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ABSTRACT Two designs of conical-beam array antennas are presented for different fifth-generation
applications. They are based on slotted cylindrical waveguides and a travelling-wave topology, where the
waveguide is used to progressively excite a cross-slot array. A total of 384 cross-slots, formed by transversal
and longitudinal slots, are grouped in rings of eight equally-spaced cross-slots. The propagation of TM01
and TE01 modes in the cylindrical waveguide can provide dual polarization by the independent excitation
of transversal and longitudinal slots, respectively. Firstly, a dual linearly-polarized antenna design in the
37-40 GHz band is presented, conforming a high-gain conical-beam pattern. Secondly, a similar antenna
design working in the 5G dual-band of 26-30 GHz and 37-40 GHz is also presented. In this last case,
transversal and longitudinal slots are designed to radiate at two different frequency bands of 26-30 GHz
(vertical polarization) and 37-40 GHz (horizontal polarization), recently assigned for very high-speed
5G applications. The dual-band design has been prototyped by combining 3D-printing and CNC milling
techniques to experimentally validate the proposed topology, providing high experimental performance.
Directive tilted omnidirectional coverages with peak realized gains around 14 dBi have been obtained, as well
as a total efficiency between 83% and 90% for both frequency bands.

INDEX TERMS Antenna arrays, slot antennas, microwave antenna arrays.

I. INTRODUCTION
The fifth generation of mobile communications has been the
main subject of study by researchers over the last few years to
overcome the technological challenges of the future [1]–[3].
The 5G will support demanding services such as enhanced
Mobile Broadband to achieve very high data download rates,
Ultra-Reliable and Low Latency Communications [4]–[6].
Design requirements for the associated antennas include
highly directional patterns, low losses or higher efficiency.
Traditionally, printed antennas have been considered as a
good solution for mobile communications in terms of low-
cost, lightweight and low profile [7]–[9], while waveguide
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antennas have been used in satellite applications due to the
requirements of low loss and high-power handling [10], [11].
Nevertheless, the 5G New Radio defines a variety of different
frequency bands above 20 GHz to obtain wider bandwidths
that enable higher data rates. The millimeter-wave band from
24.25 to 52.6 GHz has been recently allocated by the latest
3rd Generation Partnership Project (3GPP) technical stan-
dard [12], making available the use of waveguide technology
for 5G satellite or terrestrial applications [13]–[15]. Typically,
waveguide antennas have been used in radar or satellite com-
munications. Nowadays, these antennas could be considered
as well as a cost-effective and high-performance solution for
5G applications in millimeter band, thanks to the progress
of additive manufacturing techniques. Complex waveguide
antenna designs can be manufactured by 3D printing with
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a good tradeoff between low-cost, lightweight and simplic-
ity [16]–[18]. This fact clearly represents an advance com-
pared to traditional CNC milling procedures, reducing costs
and enabling a profitable mass production.

In this paper, different high-gain conical-beam array
antenna structures are proposed. During the last decades,
conical-beam antennas have shown great demand due to the
fast development of new generation communications. This
kind of antennas can be useful to provide a wide coverage
in systems with a tilted line of sight between transmitter
and receiver. They have been used in several applications
such as remote sensing, satellite or mobile communica-
tions. For example, on-board antennas in vehicles for navi-
gation satellite communications or satellite tracking require
wide-beam coverage to follow the satellite trajectory over the
sky [19]–[22]. Due to the integration of satellite and terrestrial
networks in the new 5G system, satellite communications
play an important role in the extension of 5Gmobile networks
to hard-to-reach areas or high-mobility scenarios (such as
airplanes or trains). In this context, conical-beam antennas
can also be useful in 5G indoor networks or ultra-dense
hot spot scenarios in the millimeter-wave frequency band.
For example, the high-speed communication network of a
sport event in a high-capacity stadium can be covered by
placing a high-gain conical-beam antenna on the stadium
roof [23], [24].

Millimeter-wave conical-beam antenna designs based
on microstrip [25], [26] or Substrate Integrated Waveg-
uide (SIW) technology [27], [28] are attractive due to
their low cost and low profile. Other millimeter-wave
conical-beam antennas have been proposed as well, such as
a circular loop of dipoles [29], circular aperture antennas
fed by coaxial probes [30], a spiral shape antenna [31] or
a radial line slotted array antenna [32]. Most of the pub-
lished works related to high-gain conical-beam antennas
only provide peak realized gains lower than 8 dBi due to
its associated omnidirectional azimuthal radiation pattern.
In fact, gain values higher to 10 dBi can be considered a
design challenge. To the best of the authors’ knowledge,
only some few works have achieved a very high-gain perfor-
mance for conical-beam antennas: a Ka-band omnidirectional
high-gain bicone antenna of approximately 12.5 dBi in [33];
an annular planar leaky-wave antenna of 15 dBi in [34]; some
conical-beam coaxial horn antenna designs for dual/single
band in [35] and a conical-beam parabolic reflector antenna
fed by two omnidirectional horns in [22], which obtains a
maximum gain of 14.9 dBi. Regarding waveguide technol-
ogy, a small low-directive omnidirectional circularly polar-
ized antenna was firstly introduced in [36] by the authors
for space vehicle communications at 37 GHz. This conformal
array was composed of a single ring of cross-slot pairs manu-
factured by CNC milling on a Cylindrical Waveguide (CW).
Later, a linearly polarized slotted array antenna was presented
in [14] with directive broadside omnidirectional coverage for
5G communications at 28 GHz. Nevertheless, in this case,
the CW requires to be filled with PTFE dielectric to achieve

the broadside beam direction. Recently, a similar slotted array
on CW at 17 GHz has been published by authors [37], but
with two remarkable differences. Firstly, a conical instead
of a broadside omnidirectional beam is proposed to improve
the coverage. Secondly, 3D printing is used instead of CNC
milling in order to significantly reduce manufacturing costs.
Both features were introduced in the design aiming to possi-
ble commercial applications in cellular communications.

