, integrated
with a super-ellipsoidal-axicon dielectric lens made out of stacked thin dielectric disks, is mounted on a
printed circuit board (PCB) where a microstrip line terminated with a wideband radial stub is used to excite a
S-shaped slot through which the circular polarization is achieved. Parameterized 3D Lamé curves, describing
the horn and lens profile, are used to optimize the antenna design. The antenna features a peak realized
gain exceeding 13.1 dBi that is beneficial in a variety of applications, such as digital video broadcasting
(DVB), remote sensing, weather monitoring, satellite communications, and air traffic control. The full-
wave electromagnetic solver CST Studio Suite™, based on a locally conformal finite integration technique
(FIT), was employed to design and characterize the antenna whose performances were found to be in good
agreement with the experimental measurements.

INDEX TERMS Broadband excitation slot, circular polarization, dielectric lens, dielectric horn, dielectric
resonator antennas (DRAs), satellite communications, super-ellipsoidal–axicon dielectric lens, stacked-disk
dielectric lens, ultrawideband (UWB), wideband antennas, wireless communications.

I. INTRODUCTION
Circularly polarized (CP) radio communication systems are
preferable over the linearly polarized counterparts when
insensitivity to the relative orientation between transceivers
(orientation-independent characteristics), greater robustness
to multipath effects [1] as well as to the propagation
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characteristics of the radio channel in presence of hydrom-
eteors, clouds, fog, and plasma, which typically affect satel-
lite radio links [2], are required. In addition to polarization
requirements, modern communication systems must guaran-
tee high gain and wide bandwidth when high data rates must
be ensured in point-to-point (indoor/outdoor), short-, long-
range or satellite communication links [2], [3], [4]. In this
context, high-gain circularly polarized wideband dielectric
resonator antennas (DRAs) can result particularly effective.
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Indeed, DRAs have several attractive characteristics, such
as no surface wave losses, high radiation efficiency, com-
pact size, nearly constant gain, high impedance bandwidth,
and flexibility in exciting linear/circular polarization. Fur-
thermore, being basically three-dimensional (3D) radiating
structures, they offer additional degrees of freedom to antenna
designers.

In DRAs, the CP can be achieved in different ways,
through the excitation of degenerate modes [5], [6], the use
of dual/four-point electric probes [7], [8], or by probes con-
nected by means of microstrip lines [9], [10], through travel-
ing wave exciters [11], [12], suitable slots [13], [14], by using
an appropriate shaping of the ground plane [15], by adding
parasitic elements [16], [17], or coupled resonators [18], [19],
just to mention some of the main design strategies.

Despite the various techniques used to excite the CP,
most DRAs exhibit limited gain and/or operating band which
may result incompatible with modern point-to-point terres-
trial and satellite communication system requirements [2],
[20]. Design efforts aimed at enhancing the performance of
DRAs in terms of gain, bandwidth, and polarization purity
are proved by the growing number of papers appearing in the
technical literature [21], [22], among which those described
above stand out. In particular, a moderate-gain broadband
parallelepipedal DRA fed by means of a H-shaped metal strip
attached to one of its faces in such a way as to excite the rel-
evant degenerate modes TExδ13 and TE

y
1δ3 has been presented

in [6]. The proposed antenna exhibits a fractional impedance
bandwidth (FIBW) of about 27.7% (3.67-4.73 GHz), a frac-
tional axial-ratio bandwidth (FARBW) of approximately 20%
(3.67-4.4 GHz), and a peak realized gain of about 6.8 dBi.

A DRA with FIBW=104.96% (5.70–18.29 GHz) and
FARBW=40% (6.6–9.7 GHz), having a maximum gain of
8.41 dBi has been proposed in [10]. Such antenna, that is
optimized for aerial applications in C, X, and Ku bands,
is composed of a cross-shaped two-layer dielectric resonator
(DR) placed inside a dual-cylindrical cavity integrated with
a radome. To excite the antenna, two strip probes placed on
adjacent faces of the DRA and electrically connected to each
other by a semicircular microstrip transmission line were
used.

