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ABSTRACT This work introduces a Ka-band coaxial horn antenna that incorporates a specialized
dielectric supporting structure and a transition to a 2.4 mm connector. The inner and outer radii of the
coaxial aperture were sized using an approximated model for an open-ended coaxial waveguide. The
theory of small reflections was then used to account for the reflection coefficient resulting from an
additional cascading cylindrical-conical section. A refined numerical model, representing more accurately
a prototype, featured a transition region to standardized connectors and a dielectric structure that
offers mechanical support for the inner conductor and impedance matching. Ansys HFSS full-wave
electromagnetic finite-element method solver was used to compute the parameters of the antenna, and a
genetic algorithm optimizer was employed to improve the performance of the complete coaxial horn. A
prototype was fabricated using metal additive manufacturing for the inner and outer horn conductors, while
the dielectric support was created using 3D polymer printing. Experimental measurements demonstrate that
the prototyped antenna has an impedance bandwidth of above 79.36% (19—44 GHz), a peak realized gain
of 11.53 dBi, and a maximum efficiency of 89.83%. Additionally, a sensitivity analysis was conducted to
evaluate the potential impact of additive manufacturing imperfections and assembly errors on the antenna’s
performance.

INDEX TERMS Wideband antenna, dual-reflector antenna, coaxial horn, conical-beam radiation, coaxial
waveguide, additive manufacturing, Ka-band, millimeter-wave.

O MEET the increasing demand for high-quality wire-

less communication, the millimeter-wave (mm-wave)
band has garnered significant attention as a promising choice
for 5G, 6G, and other future wireless technologies. Such
communication systems face challenges such as elevated
atmospheric propagation loss and limited performance in
non-line-of-sight conditions. Integrating mm-wave commu-
nication systems with lower frequency bands is anticipated to
overcome these limitations. Sub-6 GHz bands are employed

for wider coverage and better penetration, while the mm-
wave Ka-band is leveraged for higher data transfer rates and
capacity. In this context, base stations play a crucial role
in mm-wave communication systems, where omnidirectional
antennas are well-suited due to their ability to provide full
360-degree coverage for point-to-multipoint applications.
At mm-wave frequencies, high-gain broadband antennas
(above 10 dBi for an omnidirectional pattern) are required
in many wireless applications to compensate for free-space
path loss, atmospheric absorption, and limited transmit
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power [1], [2]. A collinear antenna array of electrical or mag-
netic dipoles can accomplish this with a narrow impedance
bandwidth. The traveling-wave antennas such as discone and
biconical can produce a wider bandwidth, although their
typical peak gain varies from 1 to 7 dBi [3], [4]. Traveling-
wave arrays using elements such as biconical antennas and
slotted waveguides are suitable to attain high gain with
impedance bandwidth larger than 20%, although they do not
offer steady-frequency vertical radiation pattern due to the
inherent frequency-beam-steering behavior [4], [5], [6].

Recently, several research efforts have been dedi-
cated to the design and development of non-planar
wideband  high-gain  omnidirectional antennas  with
frequency-stable vertical radiation pattern operating in
the Ka-band [3], [6], [7], [8], [9], [10], [11], [12], [13].
In [3], two biconical antenna elements are arranged and
differentially fed, exhibiting an impedance bandwidth (with
reflection coefficient better than —10 dB) of 14.2%, over
26.2 GHz to 30.2 GHz, and with a maximum gain of
12.5 dBi. In [6], a complex antenna system composed of
a biconical antenna loaded with an annular metal lens and
its dielectric holding was designed for the Ka-band. The
antenna exhibited an —10 dB impedance and 3 dB gain
bandwidths of 43.9% (25.6 GHz—40.0 GHz). The maximum
measured gain achieved was 9.2 dBi. The main limitation
of this model is associated with the manufacturing and
assembly of the metal lens and their supports, which can
make the model more vulnerable to imperfections. In the
study in [7], an annular slot technique was employed to
enhance the impedance performance of a monopole antenna
while maintaining consistent radiation patterns. The antenna
achieved a voltage standing wave ratio below 2 from 17.9
to 50 GHz, with a flat gain of approximately 5.5 dBi.