In this paper, an evolution of the antenna in [37] is pre-
sented, where several rings of transversal slots were located
along the CW surface (without dielectric filler). Such design
provided a directive conical-beam radiation with a single
linear vertical polarization by the excitation of the waveguide
TM01 mode. In the present work, longitudinal slots excited
by the TE01 mode are also included in a dual mode CW. The
authors presented in [38] a cross-slot travelling-wave array
antenna fed by a square waveguide, where the degenerate
fundamental modes TE10 and TE01 were excited by using an
orthomode transducer to achieve dual polarization. Following
the same idea, an array of cross-slots capable of radiating
with vertical and horizontal linear polarizations is proposed
in this work. Each polarization is directly related to either of
the two modes excited in the feeding waveguide. Neverthe-
less, the complexity of this structure is significantly higher
than the one presented in [38] because in this occasion two
non-orthogonal, high-order modes of the CW with different
cutoff frequencies are required. A dual-mode feeder will be
designed to excite the TM01 and TE01 modes with a very
high mutual isolation, providing orthogonally-oriented sur-
face currents and consequently dual polarization.

Thus, two different conical-beam antenna topologies are
proposed to cover the n257 (26.5-29.5 GHz) and n260
(37-40 GHz) frequency bands identified by the 3GPP for
future 5G communications [12]. Firstly, a dual-polarized
antenna only for the n260 band (37-40 GHz), where the dual
polarization is generated by the excitation of the TM01 and
TE01 modes. In addition, a second design of a dual-band
antenna covers both the n257 and n260 frequency bands,
where the TM01 mode generates vertical polarization for the
26-30 GHz band while the TE01 mode generates horizontal
polarization for the 37-40 GHz band. This alternative design
is not trivial considering the spacing between bands as well
as the different propagation constants of the excited modes.
One of the two proposed designs will be manufactured and
measured to experimentally validate the proposed topology,
demonstrating the strength of the additive manufacturing pro-
cess in millimeter band.

II. SINGLE RADIATING ELEMENT: RING OF CROSS-SLOTS
The single radiating element of the proposed antenna is com-
posed of a ring with N equally spaced cross-slots fed by a
CW (Fig. 1(a)). Each cross-slot is formed by a Longitudinal
Slot (LS) and a Transversal Slot (TS). Thus, the ring of
N cross-slots can be analyzed as a ring of TS (Fig. 1(b))
plus a ring of LS (Fig. 1(c)). The TSs and LSs in each
ring will be independently excited by different propagation
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FIGURE 1. Single radiating element: a) Ring of N cross-slots fed by CW;
b) ring of N transversal-slots; c) ring of N longitudinal-slots; surface
current (EJ) and E-field (EE) distribution for modes d) TM01 and e) TE01.

modes of the CW. The TM01 mode generates longitudinal
surface currents on the metallic walls of the CW (follow-
ing the z-axis, as in Fig. 1(d)). Therefore, the TS can be
uniformly excited and a linearly polarized (θ̂ -polarization)
omnidirectional pattern with minimum ripple is then gener-
ated around the CW profile. In the same way, the LS can
be excited by the rotational surface current generated by the
TE01 mode (following the φ-axis, as in Fig. 1(e)). Then,
an omnidirectional pattern with linear horizontal polarization
(φ̂-polarization) is achieved. The propagating modes TM01
and TE01 generate orthogonal surface currents on the metallic
walls of the CW. As a consequence, LS and TS will be fed by
orthogonally-oriented currents, and thus the single radiating
element (a ring of N cross-slots) can be independently char-
acterized as two rings of N -element TS and N -element LS.

The single radiating element will be characterized for
the two different subbands recenctly defined for 5G com-
munications: the 26-30 GHz and the 37-40 GHz frequency
bands. This characterization will be essential to perform the
conical-beam array antenna designs proposed in Section III.
Then, a 2-port unit cell composed of a ring of N equally
spaced TS (as in Fig. 1(b)) and a ring of LS (as in Fig.1(c)),
both fed by a CW, will be analyzed byCSTMicrowave Studio
(CST). The radius of the CW is set to a= 7.1 mm to properly
excite the TM01 and TE01 modes. There are many design
criteria to determine the CW radius. However, in this case,
it has been selected to adjust the cut-off frequencies of the
propagating modes, to optimize the input matching of the
single element and to achieve a maximum ripple of 3 dB
in the omnidirectional pattern. The CW with a radius of
a = 7.1 mm can propagate seventeen modes up to 40 GHz
(where the TM01 and TE01 modes are the third and sixth
modes, respectively). Nevertheless, as it will be shown
in Section IV, the appropriate design of a dual feeder
will only excite the two desired non-fundamental modes
(TM01 and TE01).