A rectangular DRA excited by an Archimedean spiral slot
useful to excite the CP was proposed in [12]. To enable the
propagation of a traveling wave in the slot, while suppressing
spurious reflections at its termination, a chip resistor was
employed. In this way, an impedance band ranging from
1.8 to 2.6 GHz (FIBW=36.36%) was achieved in combina-
tion with an AR bandwidth of 25.7% (1.93–2.50 GHz). The
proposed antenna delivers an average gain of about 4.52 dBi
within the axial-ratio band.

A first example of high-gain wideband DRA using a
dielectric spherical-axicon lens and a metal reflector was
presented in [8]. The proposed antenna, operating in the
frequency range from 4.6 to 9.1 GHz (FIBW=65%) with a
peak gain exceeding 14 dBi, can support linear or circular
polarization thanks to the adoption of four electric probes,

suitably excited, attached to the external wall of a hollow
CDRA on the top of which the spherical-axicon dielectric
lens is mounted.

In this paper, a single-feed wideband circularly polar-
ized high-gain shaped-dielectric-horn-lens antenna (SDHLA)
operating in the frequency range between 6.7 and 18.2 GHz
(FIBW=92.4%), with a peak realized gain of 13.1 dBi,
and with a 3-dB axial-ratio band from 8.1 up to 16.3 GHz
(FARBW=67.2%), is presented. The antenna, composed
of a suitably shaped dielectric horn, is integrated with a
lightweight super-ellipsoidal-axicon dielectric lens made out
of simple stacked dielectric disks, whose purpose is to
increase the gain, as well as the impedance and axial-ratio
bandwidths. The proposed radiating structure is mounted on
a PCB where a suitable wideband S-shaped slot coupled
to a microstrip line terminated with a radial stub, excites
the circular polarization. 3D Lamé equations are used to
identify the optimal profiles of the dielectric lens and horn
that enable the best antenna performance. In this context,
the Lamé equation was chosen as it allows synthesizing a
vast class of geometrical shapes by acting on a few simple
parameters [23]. The proposed antenna covers the entire
X-band and most of the Ku-band, that is useful in several
(civil and military) applications, such as radar, digital video
broadcasting (DVB), remote sensing, weather monitoring,
satellite communications, and air traffic control.

This article is organized into five sections. In Section II,
the antenna geometry is illustrated. The antenna design is
detailed in Section III, while the related electromagnetic per-
formance is presented and discussed in Section IV. Finally,
concluding remarks are summarized in Section V.

II. ANTENNA GEOMETRY
A 3D view of the proposed antenna is shown in Fig. 1a,
whereas the relevant 2D cross section in the yz-plane is
illustrated in Fig. 1b.

The antenna consists of a dielectric horn integrated with a
lens composed of five thin dielectric disks stacked along the
lens optical axis (see Fig. 1). The radiating structure is placed
on a PCB and excited through an S-shaped slot coupled with
a tapered microstrip line terminated with a wideband radial
stub (see Fig. 2).
The S-slot is used to excite a left-hand circularly polarized

electromagnetic field (LHCP). The dielectric horn transfers
the RF energy from the excitation slot region to a suit-
ably shaped lightweight dielectric lens, whose purpose is to
enhance the realized gain while keeping the antenna weight
limited. To reduce weight and manufacturing complexity,
a stacked-disk dielectric lens has been adopted in place of
the massive counterpart as it exhibits similar electromag-
netic field focusing capability but in combination with an
extremely lower weight [24]. These features can be exploited
in avionics and satellite applications where weight and man-
ufacturing costs are key requirements.