The omnidirectional dual-reflector antenna fed by a TEM
coaxial horn is a high-efficiency option suitable to operate
in mm-wave frequencies [9], [10]. It offers the advantage
of providing omnidirectional high gain with a wideband
behavior with a steady-frequency vertical radiation pattern.
The simulations results in [10] reveal that the geometric
optics (GO)-shaped reflector shows a frequency bandwidth
larger than 45% (25-40 GHz) for |Si;] < —20 dB with a
maximum directivity of approximately 14 dBi. The gain of
these antennas is directly linked to the electrical size of
the antenna aperture. The bandwidth, on the other hand,
is primarily influenced by the characteristics of the feeder,
typically a conical-beam radiation antenna with a null at the
axial direction (z-positive) to avoid reflection at the feeder.

The design and fabrication of an operational coaxial horn
operating at the X band, similar to that presented in [10],
were analyzed in [12], showing a 30% relative bandwidth.
This approach uses a transition to an N-type connector, and
a dielectric support structure for the inner conductor was
presented. However, implementing the proposed dielectric
structure requires a complex manufacturing process, in which
the horn needs to be constructed in several separate parts
assembled after the dielectric is inserted. Another drawback

of this approach is that manufacturing errors severely degrade
the reflection coefficient. A similar design projected for
the Ka-band was presented in [10]. However, it does not
consider a supporting structure for the inner conductor or an
appropriate coupler for standardized connectors. These issues
were investigated numerically in [13], but the results were
not validated experimentally. In addition to lacking measured
results and experimental validation, the work in [13] does not
present design guidelines and does not give details about the
reported supporting structure or the coupling to standardized
connectors. Also, the presented design considers coupling
to a 2.92 mm connector, which may limit the coaxial horn
operation up to 40 GHz.

An alternative coaxial feeder design was recently reported
in [11], where the authors analyzed a circular aperture
horn antenna with a conical radiation pattern radiating the
fundamental transverse magnetic field (TMp; mode). The
antenna consists of a coaxial waveguide and a quadruple-
ridged conical horn fabricated using laser-based powder bed
fusion (L-PBF). Experimental measurements show that a
wide relative impedance bandwidth of 60.7% and a peak
gain of 11.4 dBi can be achieved within the frequency
band ranging from 24.9 to 46.6 GHz. Considering the
miniaturization of devices, the radiation of the TM(y; mode
poses a limitation due to its dependence on efficient
coaxial to circular transmission. Additionally, the operation
of this mode is only feasible above the cutoff frequency
for such a mode. On the other hand, coaxial horns offer
distinct advantages, particularly in terms of not having a
cutoff frequency for the TEM mode, and also facilitate
the conversion of the field to TM modes with wide-band
characteristics [10], [12]. Furthermore, when compared to
the antenna in [11], the TEM horn, with its inner conductor,
provides an additional degree of freedom for controlling the
field distribution. This characteristic not only enhances the
capacity to shape the field distribution precisely but also
enables easy integration with reflector antennas.

In this article, we explore the design of a coaxial
horn antenna to address the aforementioned theoretical and
practical gaps in the literature. Firstly, we introduce working
principles, design guidelines equations, and an approximate
analytical model for the coaxial horn. A novel ogival-like
dielectric support for the inner conductor was proposed,
as well as the transition to a 2.4 mm connector [14]. The
performance of the horn antenna was assessed through
rigorous analysis employing the finite element method in
Ansys HFSS. To improve the antenna’s performance, a multi-
objective genetic algorithm (GA) was utilized to optimize the
dimensions of both the dielectric structure and the transition
section.

A prototype of the antenna was fabricated using additive
manufacturing (AM), specifically, L-PBF for the metallic
inner and outer conductors, and polymeric printing for the
dielectric support. The rest of this work is organized as
follows. Section II presents the geometry of the coaxial
antenna and procedures for its design. Initially, Section II
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FIGURE 1. Geometry of the coaxial horn antenna.

describes the coaxial horn using approximate models for
an open-ended coaxial waveguide (Section II-B) and cas-
caded cylindrical-conical coaxial sections (Section II-C).
Then, a refined model representing a functional prototype
is discussed and optimized in Section II-D. Section III
describes the fabrication via AM and presents numerical
and experimental results. In addition, a sensitivity analysis
of imperfections in antenna fabrication and assembly and
their consequences for impedance matching and radiation
characteristics is presented. Finally, concluding remarks are
presented in Section IV.

Il. COAXIAL HORN DESIGN

The proposed design for the coaxial horn comprises three
main parts, as depicted in Fig. 1: a) a transition region that
serves to change the radii of the conductors from a standard
2.4 mm connector, b) a cylindrical region containing a
dielectric support structure, and c) a conical region extending
to the aperture of the horn. A corrugation is introduced at the
aperture edge to minimize the backscattering radiation [12].
The horn used in this study was based on the one described
in [10], with the inclusion of a transition region and a
dielectric structure designed to provide mechanical support
to the inner conductor and ensure impedance matching.