The characterization of the single element (ring of cross-
slots) will be based on the study of the maximum ripple of
the omnidirectional pattern generated by the single element as
well as its coupling coefficient

(
Coup

)
. The maximum ripple

is obtained by the difference between themaximum andmini-
mum value of the omnidirectional radiation pattern (θ = 90◦

plane, following the axes of Fig. 1(a)). The Coup parameter
provides the coupling capability of the element when it is
fed by a progressive wave (a parameter previously introduced
by the authors in several related works such as [37]–[39]).
This parameter is specifically defined as the ratio between
the power radiated by the slots and the input incident power
to them, as it was established in [eq. (1), 37]. Moreover,
the characterization will be performed for different number
of slots (N = 6, 7, 8, 10, 12, 16) to find the best antenna
performance in terms of coupling capability, omnidirectional
pattern ripple, simplicity and ease of fabrication.

FIGURE 2. Single element characterization at 26-30 GHz for N = 6, 7, 8,
10, 12, 16 slots. Ring of TS excited by TM01 mode: a) coupling coefficient
(28 GHz) versus slot’s length and b) maximum ripple of the
omnidirectional pattern versus frequency; Ring of LS excited by TE01
mode: c) coupling coefficient (28 GHz) versus slot’s length and d)
maximum ripple of the omnidirectional pattern versus frequency.

Thus, the entire characterization of the single element for
the 26-30 GHz band is presented in Fig. 2. Firstly, Fig. 2(a)
shows the coupling coefficient of the ring of N -TS when it is
excited by the TM01 mode (CTM01

oup ) at 28 GHz. Peak values
between −4 and −3 dB have been achieved for all cases,
except for N = 16. Nevertheless, the higher N is, the higher
the sensitivity ofCTM01

oup to the slot length (lN−slots) variations.
Moreover, the larger elements are hardly manufacturable
since the wall between slots becomes too thin. Therefore,
in order to avoid manufacturing issues, it is preferable to
discard N = 12 and N = 16. Following, Fig. 2(b) shows the
maximum ripple of the omnidirectional pattern generated by
the ring of TS. It must be noticed that the ripple is higher when
N is lower. Then, structures with N < 8 should be discarded
because the maximum ripple is higher than 3-dB. A similar
reasoning must be followed for the characterization of the
ring of LS. The coupling of this structure (shown in Fig. 2(c))
is denoted as CTE01

oup due to the TE01 mode excitation of this
case. A maximum value around −3 dB is achieved for the
coupling coefficient, similar to the ring of TS. The sensitivity

of all CTE01
oup curves is quite similar, and all analyzed N values
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are perfectly manufacturable for the ring of LS. Nevertheless,
the maximum ripple values presented in Fig. 2(d) are higher
than 3 dB for N < 8, so the N = 7 and N = 6 choices are
completely rejected.

FIGURE 3. Single element characterization at 37-40 GHz band for N = 6, 7,
8, 10, 12, 16 slots. Ring of TS excited by TM01 mode: a) coupling
coefficient (38.5 GHz) versus slot’s length and b) maximum ripple of the
omnidirectional pattern versus frequency; Ring of LS excited by TE01
mode: c) coupling coefficient (38.5 GHz) versus slot’s length and d)
maximum ripple of the omnidirectional pattern versus frequency.

On the other hand, Fig. 3 presents for the 37-40 GHz band
the same parameters previously shown in Fig. 2 for the other
band. In particular, Fig. 3(a) and Fig. 3(b) present the CTM01

oup
parameter at 38.5 GHz and the omnidirectional pattern ripple
in band for the ring of N-TS (exciting the TM01 mode), while
Fig. 3(c) and Fig. 3(d) show the CTE01

oup parameter at 38.5 GHz
and the ripple in band for the ring of N-LS (exciting the TE01
mode). A similar conclusion than in the previous case can be
obtained: a ring of slots with N < 8 will have a maximum
ripple higher than 3-dB, while the coupling coefficient of a
ring of slots with N > 10 will be too sensitive and hardly
manufacturable.

Therefore, according to the previous exhaustive analysis,
it was finally decided that the single element is confirmed
by N = 8 equally spaced cross-slots to stablish a trade-off
between manufacturability (the walls between TS would
become too thin for N > 8), low ripple and sensitivity of
the coupling capability. For N = 8, the azimuthal distance
between slots is equal to 0.54λ0 at 28 GHz and 0.74λ0 at
38.5 GHz (λ0 being the free-space wavelength).

In order to properly characterize the single radiating ele-
ment, it is essential to demonstrate the isolation between TS
and LS. Therefore, the coupling coefficients of the ring of
eight cross-slots are presented in Fig. 4 for the excitation of
the TM01 mode (CTM01

oup ) and the TE01 mode (CTE01
oup ) into

the feeding CW. Firstly, the coupling parameter is calculated
for different TS lengths (l8−TS ) and the LS length (l8−TS )
is fixed to the resonant value. The results are presented
in Fig. 4(a) and Fig. 4(b) for 28 GHz and 38.5 GHz, respec-
tively. The obtained CTM01

oup curves are quite similar to the

corresponding ones presented in Fig. 2(a) and Fig. 3(a) for
N = 8, demonstrating that the presence of the LS does not
degrade the coupling capability of the TS. In addition, the

CTE01
oup remains almost constant, so the variation of the l8−TS

has not influence in the coupling capability of LS. This fact
is also demonstrated in Fig 4(c) and Fig. 4(d) where the
coupling coefficients for 28 GHz and 38.5 GHz are shown,
respectively. In this case, the LS lengths (l8−LS ) are swept
and the TS lengths (l8−TS ) are fixed to the resonant value. The
obtainedCTE01

oup curves show a great similarity with the related
coupling parameters presented in Fig. 2(a) and Fig. 2(c), also
demonstrating a great isolation between TS and LS into the
ring of cross-slots element.