A tapered microstrip line (characteristic impedance Zc =

50�), printed on a Rogers RT5870 substrate (thickness

VOLUME 11, 2023 20913



D. Caratelli et al.: Wideband High-Gain CP Dielectric Horn Antenna Equipped With Lamé-Axicon Stacked-Disk Lens

FIGURE 1. Geometry of the shaped-horn-lens antenna. (a) 3-D view and (b) cross-sectional view in the yz-plane. Circled
numbers indicate the dielectric disks that make up the 5-stacked-disk dielectric lens. The dashed line in (b) outlines the
profile of the reference massive lens. The reference system adopted in the antenna analysis is also shown.

FIGURE 2. Top (a) and bottom (b) views of the PCB hosting the antenna feed structure, and close-up details of the S-shaped excitation slot
(c). The dashed circle of diameter Di in (a) corresponds to the dielectric horn base. A metal void of diameter Dhole is realized on the ground
plane to compensate for the reactive effects introduced by the microstrip-connector discontinuity. Dark gray metal, light gray dielectric
substrate.

tpcb = 0.787mm, relative permittivity εrpcb = 2.33, and loss
tangent tan δ = 0.0012), is connected to a surface-mount
SMA connector used to feed the antenna. The dielectric horn
hosting the lens is made out of Premix low-weight plastic
material (relative permittivity εrhorn = 3.5, loss tangent
tan δ = 0.0005), while the five disks forming the lens, each
of them having thickness tdisk = 1.524mm, are made out
of Rogers TMM4 (relative permittivity εrdisk = 4.5, loss
tangent tan δ = 0.0020). Even if, as suggested in [24], the
required separation between the disks forming the lens may
be achieved by means of a thin dielectric rod (see [24]),
for construction simplicity lightweight disks composed, of a
dielectric foam (Styrodur® 3000 CS by Weston) having
a thickness hspace = 0.348cm and relative permittivity
εrspacer = 1.05, were employed as spacers (see Fig. 1b).
All the materials used for the antenna manufacturing are
inexpensive and easy to find on the market. This allows
for the use of the proposed antenna in real-life practical
applications.

The parameters describing the optimal geometry of the
dielectric horn-lens structure as well as the underlying PCB
are reported in Tables 1 and 2, respectively.

III. ANTENNA DESIGN
The antenna design required the sizing of the dielectric horn
and lens, as well as of the PCB on which the horn-lens
assembly is housed. Two design steps were necessary to size
the dielectric horn. At first, the optimal geometrical param-
eters of a cylindrical dielectric resonator antenna (CDRA)
(diameter Di = 2.56cm and height hhorn = 1.5cm) were
evaluated using the empirical formulas reported in [25] so as
to ensure the excitation of the HE11δ resonant mode at the
working frequency f= 6 GHz. Then, as suggested in [26], the
height of the CDRA was kept constant, while the radiating
mouth diameter was widened so to realize a truncated cone
structure, which, as observed in [26], allows for a significant
broadening of the operating band. The optimal diameterDs is
such to enable the maximum field intensity level received in
the slot region when the dielectric horn is excited by a LHCP
uniform polarized plane wave normally impinging on it [27].

After completing the horn design, a massive spherical-
axicon dielectric lens was preliminarily sized to further
increase the field strength in the slot region. After optimiza-
tion, a dielectric lens having relative permittivity εrlens = 2.1
(teflon, tan δ = 0.0002), spherical cap radius Rlens = 2.02cm
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FIGURE 3. Geometry of the antenna equipped with (a) the spherical-axicon lens, and (b) the Lamé-axicon lens. The
local cylindrical reference system used to describe their geometries is shown in the figure. The region below the
dotted line indicates the portion of the axicon lens removed to increase the antenna axial ratio bandwidth.

FIGURE 4. Spatial behavior of the x-component of the electric field and of the real part of the Poynting vector in
the xz-plane for (a) massive truncated spherical-axicon lens, (b) truncated massive Lamé-axicon lens, (c) 5-disk
lens whose envelope coincides with that of the truncated massive Lamé-axicon lens, excited by an x-polarized
uniform plane wave of amplitude 1V /m and frequency f=8 GHz (Dlens/λ0 = 1.07), traveling along the z-axis.
Higher field levels are excited in the back region of the 5-disk lens.

and curvature center in zc = − 0.27cm (see Fig. 3), axicon
height haxicon = 1.1cm and aperture angle φc = 122◦, has
been identified.