A. WORKING PRINCIPLES AND DESIGN GUIDELINES

The basic principles of operation of a coaxial horn are
well known [15]. Briefly, the modal TEM fields in a
coaxial waveguide are radiated into free space. The gain
of this horn increases with the external radius r., but the
excitation of higher-order modes should be avoided for
practical applications. Thus, optimized performance requires
that the inner radius r; grows along with r, so that only the
fundamental mode propagates. In view of that, the design of
an antenna incorporating a coaxial aperture necessitates the
implementation of a conical interface between the aperture
and a standardized coaxial connector. This design criterion is
pivotal to ensure that the TEM field is transmitted primarily

is detailed in Fig. 1, illustrating the critical transition zones
that enable the desired propagation characteristics.

B. APPROXIMATED MODEL FOR AN OPEN-ENDED
COAXIAL WAVEGUIDE

Our design process started with sizing the antenna aperture
radii to maximize directivity and minimize reflection from
a coaxial aperture radiating into free space. At this stage,
the effects of the cylindrical and conical regions were
neglected. Assuming that the dimensions of the radii of the
inner and outer conductors of the coaxial aperture allow
only the propagation of the TEM mode, the normalized
electromagnetic fields in a planar aperture in a coaxial
waveguide, expressed in cylindrical coordinates (p, ¢, z), are
defined by

and Hy = i (D)
np

with all other field components being null. In the above, n

represents the wave impedance of the TEM mode.

We can approximate the radiated fields of the above
coaxial waveguide into semi-infinite space through the
Kirchhoff-Huygens principle, also known as the aperture-
field method, as discussed in [16, Ch. 10], [2, Ch. 12].
Accordingly, the pertinent electric far-field components in
spherical coordinates (r, 6, ¢) are given by

1
E,=—,
P

ek
Ey = - 2Sing[l—l—cosé’—i—l*ap(l —cos6)]
x[Jo(kre sin @) — Jo(kr; sinf)], 2)
Ey =0, 3)

where k denotes the working wavenumber, and Jo(-) is a
Bessel function of the first kind and order zero. The method
described in [16, Ch. 10] has been employed here to account
for the aperture reflection from the open-ended waveguide,
albeit adapted for a coaxial aperture scenario. It is important
to note that as I'yp — 0, the formulas presented revert to
those utilized in [17]. As a consequence of the circular
symmetry of the aperture fields as indicated in (1), the
associated radiated fields are also symmetric with respect to
¢, resulting in the absence of cross-polarized fields.

An approximation for the reflection coefficient can be
computed via

_ Yap — 1
® yap+1

where y, is the equivalent aperture admittance normalized
by the characteristic admittance of the TEM mode of the
coaxial waveguide. Variational approximated formulas for
calculating y,, are available in [18, Sec. 4-16], enabling its
computation as follows:

“)

Yap = 8ap +jbap 5
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1 /2 [ Jo(kre sin®) — Jo(kr; sin 9)]?
Sap = r sin g dv
log(—e> =0
ri

by =

(6)
1 ™ 12
—f 25i<k(r§+r,-2—2rericosz9) )
<’"6) ¥=0
wlog| —
ri

—Si(2kr, sin(9/2)) — SiQkrisin(®@/2))d¥  (7)

where Si(-) is the sine integral function.

The formulas approximated above were used to obtain
a first estimation of the ideal horn aperture dimensions in
terms of radiation and impedance matching characteristics,
with the directivity being approximated via [2, eq. (2-16)]

Uap‘ max

Dy, =4 ®)

ap, rad
where the maximum radiation intensity is easily computed
via

2
Uap, max — |E0, max| (9)
and the radiated power obtained via the numerical evaluation
of the integral

T
Pap,rad = 277/ |E9|2 sinf dob. (10)
0

=0
In the above, Ey max represents the field computed via (2)
(for a fixed r) in the direction of maximum radiation.

Assuming an external aperture radius r, = 10.28 mm,
we analyze the effect of the ratio r./r; of the aperture on
the results shown in Fig. 2. Besides minimal changes being
observed for the directivity over the frequency range of
interest, the correct choice of an inner aperture radius allows
us to minimize the reflection. Since a high r./r; ratio is not
ideal due to construction constraints, we observe in Fig. 2
that a ratio between 2.5 and 3 leads to a good balance
between impedance bandwidth and maximum directivity
over the Ka-band.