FIGURE 4. Ring of N = 8 cross-slots excited by TM01 and TE01 modes:
a) Coupling coefficients at 28 GHz when lN−TS is swept and lN−LS is fixed
to 5.75 mm, b) coupling coefficients at 38.5 GHz when lN−TS is swept and
lN−LS is fixed to 3.75 mm, c) coupling coefficients at 28 GHz when lN−LS
is swept and lN−TS is fixed to 5.00 mm, d) coupling coefficients at
38.5 GHz when lN−LS is swept and lN−TS is fixed to 3.75 mm.

III. CONICAL-BEAM ARRAY ANTENNA DESIGNS
In this section, two different high-gain conical-beam anten-
nas will be designed: a Dual-Polarized Conical-Beam Array
Antenna (DP-CBAA) operating in a single band (37-40 GHz)
and a Dual-Band Conical-Beam Array Antenna (DB-CBAA)
for the dual-band defined at 26-30 GHz and 37-40 GHz.

A. DESIGN RULES
The two proposed array antennas will be designed following
a quite similar process to the one presented in [37], although
in this case a dual band and dual polarization performance is
provided. Both antenna designs (DP-CBAA and DB-CBAA)
will be developed following the antenna topology presented
in Fig. 5. It is composed of 48-rings of eight cross-slots
each. Uniform amplitude feeding distribution (ak = 1, for
k = 1 : M , where M = 48 is the number of array ele-
ments) is applied to achieve maximum directivity. Following
the formulation developed by the authors in [eq. (3), 40],
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FIGURE 5. Proposed antenna geometry: Conical-beam array antenna fed
by a multi-mode CW and conformed by 48 rings of eight cross-slots each.

the required coupling coefficient for each ring k (Coup,k ) is
defined as the ratio between its radiated and incident input
powers. Besides, the array is designed to radiate 100% of the
total input power. Then, the required Coup,k curve will show
the typical ascending tendency of progressive wave anten-
nas. Thus, the slot lengths (lring,k8−slots) must be progressively
enlarged as the rings are located further from the antenna
input port (as the k index increases). In order to radiate
the residual power non-coupled by the slots (100% radiated
power), the output port of the CW is loaded by a short-circuit.
Then, both the last ring of cross-slots (k = 48) and the short
must be altogether designed as a matched-load.

Moreover, the distance between elements (in this case,
between rings of cross-slots) will be established by the
following three main objectives (widely discussed in the
design process of [37, Section II]): generate a progressive
non-uniform phase difference for both propagated modes
in order to obtain a conical-beam radiation pattern, miti-
gate the grating lobe appearance, and reduce the amplitude
of the reflection coefficient at the antenna input port by
applying the reflection compensation methodology described
in [eq. (6), 40].

B. DUAL-POLARIZED CONICAL-BEAM ARRAY ANTENNA
In this section, the DP-CBAA for the 37-40 GHz frequency
band is presented. Considering the design rules described in
the previous subsection, the Coup,k parameters required for
every ring of cross-slots are presented in Fig 6 (red-curve).
Following the single element characterization of Fig. 4(b) and
Fig 4(d), the lring,k8−slots parameters have been set for both LS
and TS slots (independently excited by the TE01 and TM01
modes respectively at the CW input port) in order fulfill
the required Coup,k values. On the other hand, the distance
between adjacent rings is initially set up to d = 3.50 mm.
The slot lengths and ring spacing have been adjusted by

an iterative model widely explained by the authors in [39]
to compensate mutual coupling effects between adjacent
radiating elements. Then, the final TS and LS lengths are
represented in Fig. 6(a), demonstrating that LS are slightly
longer than TS because the mutual coupling effects are dif-
ferent in both cases. After applying the mutual coupling
compensation method, the maximum lengths of the TS and
LS are 3.27mm and 3.70mm, respectively, while the distance
between adjacent rings of slots is fixed to d = 3.90 mm =
0.50λ0 = 0.23λg,TM01 = 0.37λg,TE01 (λ0being the free-space
wavelength while λg,TM01 and λg,TE01 are the waveguide
wavelengths of the TE01 and TM01 modes at 38.5 GHz)
following the criteria described in Section III.A.

FIGURE 6. Dual-Polarized Conical-Beam Array Antenna (DP-CBAA):
a) required coupling coefficients to accomplish a uniform distribution
(Coup,k ) and length of the eight cross-slots for each ring k (l ring,k

8−slots).
b) S-parameters of the last element (48th ring + short) designed as a
matched load.