An S-shaped slot etched into the ground plane of the
PCB was used to excite a LHCP radiated field in the band
of interest. The slot consists of a linearly tapered section
followed by a slot having width wslot and circular profile that
evolves upwards on one end and downwards on the other
end (see Fig. 2), thus resulting in an S-shaped region. The
excitation of the antenna was preliminarily modeled using a
discrete voltage generator of unitary amplitude placed across
the narrow gap of the slot tapered region. The optimization

was carried out by maximizing the antenna gain, impedance,
and axial-ratio bandwidths, simultaneously.

Finally, to further increase the antenna gain, lens and horn
profile were enhanced using 3D Lamé equations. The follow-
ing 3D Lamé equation in cylindrical coordinates was used to
optimize the lens profile: ρ√(

Ds
2

)2
+ z2c


nρ

+

∣∣∣∣ zlens − zc
zu/l − zc

∣∣∣∣nz = 1∀ρ ∈

[
0,
Ds
2

]

(1)
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FIGURE 5. Spatial behavior of the x-component of the electric field and of the real part of the Poynting vector in
the xz-plane for (a) massive truncated spherical-axicon lens, (b) truncated massive Lamé-axicon lens, (c) 5-disk
lens whose envelope coincides with that of the truncated massive Lamé-axicon lens, excited by an x-polarized
uniform plane wave of amplitude 1V /m and frequency f=12 GHz (Dlens/λ0 = 1.60), traveling along the z-axis.
Higher field levels are excited in the back region of the 5-disk lens.

FIGURE 6. Tangential electric field distribution excited in the S-shaped slot at the working frequency of 12 GHz:
(a) real part, (b) imaginary part. Spatially and temporally orthogonal field distributions, (responsible for the
excitation of the LHCP) are observable in the upper and lower arms of the S-shaped slot. Microstrip excitation
level: 1V.

where ρ is the radial cylindrical coordinate (see Fig. 1), while
zu and zl identify, respectively, the upper and lower limits
within which the lens is confined in the local cylindrical ref-
erence system (ρ, φ, zlens) shown in Fig. 3, while zc denotes
a suitable offset parameter. The spherical-axicon dielectric
lens dimensioned in the previous design step is obtained by
setting in (1) nρ = nz = 2 and zc = − 0.27cm for the
spherical-cap, and zc = 0 for the axicon lens. To further
increase the radiative performance of the antenna, a non-
conventional lens geometry [23], [28] was adopted, while

keeping the same vertical bulk. After numerical optimization,
the best-performing lens was found to feature an upper profile
described by the Lamé parameters nρ = 3.5, nz = 3.5,
zc = 0, with the lower part still coinciding with the axicon
introduced during the previous design step.

A similar procedure was carried out to optimize the dielec-
tric horn profile and, in this way, increase the antenna direc-
tivity. To this end, the following 3D Lamé equation was used∣∣∣∣ρ − ρ0

a

∣∣∣∣nh +

∣∣∣ zlens
b

∣∣∣nh = 1
ρ0 ≤ ρ ≤ ρ0 + a
b ≤ zlens ≤ 0

(2)
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TABLE 1. Antenna geometrical parameters.

with

a =
Ds − Di

2
(3)

b = −hhorn (4)

ρ0 =
Di
2

. (5)

After numerical optimization, carried out keeping
unchanged the parameters that identify height and horn diam-
eter, as well as those describing the massive lens, an optimal
parameter nh = 0.7 was found. Even if the resulting antenna
exhibits high realized gain, the axial ratio bandwidth was
found not to be suitable for guaranteeing the CP in the band
of interest. A significant increase of the axial ratio bandwidth,
without affecting the antenna gain, was achieved by removing
about the 60% of the axicon lens (see Fig. 3).