Again, it is crucial to note that the approximated
model does not encompass the scattering associated with
other internal regions (such as transition, cylindrical, and
conical regions), nor does it consider the effects of the
outer geometry with flanges and external parts. Additional
reflections beyond the aperture reflection, approximated via
equation (4), need to be taken into consideration for precise
modeling of the antenna’s overall reflection mismatching
looking to the 2.4 mm input connector. Concerning the
external components, our design has incorporated a ring
choke with a depth £, and width w, to mitigate backradiation
levels, as suggested in [19], thus making the approximated
prediction in (2) representative, at least within the main
radiation conical lobe. This choke will effectively reduce
the impact of diffraction resulting from the finite-length
antenna flange, rendering the corrections described in [20]
unnecessary.
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FIGURE 2. Simulated results of parametric analyses for aperture the ratio r./r;.
(a) Maximum antenna directivity Dy, max- (b) Aperture reflection coefficient I'yp.

C. APPROXIMATED MODEL FOR CASCADED
CYLINDRICAL-CONICAL COAXIAL SECTIONS

In the conical region, the coaxial domain has inner and
outer radii that vary from r, and r, (at the connection of
the cylindrical region) to r; and r, (at the antenna aperture)
over a longitudinal span of length L, as depicted in Fig. 1.
The reflection coefficient I'cy con seen at the cylindrical to
conical region interface can be treated as contributions from
the aperture and the tapered section. Assuming continuously
tapered inner and outer metallic conductors, as described in
the theory of small reflections [21, Secs. 5.5-5.8], to the
present context, we can approximate such reflection as

1 ok Zaper®@
I'ev =_/ e—JZkzp—dz—i—F
cyheon 2 z=0 Ztaper(Z) o

where the local coaxial impedance as a function of position

is defined by
n b(z)
Ziaper(2) = Py 10g|:a (Z)i|

and the taper is accounted for via the linearly varying radii

(1)

12)

i 13
o (13)
Fe—7,
L
In (11), the derivative with respect to z of the local
impedance, i.e., Z{,,,(2), can be easily computed analytically
from (12), but the integral must be performed numerically.
By using the aperture size defined with r; = 3.75 mm
and r, = 10.28 mm, i.e., a ratio of 2.74, and assuming that

a(z) = 1} +

b(z)=r,+ z. (14)
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FIGURE 4. Maximum directivity and reflection coefficient of the horn antenna
simulated using the approximate method and via FEM.

the coaxial waveguide at the beginning of the conical region
has rl/- = (0.83 mm and r;, = 1.908 mm, we have computed
the approximate reflection coefficient depicted in Fig. 3 for
conical lengths L = {0.5, 1, 2}1¢, with Ao = 10.714 mm. In
the limiting scenario as L — oo, we have eypcon —> ap. It
is observed that the reflection coefficient can be minimized
to the level of that at the aperture using long lengths L,
but this impacts the size of the horn. A good balance
between size and performance is achieved with L = 2.17),
proving a reflection coefficient of about —20 dB over the Ka-
band. Fig. 4 shows the reflection coefficient and maximum
directivity of the antenna simulated using the approximate
method and FEM, demonstrating relatively good agreement
at low frequencies where the horn supports single-mode
propagation. The corresponding radiation patterns at relevant
Ka-band frequencies 26 GHz, 33 GHz, and 40 GHz are
depicted in Fig. 5. The approximated model accurately
predicts the main radiation lobes; however, its precision
decreases as the frequency increases due to the effects of
higher-order modes that are not considered.

The proposed design differs from other designs docu-
mented in the literature, enabling a wideband characteristic.
For instance, the length of the conical section used in [17] is
approximately one-third of the central operating wavelength.
Evaluations based on the results depicted in Fig. 2(b) suggest
that a length L about twice the wavelength (or more) leads
to a more favorable reflection characteristic. Additionally,
unlike [17], the current design avoids a direct connection
between a standard coaxial connector and the conical
section. Typically, commercial coaxial connectors come with

0 ; -
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%/ ; [ 38
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FIGURE 5. Normalized radiation patterns at 26 GHz, 33 GHz, and 40 GHz simulated
via the approximated method and via FEM.

dielectric support, and their direct integration with an air-
filled coaxial waveguide of the same cross-section may result
in an additional impedance mismatch beyond that indicated
by the approximations in (11). To address this, the proposed
antenna design includes an extra transition region, as shown
in Fig. 1. It is also important to note that dielectric support is
essential for maintaining the spatial separation between the
inner and outer conductors. The modeling of these elements
in both the cylindrical and transition regions will be further
detailed in the following section.