The required coupling coefficient of the last ring of cross-
slots (Coup,48) is ideally equal to 0 dB because the feeding
CW is ended in a short-circuit to radiate the 100% of the input
power. Therefore, the last ring of cross-slots and the associ-
ated short-circuit are designed as a matched-load structure.
The last ring topology and its reflection coefficients for the
excitation of TM01 and TE01 modes are presented in Fig. 6(b).
TS and LS lengths are optimized to 4.3 mm and 3.70 mm,
while the distance between slots and the short-circuit is
ds = 6.75 mm. The reflection coefficient is below -10 dB
for both cases, demonstrating that most of the residual power
is finally coupled and radiated by the last element of the
array.

FIGURE 7. Simulated reflection coefficient of the DP-CBAA.

Finally, the DP-CBAA performance has been evaluated by
full-wave simulations in CST. The reflection coefficient, pre-
sented in Fig. 7, is below -11 dB and -16 dB for the excitation
of the TM01 and TE01 modes, respectively. The 3D realized
gain radiation patterns at the design frequency (38.5 GHz)
corresponding to the TM01 and TE01 modes excited at
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FIGURE 8. Simulated 3D radiation patterns of the DP-CBAA for the
excitation of TM01 at 38.5 GHz: a) θ̂–component (CP) and
b) φ̂–component (XP).

FIGURE 9. Simulated 3D radiation patterns of the DP-CBAA for the
excitation of TE01 at 38.5 GHz: a) θ̂–component (XP) and
b) φ̂–component (CP).

the waveguide input port are shown in Fig. 8 and Fig. 9.
In particular, the TM01 mode generates the radiated E-field
θ̂ -component (copolar, CP) and φ̂-component (crosspolar,
XP) in Fig. 8(a) and Fig. 8(b), respectively. A conical beam
aimed to θ = 32 deg is achieved (58 deg with respect to the
xy-plane), with a maximum CP realized gain of 14.8 dBi,
while the XP discrimination (XPD, defined as the ratio
between CP and XP components) is higher than 20 dB for the
main conical-beam. The θ̂ -component and φ̂-component pre-
sented in Fig. 9(a) and Fig. 9(b) correspond to the XP and CP
radiation patterns when the CW of the DP-CBAA is excited
by the TE01 mode at 38.5 GHz. In this case, the conical beam
is pointed to θ = 54 deg, the realized gain peak value of the
CP radiation pattern is around 14.5 dBi and the XPD is higher
than 30 dB. For both modes, conical-beam performance has
been achieved, although with orthogonal linearly polarized
radiation. The obtained XPD values ensure a great isola-
tion between these modes. Moreover, the simulated radiation
efficiency is higher than 95% at the whole frequency band
(37 – 40 GHz) thanks to the use of waveguide technology.

C. DUAL-BAND CONICAL-BEAM ARRAY ANTENNA
In this section, the design of the DB-CBAA is presented.
Particularly, TS and LS will operate at 26-30 GHz and
37-40 GHz, respectively (being 28 GHz and 38.5 GHz the
design frequencies for each band). For this reason, both the
characterization of the ring of TS at 28 GHz (Fig. 4(a)) and
the characterization of the ring of LS at 38.5 GHz (Fig. 4(d))
will be used to design the proposed DB-CBAA.

As in the dual polarized antenna of Section III.B, the
DB-CBAA is formed by 48 rings of cross-slots. The required
Coup,k values as well as the lengths of the TS and LS are
presented in Fig. 10(a). By using adequate characterization

figures and by applying the mutual coupling compensation
method introduced in [39], the length of the slots (lring,k8−slots)
are established and optimized. In this design, contrary to
the previously presented one in Section III.B, the TS are
considerably larger than the LS because their resonant fre-
quency is lower. Thus, TS lengths vary from 4.0 to 5.2 mm
while LS lengths vary from 3.2 to 3.75 mm. Moreover, the
distance between rings of cross-slots has also been optimized
to d = 3.90mm,where d = 0.30λg,TM01= 0.36λ01 at 28 GHz
(λ01 and λg,TM01 being the free-space and the TM01 mode
waveguide wavelengths at 28 GHz) and d = 0.37λg,TE01 =
0.50λ02 (λ02 and λg,TE01 being the free-space and the TE01
mode waveguide wavelengths at 38.5 GHz). Finally, the last
element (the 48th ring of cross-slots and the short circuit)
is also designed as a matched load in this case. The TS
and LS lengths are set to 5.22 mm and 3.72 mm, while
the distance between the ring and the short-circuit is ds =
6.48 mm. Fig. 10(b) shows that the reflection coefficients of
the propagating TM01 (at the lower band) and TE01 (at the
higher band) modes are almost below −10 dB in the whole
bands. Therefore, it is demonstrated that the residual power
that arrives at the end of the feeding CW is radiated by the
last element.

FIGURE 10. Dual-Band Conical-Beam Array Antenna (DB-CBAA):
a) required coupling coefficients to accomplish a uniform distribution
(Coup,k ) and length of the eight cross-slots for each ring k (l ring,k

8−slots).
b) S-parameters of the last element (48th ring + short) designed as a
matched load.

Thus, full-wave simulation of the DC-CBAA was per-
formed by CST. The reflection coefficient of the DB-CBAA
has been included in Fig. 11. The reflection is under
−20 dB for the 26-30 GHz band when the TM01 is excited
in the CW input port. Analyzing the higher frequency
band (37-40 GHz), the reflection is below −12 dB if the
TE01 mode is excited. Following, the radiation patterns of
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FIGURE 11. Simulated reflection coefficient of the DB-CBAA.