Finally, a stacked-disk dielectric lens with the same enve-
lope as the massive counterpart was introduced. Such lens,
designed according to the formulas reported in [24], is com-
posed of five dielectric disks having thickness tdisk =

1.524mm and relative permittivity εrdisk = 4.5 (Rogers
TMM4), equally spaced along the lens axis with a spacing
hspace = 0.348cm (see Fig. 1). The disk lens is therefore
characterized by an effective relative permittivity εreff = 2.1

TABLE 2. Slot and PCB geometrical parameters.

FIGURE 7. Frequency behavior of the realized gain of the shaped
dielectric horn stacked-disk lens antenna. A best performance is achieved
by the DRA equipped with the stacked 5-disk dielectric lens.

(that is equivalent to that of themassive lens) with a stop-band
frequency of about fc = 17GHz, beyond which the lens loses
its focusing properties [24].

As it appears from Figs. 4 and 5, the electric field and
Poynting vector maps show an improved focusing capability
of the stacked-disk lens as compared to the corresponding
truncated spherical-axicon and Lamé-axicon lenses, when
said lenses are excited by a unit-amplitude uniform plane
wave (lenses working in receive mode). Larger field levels
are observed in the back region of the stacked-disk dielectric
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FIGURE 8. Prototype of the SDHLA (a), and detail of the horn and of the 5-stacked-disk dielectric lens assembly (b), mold used for accurate
mounting the horn on the PCB (c). The photo in (c) shows the horn inside the mold ready to be glued with the PCB.

TABLE 3. Antenna impedance and axial ratio bandwidth characteristics.

TABLE 4. LHCP and RHCP realized gains along the antenna boresight direction.

FIGURE 9. Frequency behavior (a) of the input reflection coefficient magnitude and (b) of the realized gain achieved by the shaped dielectric
horn stacked-disk lens antenna. A good agreement between numerical and experimental results can be observed.

lens, thus promoting a higher coupling with the feeding line
placed below the S-shaped slot (see Fig. 6). It is worth not-
ing that, although the lenses exhibit free-space normalized
dimensions Ds

/
λ0 = 1.07 and Ds

/
λ0 = 1.6 (that are

far from those of truly optical lenses) at the frequencies of
8 and 12 GHz, respectively, the achieved focusing effect is
anyway significant (see, also, Fig. 12). Finally, for complete-
ness, the frequency behavior of realized gain achieved by the
antenna equipped with the three considered dielectric lenses

is reported in Fig. 7. Consistently with the field maps shown
in Fig. 4 and 5, the gain performances are better for the
antenna equipped with the stacked disk dielectric lens.

Notice that, while the massive lens has a weight equal to
50 g, the one with stacked disks has a weight of only 14 g
(equal to 28% of the weight of the massive lens) even though
the same realized gain level is achieved. These remark-
able characteristics confirm the fact that a stacked-disk lens
reduces manufacturing cost and complexity and, therefore,
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TABLE 5. Comparison between the performance of the proposed antenna with those available in the literature.

FIGURE 10. Frequency behavior of the antenna axis ratio. The differences
between measurements and numerical results are probably due to the
small misalignments between the different parts forming the antenna as
well as to the glue used for its assembly.

is more suitable in those applications where weight is a key
requirement, such as avionics and satellite applications [24].

To guarantee the best performances in terms of impedance
bandwidth and axial ratio, a final tuning of the horn height
and slot geometry (see Table 1 and 2) was performed. The
excitation of the LHCP sustained by the antenna is easily

recognizable by the electric field map excited in the S-slot
at the frequency of 12 GHz (see Fig. 6).

IV. ELECTROMAGNETIC PERFORMANCES OF THE
ANTENNA
A prototype of the proposed antenna (shown in Fig. 8)
has been manufactured for the experimental verification of
the radiative antenna performances. A laser PCB etching
machine was used to realized slot, microstrip line, and wide-
band radial stub, whereas the horn structure and the dielectric
disks forming the lens were made by computer numerical
control (CNC) milling. Finally, Pattex® glue by Kleber was
used to assemble the horn with the PCB and the dielectric
disks with the foam layers used to ensure the desired spacing
between the disks. Specific molds were used to accurately
assemble the different parts forming the antenna (in Fig. 8
one of the plastic molds used for assembling the horn with
the PCB is shown).