D. REFINED MODEL FOR COMPLETE COAXIAL HORN
In order to obtain a feasible prototype, two main modifica-
tions were made to the simplified model of the coaxial horn,
presented in Section II-C: first, the addition of a dielectric
support and matching structure in the cylindrical region (refer
to Fig. 1), and second, the addition of a transition region.
These modifications were first implemented, verified, and
improved through parametric analysis utilizing the finite-
element method (FEM) solver of ANSYS HFSS [22].
Metallic structures were considered as perfect electric
conductors, and the dielectric support was implemented in
PA2200 Polyamide 12 (Nylon 12) with loss tangent of
tand = 0.07, and relative permittivity ¢, = 3.8 [23]. The
effect of roughness and the finite electrical conductivity of
the metal-additive-manufacturing material were ignored.

Considering first the addition of a mechanical support to
the inner conductor, we know that the introduction of a
dielectric structure with €, > 1 in a region previously filled
by air alters the impedance, requiring a solution for matching.
Reference [12] employed a cylindrical structure to achieve
this by altering the cylindrical region radii and dimensioning
the support structure to minimize reflections. However,
this approach resulted in a geometry posing manufacturing
difficulties, as detailed in Section I.

We tested several geometries with the aim of developing
a new structure that needed to serve as both a mechanical
support for the inner conductor and an impedance-matching
element. Importantly, it should not negatively impact the
performance of the coaxial horn and should also facilitate
the manufacturing process. To achieve this, all geometries
were designed to fit precisely in the space between the inner
and outer conductor within the cylindrical region.



SIMIONATO et al.: DESIGN GUIDELINES AND PERFORMANCE ANALYSIS

1126

/i;i

°

N

(a) (b)

FIGURE 6. Examples of geometries considered in the development of the
impedance matching structure.
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FIGURE 7. Reflection coefficients simulated via FEM for the analyzed variations in
the length of the cylindrical support (Fig. 6(a)).

Initially, the same cylindrical geometry used in [12] was
applied in this work, but without altering the radii corre-
sponding to the inner and outer conductor. This geometry is
depicted in Fig. 6(a). The dielectric cylinder was placed at
the center of the cylindrical region, its length was initially
set to Ao/4, and subsequently, a parametric analysis was
conducted considering its length. Given that modifications
to the cylindrical region do not result in significant changes
in the radiation pattern, we verified only the reflection
coefficient. The reflection coefficients for the parametric
analysis of the length of the cylindrical support are presented
in Fig. 7. Generally, the use of the cylindrical support
degraded the performance of the coaxial horn, leading to an
increased reflection coefficient that remains between —20 dB
and —5 dB for most of the analyzed frequency band.

Subsequently, the performance of the coaxial horn was
assessed with the support designed to provide a soft transition
from air to Polyamide 12 and back to air. This support
design, illustrated in Fig. 6(b), comprised a cylindrical sec-
tion and half-ogival end parts with equal lengths positioned
at the beginning and end of the cylindrical section. The
half-ogival parts can be described in Cartesian coordinates
by:

X(t) =t
Y(H) =0

15)
(16)

0 :
20
as) \ S
= \ 1
— Li(Mo) '
@ 4070016 —0.37 ;. ! N
----- 0.23 - - -0.43 ; !
_60 L 030 1 ! i
15 20 25 30 35 40 44

Frequency (GHz)

FIGURE 8. Reflection coefficients simulated via FEM for analyzed variations in the
transition region’s length (L;).

~12
BIIET  E W C)

2 2-(r— 1)’

where 7, <t <,

The dimensions L.; and Lg in Fig. 6(b) were adjusted
roughly so that the support provided the least negative impact
on the performance of the coaxial horn. A dielectric support
with a total length of Ly = A and a cylindrical section with
a length of L.; = Ag/4 resulted in reflection coefficients that
remained below —20 dB for the majority of the Ka-band.
Therefore, those were the dimensions used herein.

Introducing the transition region was required due to a
disparity between the radii in the cylindrical region and
those of a standard commercial connector. Consequently,
a region providing gradual adjustment in the radii was
necessary to facilitate the connection of the coaxial horn
with a commercial connector, preserving performance and
ultimately transforming it into a functional prototype.

Initially, the transition region took the form of a Agp/4-
long section of coaxial waveguide, with inner and outer radii
determined by the geometric mean between the radii of the
cylindrical region and those of a commercial 2.4 mm con-
nector [14]. Following this, a parametric analysis explored
variations in the length of the transition region (L;), as well
as in its inner (#;') and outer (r) radii.