FIGURE 12. Simulated 3D radiation patterns of the DB-CBAA for the
excitation of TM01 at 28 GHz: a) θ̂–component (CP) and
b) φ̂–component (XP).

FIGURE 13. Simulated 3D radiation patterns of the DB-CBAA for the
excitation of TE01at 38.5 GHz: c) θ̂–component (XP) and
d) φ̂–component (CP).

the DB-CBAA have also been simulated by using CST.
In the first place, the excitation of the TM01 mode at the
design frequency of the lower band (28 GHz) generates
the θ̂ -component (CP) and φ̂-component (XP) presented in
Fig. 12(a) and Fig. 12(b), respectively. As is shown, a conical
beam with a tilted beam of 29 deg from the z-axis, a real-
ized gain of 14.9 dBi and a XPD > 20 dB for the main
lobe direction is achieved. Secondly, the θ̂-component and
φ̂-component showed in Fig. 13(a) and Fig. 13(b) correspond
to the XP and CP radiation patterns when the DB-CBAA
is excited by the TE01 mode at the design frequency of the
higher band (38.5 GHz). In this case, the maximum realized
gain value is around 14.2 dBi, the main beam tilt is 38 deg
and the XPD is higher than 25 dB. For both frequency bands,
the conical-beam performance has been achieved. The main
properties of the DB-CBAA (maximum ripple, efficiency,
maximum gain, etc. . . ) will be widely analyzed and compared
with measurement results in the next section.

IV. INTEGRATION, MANUFACTURING, AND
EXPERIMENTAL VALIDATION
In order to experimentally validate the dual-polarized
conical-beam antenna topology, the antenna design presented

in Section III.C (DB-CBAA) has been selected to be man-
ufactured. The successful fabrication of DB-CBAA, which
operates in two bands (28 GHz and 38.5 GHz), will demon-
strate the reliability of the method to manufacture this type
of topology in these frequency bands. In addition, this fabri-
cation process will also serve to demonstrate that the antenna
designed in Section III.B (DP-CBAA), which generates dual
polarization in the 38.5 GHz band, can also be satisfactorily
manufactured. Before proceeding with the antenna fabrica-
tion process, a dual-mode feeder structure will be designed
and optimized in order to properly excite the TM01 and
TE01 modes inside the CW. After that, the dual feeder will
be integrated with the DB-CBAA, which it will be fabri-
cated by applying additivemanufacturing techniques. Finally,
the complete antenna structure of the DB-CBAA (slotted CW
plus dual-mode feeder) will be measured and analyzed.

FIGURE 14. Dual-mode and Dual-polarized Feeder (DDF): a) 3-port air
model overview and b) simulated S-parameters.

A. DUAL-BAND AND DUAL-POLARIZED FEEDER
A Dual-mode and Dual-band Feeder (DDF) has been
designed in order to simultaneously excite the TM01 mode
at the 26-30 GHz band and the TE01 mode at the 37-40 GHz
band inside the feeding CW of the DB-CBAA. The feeder
is formed by three ports of different propagating topologies,
as Fig. 14(a) shows. In particular, the coaxial port 1 is the
TM01 feeder, the rectangular waveguide port 2 is the TE01
feeder, while the CW port 3 is the output connection with the
CW input of the slotted antenna (CW-IN of the DB-CBAA
in Fig. 10(a)). The TM01 mode is excited inside the CW at the
lower frequency band (26-30 GHz) by means of a 50�-SMA
coaxial feeding structure (port 1). A coaxial to CW transition
is able to easily excite the TM01 mode inside the CW due
to the similarity between the E-field distribution of this TM
mode in the CW and the TEM mode in the coaxial structure.
Then, a two-step circular transformer has been designed and
simulated in CST to adjust the input matching coefficient for
the TM01 mode. In addition, the excitation of the fundamental
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FIGURE 15. DB-CBAA: a) manufactured prototype, b) 3D printed and metallized slotted CW, c) manufactured DDF (lower part),
d) manufactured DDF (upper part) and e) mechanized short-circuit.

mode TE11 and other higher-order modes are completely
avoided by using this transition. On the other hand, the mode
TE01 is generated at the output CW by the excitation of
the fundamental TE10 mode in the rectangular waveguide of
port 2. A uniform four-way E-plane rectangular waveguide
power divider is designed to generate the E-field distribution
of the TE01 mode in the CW at the corresponding frequency
band (37-40 GHz). This kind of TE01 feeder has been widely
analyzed in other works such as [41], but in our case the struc-
ture has been highly compacted. Although a WR-28 stan-
dard waveguide has been used at port 2 input, the E-plane
power divider has been implemented in a 4.77 mm width and
2.39 mm height waveguide to maximize the input matching
of this TE01 feeder.
The TM01 and TE01 feeders are both integrated into the

same structure, connecting with a CW section of 5 mm
diameter. A simple CW transformer is then introduced in
order to match the feeder to the 7.1 mm diameter CW input
of the DB-CBAA. Thus, the DDF has been simulated with
CST and the S-parameters are presented in Fig. 14(b). Firstly,
the Sx,1 parameters refer to the TM01 mode excitation of
the port 1. As the black-triangle and blue-triangle curves
show in the figure, the TM01 mode is perfectly generated,
both in matching (|S1,1| < −17 dB) and transmission
terms (|S3(TM01),1| > −0.2 dB) from 26 GHz to 30 GHz.
However, a matching coefficient |S1,1| < −7 dB and a
transmission parameter |S3(TM01),1| > −2 dB are observed
from 37 to 40 GHz. Nevertheless, the radiation efficiency