The frequency behavior of the input reflection coefficient
and realized gain of the final optimized antenna is reported
in Fig. 9, while the performance in terms of impedance and
axial ratio bandwidth, as predicted numerically and measured
on the physical prototype, is detailed in Table 3. As it can
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FIGURE 11. Antenna radiation patterns. Working frequencies (a) f = 8GHz , (b) f = 12GHz . Good agreement with the
experimental measurements is observed.

FIGURE 12. Spatial distribution of the real part of the Poynting vector in the yz-plane. Source characteristics: Vg = 1V ,
internal impedance Zc = 50�. Working frequency: 12 GHz. The energy-focusing process due to the 5-stacked-disk dielectric
lens and the diffractive processes taking place at the PCB edges are visible in the figure.

be noticed in Table 3, the fractional impedance bandwidth is
92.4% (90% measured), whereas the axial-ratio bandwidth is
67.2% (68% measured). The frequency behavior of the axial
ratio is shown in Fig. 10, whereas the LHCP and RHCP gain
levels, simulated and measured along the boresight direction
(z− axis) of the antenna, are reported in Table 4.

Finally, the antenna radiation patterns at the frequencies of
8, and 12 GHz are reported in Fig. 11a and 11b, respectively.
A good agreement between numerical simulations and exper-
imental measurements can be observed. The input impedance
of the antenna prototype was measured using a Keysight
PNA N5225A network analyzer, while the realized gain, the
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radiation patterns, and the axial ratio were evaluated using
a StarLab multiprobe measurement system available at the
facility of The Antenna Company in The Netherlands.

The spatial distribution of the real part of the Poynting
vector at the working frequency of 12 GHz is illustrated in
Fig. 12. This is useful to gain a better physical insight in the
radiation mechanisms underlying the antenna behavior. One
can notice the beneficial role played by the stacked-disk lens
in focusing the RF energy along the antenna boresight, as well
as in reducing the scattered field level by the PCB trunca-
tion. Furthermore, the integrated lens significantly increases
the axial ratio bandwidth as proved by additional numerical
investigations that have not been reported here for brevity.

A performance comparison between the proposed antenna
and circularly polarized DRAs already available in the sci-
entific literature is reported in Table 5 (where N.P. stands
for ‘‘Not Provided’’ in its reference paper). The table, which
highlights the design strategy as well as the CP excitation
technique adopted for each considered DRA, shows that,
among the antennas with similar fractional bandwidth, the
proposed design with shaped horn and lens displays the best
performance in terms of gain, axial ratio bandwidth, and
compactness.

V. CONCLUSION
A wideband high-gain circularly polarized DHLA operating
in the frequency band from 6.7 to 18.2 GHz (FIBW=92.4%),
and with an axial ratio smaller than 3 dB between 8.1 and
16.3 GHz (FARBW=67.2%), has been presented. Parametric
Lamé equations have been used to describe the optimal
geometry of the dielectric horn and lens that ensure the best
antenna performance. The adoption of a super-ellipsoidal-
axicon dielectric lens has allowed obtaining a peak realized
gain of 13.1 dBi, while the use of the S-shaped slot-based
excitation scheme has made feasible to excite circular polar-
ization over an extended band of frequencies. Furthermore,
it has been demonstrated experimentally for the first time
how a stacked-disk dielectric lens can effectively ensure elec-
tromagnetic performance similar to that of a massive lens
but at a significantly lower cost and weight. The antenna
characteristics resulted in good agreement with the measure-
ments carried out on an experimental antenna prototype. The
electrical and mechanical features exhibited by the proposed
antenna makes it a good candidate in high-gain wideband
wireless communication systems as well as in, radar, avionics
and satellite applications.
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