In the parametric analysis of L;, seven variations were
explored within a £50% range of the original value
(2.678 mm for Ag = 10.714 mm). The parametric analysis of
the transition region’s radii involved five variations of r/ and
five variations of r;. The considered range ensured that the
minimum value corresponded to the radii of a commercial
2.4 mm connector [14], while the maximum value aligned
with the radii in the cylindrical region: max{r)} = r, and
max{r!'} = r} (refer to Fig. 1).

The effect of modifying the length of the transition region
is observed in Fig. 8, which shows a frequency shift in the
reflection coefficient, yet it consistently stays below —20 dB
across the majority of the Ka-band.

A subset of the results for the parametric analysis of the
transition region’s radii is presented in Fig. 9. Generally,
the smallest and largest values of r] resulted in higher
reflection coefficients, while intermediary values exhibited
lower reflection coefficients. Notably, smaller rg values

A7)
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FIGURE 9. Reflection coefficients simulated via FEM for analyzed variations in the
inner radius of the transition region (r/'), considering an outer radius (r;) of
(a) 1.27 mm, and (b) 1.91 mm.

correlated with lower reflection coefficients when r was
also minimized (refer to Fig. 9(a)), whereas the opposite
trend was observed for larger r/ (see Fig. 9(b)).

After examining the dielectric support and transition
region through parametric analysis, one can deduce the
presence of a considerable number of variables to manage
and optimize. Optimization is necessary so that both added
structures (support and transition) are dimensioned to have
the least negative effect on the performance of the coaxial
horn. Consequently, a heuristic optimization approach was
employed. The optimizer used was the Genetic Algorithm
(GA), built into HFSS Optimetrics, which allows the
specification of the cost function and optimization goals
based on any solution quantity that can be computed [22].

The optimization parameters, depicted in Fig. 1, were the
transition region’s length (L), the transition’s inner and outer
conductor’s radii (#/ and r), the length of the cylindrical
section of the dielectric support (L), and the total length
of the support (L;). The optimization goal introduced in the
algorithm was |S711| < —20 dB over the frequency range
26 GHz < f < 40 GHz (Ka-band). Symmetry boundary
conditions were used to reduce the computational time
required by the FEM solver [22]. The parameters of the
optimized design are listed in Table 1.

lll. ANTENNA FABRICATION AND CHARACTERIZATION
Among the different additive manufacturing processes
reported for metallic materials, L-PBF is the most

TABLE 1. Dimensions of the optimized coaxial horn antenna.

Parameter  Value (mm) Parameter  Value (mm)
i 3.750 L 9.900
Te 10.280 Ly 0.915
ls 5.357 Les 2.000
Ws 1.243 r} 0.830
le 2.893 A 1.908
We 0911 rl 0.430
L 23.250 rl 1.353
Te 10.708 L. 10.714

consolidated variation for thin diameter struts (thinner than
1 mm) [24] or walls [25]. For that reason, in this research, we
adopted L-PBF to produce metallic and polymeric dielectric
components.

An EOS M280 machine was used to fabricate the metallic
components using a gas-atomized maraging steel powder
feedstock. The powder presented a particle size between 16
and 45 um, a constant layer thickness was of 30 um and
the scan strategy was 67° between layers. The chamber was
filled with nitrogen gas to prevent oxidation. The laser power
was 190 W, spot size of 100 um. For these components, no
post-heat treatments of machining were applied. The polymer
components were fabricated in a Formiga P110 machine and
using EOS polyamide 12 powders. Fully dense and with
good-quality surface were obtained in the polymeric parts,
therefore not post-processing were used.

The electromagnetic characterization was performed in an
anechoic chamber provided by Albatross Projects GmbH
(see Fig. 10 for reference), using a Keysight FieldFox Vector
Network Analyzer model N995A. For the realized gain
measurements, we used two identical Pasternack PE9850/2F-
20 pyramidal horns [26]. We employed the two-antenna
method [2, Sec. 17.4.1], supplemented by phase center
corrections, to compute the gain of the standard horns. By
comparison, we obtained the gain of the coaxial horn under
test. The radiation efficiency was computed from the mea-
surements of the co-polar radiation pattern and the maximum
realized gain, according to the method in [2, Sec. 17.6].