of the DB-CBAA with TM01 mode excitation at this band
is almost negligible, because the transversal slots have been
designed to operate just at the 26-30 GHz band. On the other
hand, the TE01 mode will only be properly excited in the
higher frequency band due to the cut-off frequency of the
port 2 rectangular waveguide (31.4GHz). In this case, the Sx,2
parameters refer to the port 2 excitation that generates the
TE01 mode excitation inside the CW-IN of the DB-CBAA.
Particularly, the |S2,2| parameter is below −12 dB and the
|S3(TE01),2| coefficient is higher than−0.2 dB for frequencies
higher than 37 GHz, while the |S3(TE01),2| < −30 dB for
frequencies lower than 30 GHz. The coupling betweenmodes
(S3(TE01),1 and S3(TM01),2) as well as the isolation between the
input ports (S21 and S12 parameters) are all below -60 dB (not
included in Fig. 16(b) for clarity purposes).

B. INTEGRATION AND MANUFACTURING PROCESS OF
THE DB-CBAA
The DB-CBAA prototype (Fig. 15(a)) has been implemented
by combining several fabrication processes to optimize cost,
precision and reliability. Firstly, the slotted CW has been
manufactured by means of SLA 3D printing in Protolabs [42]
with the Accura Xtreme plastic material and 100 µm thick
layer resolution (Fig. 15(b)). This plastic piece has been
plated with a 2 µm silver coat by the spray metallization pro-
cess developed by the company JetMetal [43]. This coating
thickness is sufficiently large compared to the skin depth,
which is 0.41 µm for silver in the worst case of 24 GHz.
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FIGURE 16. DB-CBAA prototype: Simulated and measured S-parameters
for the a) lower band (26-30 GHz) and b) higher band (37-40 GHz).

Furthermore, such thickness is in line with common practice
in radiofrequency applications such as space communica-
tions [44], [45]. Likewise, the JetMetal sprayed metallization
shows clear advantages compared to chemical processes such
as significant cost cheapening, as well as risk reduction of
coating crumbling and peeling.

This DDF is connected to the CW input port of the
DB-CBAA. Thus, the TM01and TE01 modes are excited into
the CW by feeding the ports 1 and 2, respectively. The DDF
structure has been fabricated by conventional CNC machin-
ing technique in two pieces. The lower part contains the
coaxial port 1, the SMA to CW transition and the uniform
power divider that generates the TE01 mode (Fig. 15(c). The
top metallic part (Fig. 15(d)) covers the power divider and
implements the WR28 waveguide flange (port 2). Finally,
a top metallic cap is also manufactured by conventional CNC
milling. This element, located at the end of the slotted CW,
is the final short-circuit of the DB-CBAA (Fig. 15(e)).

C. MEASUREMENTS
The DB-CBAA prototype has been measured and compared
to the simulations. Firstly, the reflection coefficients for
ports 1 and 2 are both analyzed. A good agreement between
simulation and measurement curves can be observed. Mea-
sured |S11| and |S22| parameters are under −10 dB
in Fig. 16(a) for the lower band (26-30 GHz) and in Fig. 16(b)
for the higher band (37-40 GHz), respectively. As in the sim-
ulated results of the DDF in Fig. 14(b), the lower band will be
barely excited by the TE01 mode because the S22 parameter is
higher than −1 dB from 26 to 30 GHz (the cut-off frequency
of the TE01 mode is 31.4 GHz). Nevertheless, the TM01 will

be significantly excited in the higher band (37-40 GHz) since
the S11 parameter is below −3 dB. Despite this fact, it is not
considered as an important issue because the power coupled
by the TS array could be easily filtered out at port 1. Finally,
the isolation between both modes (S21 and S12) is below
−40 dB (not included in Fig. 16 for clarity purposes).

Following, the normalized directive radiation patterns of
the DB-CBAA are presented. In the first place, Fig. 17
shows the radiation patterns at the lower frequency band
(26-30 GHz) corresponding to TM01 mode excitation of
port 1. A comparison between simulations and measurements
is presented at φ = 0 deg cutting plane in Fig. 17(a) and at
φ = 90 deg in Fig. 17(b). A good agreement between them
is reported, which experimentally validates the conical-beam
performance of the DB-CBAA. Two tilted main beams at
θ = ±29 deg are experimentally achieved, with a half power
beam-width of 6.4 deg, XPD >16 dB and a Side-Lobe Level
(SLL) around −8 dB. This apparently high SLL value is due
to the typical lobe increase for a strongly-tilted conical-beam
compared to the broadside direction (θ = ±90 deg, and
SLL ≈ −13 dB for uniform amplitude and phase feeding).
On the other hand, a quite similar performance between both
cutting planes (φ = 0 deg and φ = 90 deg) has been achieved,
demonstrating the revolution symmetry of the conical-beam.
Likewise, the typical frequency scanning performance of
travelling-wave arrays is also observed in Fig. 17(c). A main
beam scanning from±33 deg (26 GHz) to±26 deg (30 GHz),
as well as some changes in the SLL are observed. Secondly,
the normalized radiation patterns at the higher frequency
band (37-40 GHz) corresponding to the TE01 mode excitation
(port 2) for the longitudinal slots of the array are presented
in Fig. 18. Particularly, Fig. 18(a) and Fig. 18(b) show the
simulated and measured patterns at 38.5 GHz for φ = 0 deg
and φ = 90 deg cutting planes. Very similar patterns have
been obtained for both cases. Two tilted main lobes at θ =
±38.5 deg with a narrow beam-width of 3.8 deg are mea-
sured, with SLL < −7 dB and XPD > 17 dB. In this case,
the main beam scans from ±40 deg (37 GHz) to ±37 deg
(40 GHz).