The prototyped antenna is shown in Fig. 11, and
Fig. 12(a) presents the absolute value of the measured
S11 of the fabricated antenna compared with numerical
results obtained via FEM from [22]. The fabricated antenna
presents an absolute value of Sj; below —10 dB over the
measured range of 19 GHz to 44 GHz (VNA upper limit
of measurement), but it presents some discrepancies with
simulation results. In particular, the approximated reflection
coefficient computation via (11) only accounted for the
conical region and the coaxial aperture impedance mismatch,
whereas the full-wave FEM solution considered the entire
antenna geometry.

The simulated and measured results of the radiation
patterns are presented in Fig. 12(b). Since the presented
antenna exhibits minimal cross-polar response, only co-polar
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FIGURE 10. Photograph of the fabricated coaxial horn antenna installed in an
anechoic ct for

ements.

FIGURE 11. Photograph of the fabricated coaxial horn antenna placed next to a
ruler with millimeter and centimeter graduations.

radiation results are presented. We can observe an increase
in directivity for higher frequencies due to the aperture
becoming electrically larger. The measurement results align
well with the simulations at lower frequencies, but dis-
crepancies become more noticeable at higher frequencies,
particularly for 6 > 60°. The measured realized gain (Gye)
and total antenna efficiency (ep) of the fabricated prototype
are presented in Table 2. The results indicate that the
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FIGURE 12. Simulated (via FEM) and measured results of the coaxial horn antenna.

(a) Reflection coefficients |S;1|. (b) Normalized radiation patterns at 26 GHz, 33 GHz,
and 40 GHz.

TABLE 2. Measured realized gain (G.) and total antenna efficiency (e,) of the
fabricated prototype.

Frequency (GHz)  Gre (dBi) eg (%)
26 8.37 84.37
33 10.27 89.83
40 11.53 88.25
13 ; . : .
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FIGURE 13. Simulated (via FEM) and measured results of the maximum realized
gain of the horn antenna.

radiation efficiency is higher than 84.37%. Fig. 13 shows
a comparison of the simulated and measured maximum
realized gain of the horn antenna as a function of frequency.
The observed radiation patterns exhibit highly consistent
conical beams across the measured frequencies, with the
maximum circularity deviation being less than 0.4 dB,
observed at 40 GHz, as depicted in Fig. 14.

It should be noted that the calculation of the approximate
reflection coefficient, as presented in (11), only accounts for
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Radiation pattern (dB)

135 180 225
Angle ¢ (deg.)

FIGURE 14. Measured normalized radiation patterns for 26 GHz, 33 GHz, and
40 GHz, observed at ¢ = 22.5° as a function of the azimuth angle ¢.

the conical region and the mismatch of impedance at the
coaxial aperture. In contrast, the full-wave FEM solution
considers the entire geometry of the antenna. This justifies
the additional variations observed in the FEM solution of the
reflection coefficient compared to the results shown in Fig. 3.
The radiation patterns simulated by the simplified model
(see Fig. 5) effectively capture the primary lobe radiation,
highlighting the practical value of our approximate model in
offering antenna design insights.

The disparities observed between the measurement and
simulation results can be attributed to variations in the
fabrication process, such as the different roughness values on
the surfaces according to the building fabrication direction
or crystallographic textures, i.e., roughness between 1-17 um
have been reported for the 316L processed by L-PBF [27].
Also, crystallographic textures, that are normally generated
during additive manufactured metals [28], can affect the
acoustic wave speeds [29]. The roughness was measured
using a confocal microscope, resulting in an average rough-
ness of R, = 3.27 um with a standard deviation of 0.21 pm.
Manufacturing factors have a negligible effect on X-band
antenna performance, while further studies are needed to
accurately assess their impact on reflection coefficient and
radiation patterns for Ka-band [30], [31].

In order to investigate some other features affecting the
antenna’s performance, several parametric analyses were
conducted. We verify that the electric properties (e, and
tand) of the dielectric supporting material do not lead to
significant changes to the antenna reflection coefficient,
besides the antenna efficiency being affected by the dielectric
loss tangent.

The first two analyses involved varying the electrical
properties (¢, and tan §) of the dielectric supporting material,
as these properties are not well-documented for extremely
high frequencies for the material adopted in the fabrication.
In Fig. 15(a), where variations in ¢, are examined, a
slight frequency shift in the reflection coefficient can be
observed. However, even if the deviation becomes more
pronounced above 37.5 GHz, they cannot fully explain
the observed differences in the measurements shown in
Fig. 12(a). Similarly, as shown in Fig. 15(b), variations of
the dielectric loss tangent do not lead to significant changes
in the reflection coefficient.
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FIGURE 15. Parametric analyses for the reflection coefficient obtained via FEM.
(a) Dielectric’s relative permittivity (¢,) (b) Dielectric’s loss tangent (tan §) (c) Dielectric
support position offset. (d) Inner conductor position offset.

In contrast, during the assembly of the coaxial horn, it
is possible that the dielectric support may not be perfectly
aligned with the cylindrical region. To investigate this
issue, a parametric analysis was conducted to examine
the impact of offsetting the support position along the
cylindrical region. Only offsets towards the conical region
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TABLE 3. Performance comparison of the proposed antenna with other conical-beam antenna designs for mm-Wave applications.

Ref. Center frequency (GHz)  10-dB impedance bandwidth (%)  Peak realized gain (dBi) Dimensions (A3)
[6] 325 439 9.2 5.60 x 5.60 x 5.70
[11] 35.75 60.70 11.40 2.38 x 2.38 x 1.88
[32] 44.15 229 6.0 0.82 x 0.82 x 0.02
[33] 28.3 11.6 8.51 4.53 x 4.53 x 047
[34] 26.00 11.40 11.60 5.48 x 5.48 x 0.78
This work 31.50 79.36 11.53 2.61 x 2.61 x 3.66
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FIGURE 16. Normalized radiation patterns for variation in the inner conductor
position obtained via FEM. (a) 26 GHz. (b) 33 GHz. (c) 40 GHz.

were considered since deviations in the opposite direction
towards the connector are limited due to the presence of the
transition region (see Fig. 1). The results shown in Fig. 15(c)
demonstrate a significant influence of the offset on the
reflection coefficient. However, the observed disparities are
not influenced by the magnitude of the offset.

The assembly process can also affect the positioning
of the inner conductor, which in turn impacts both the

reflection coefficient and radiation pattern by altering
the aperture geometry. To investigate this, we analyzed
deviations in the inner conductor’s position, considering
positive offsets towards the aperture and negative offsets
in the opposite direction. Fig. 15(d) shows the reflection
coefficient for each analyzed offset, revealing significant
performance changes even for offsets that are a fraction
of the wavelength. Additionally, we examined the impact
of the inner conductor’s position on the radiation pattern.
Fig. 16(a) shows that the inner conductor’s position has
minimal effect on the radiation pattern at 26 GHz. However,
as the frequency increases, the observable impact on the
radiation pattern intensifies. This is particularly evident
at 40 GHz (see Fig. 16(c)), which may help explain the
observed discrepancies in measurements in Fig. 12(b).

Table 3 presents a comparison of the coaxial horn antenna
presented here with other recently reported conical-bean
antennas from the works in [6], [11], [32], [33], [34]. The
proposed antenna has the broadest impedance bandwidth in
relation to other antennas with conical radiation patterns.
Additionally, the peak realized gain is competitive, being
merely 0.07 dB lower than that of the antenna reported
in [34], despite our antenna having a smaller cross-sectional
aperture.

For reference regarding the aperture efficiency e,p, the
coaxial horn operating with the TEM mode considered
in [12] exhibits €,, = 27.92%, while the TMo;-mode circular
horn in [11] has €, = 27.48%. The current coaxial horn
achieves €,p = 35.86%. Compared to the coaxial design
in [12], the major factor contributing to the improvements is
the utilization of a ratio r./r; & 2.7 in our design, whereas
in the earlier work, the coaxial aperture had r./r; &~ 2.
These computations utilized the measured gains at the
central operating frequency of each scenario, employing the
definitions in [2, eq. (2-100) and eq. (2-112)].

IV. CONCLUSION

In this paper, we present the details of the design, fabrication,
and characterization of a Ka-band coaxial horn antenna with
a specialized dielectric supporting structure and a transition
to a 2.4 mm connector using metal and polymer AM tech-
niques. The prototyped antenna exhibits a measured —10-dB
impedance bandwidth of above 79.36% (19-44 GHz), with
a maximum measured realized gain of 11.53 dBi at 40 GHz.
Moreover, the antenna demonstrates a maximum measured
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radiation efficiency of 89.83% at 33 GHz, showcasing the
potential of AM for fabricating specialized antennas for
mm-wave applications. The conducted sensitivity analysis
emphasizes the importance of precision and accuracy during
fabrication to ensure the desired impedance matching and
radiation characteristics are maintained. Work is in progress
to further enhance the current model, particularly focusing
on exploring the impact of surface roughness and crystal-
lographic textures resulting from the AM process on the
radiation efficiency of the antenna. Refining measurement
techniques for roughness evaluation and integrating these
imperfections into representative FEM solvers are being
evaluated.
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