In order to evaluate the omnidirectional performance of the
conical beam, and to provide an exhaustive analysis of the
achieved maximum ripple, the conical radiation patterns in
cartesian coordinates are presented in Fig. 19 (lower band,
port 1 in Fig. 15(a)) and Fig. 20 (higher band, port 2 in
Fig. 15(a)). A reasonable similarity between simulations and
measurements can be observed. The maximum variation of
the measured patterns is not higher than 1.8 dB from 26 to
30 GHz, while a maximum ripple of 2.1 dB is achieved from
37 to 40 GHz. These performances are consistent with the
computed maximum ripple for a ring of eight cross-slots,
previously analyzed in the characterization process of the
single element of Section II (Fig. 2, Fig. 3 and Fig. 4). Slight
tolerance errors in the manufacturing process can be the
source of discrepancies between simulations and measure-
ments, as well as the obtained maximum ripple values. Nev-
ertheless, the results can be considered as a high-performance
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FIGURE 17. DB-CBAA: Comparison between simulations and measurements of the normalized radiation patterns for the excitation of port 1:
a) φ = 0◦ for 28 GHz, b) φ = 90◦ for 28 GHz and c) φ = 90◦ for 26 and 30 GHz.

FIGURE 18. DB-CBAA: Comparison between simulations and measurements of the normalized radiation patterns for the excitation of port 2:
a) φ = 0◦ for 38.5 GHz, b) φ = 90◦ for 38.5 GHz and c) φ = 90◦ for 37 and 40 GHz.

FIGURE 19. DB-CBAA: Simulations and measurements of the normalized
conical-beam patterns (26-30 GHz). Excitation of port 1.

FIGURE 20. DB-CBAA: Simulations and measurements of the normalized
conical-beam patterns (37-40 GHz). Excitation of port 2.

omnidirectional pattern for both frequency bands, under a
criterion of maximum permitted ripple below 3 dB.

Finally, an analysis of some radiating properties of the
DB-CBAA at the main lobe angle for the 26-30 GHz band

(Fig. 21) and the 37-40 GHz band (Fig. 22) is provided.
Specifically, the maximum values of the simulated directivity
(Dsim), simulated realized gain (Gsim), measured realized
gain (Gmeas) and simulated total efficiency (εsim, calculated
as Gsim/Dsim) are presented for the two operating bands.
Moreover, the parameter named as gain ratio (Gratio, calcu-
lated as Gmeas/Gsim) has been defined in order to provide
a figure of merit related to the quality of the manufacturing
process. In addition, although the directivity parameter could
not be measured, the total measured efficiency (εtot ) can be
estimated as εtot = Gmeas/Dsim considering the good pattern
agreement between simulations and measurements.

As Fig. 21 and Fig. 22 demonstrate, quite similar results
have been achieved for both frequency bands. The Dsim
and Gsim curves show a great stability for both frequency
bands (the gain variation for each curve is around 0.7 dB),
with Dsimranging from 14.3 to 15.2 dBi and Gsim between
13.8 and 15.0 dBi. Slight differences under 0.4 dB are
observed between Dsim and Gsim. For this reason, the sim-
ulated total efficiency εsim is higher than 90% for both bands
thanks to the use of the metallic air-filled waveguide tech-
nology. On the other hand, the maximum gain drop between
the measured (Gmeas) and the simulated (Gsim) curves is not
higher than 0.4 dB, which means that the Gratio is also higher
than 90% for both frequency bands. This is a very satisfactory
indicator of the manufacturing process.

Finally, the total efficiency εtot varies (also calculated by
the product of εsim and Gratio) from 86% to 91.5% for the
lower band, and between 83% and 90.5% for the higher
band. These efficiency values of the proposed DB-CBAA
can be considered as remarkable, specially considering the
complexity of the antenna topology as well as the manu-
facturing process based on 3D printing. In this context, the
obtained gain ratio between simulation and measurement
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FIGURE 21. DB-CBAA radiating parameters for the excitation of port 1 in
the 26-30 GHz band.

FIGURE 22. DB-CBAA radiating parameters for the excitation of port 2 in
the 37-40 GHz band.

(Gratio > 90%) clearly demonstrates the suitability of the
plastic SLA 3D manufacturing of the company Protolabs
in combination with the spray metallization process of the
company JetMetal at these frequency ranges.

D. RESULTS DISCUSSION
A comparison with similar works based on high-gain conical-
beam antennas operating at 5G-eligible frequencies is sum-
marized in Table 1 to assess the experimental results of
the proposed prototype. The antenna presented in this paper
outstand as the only with dual-band operation and different
polarization in each band. This way, two simultaneous com-
munication channels can operate within the proposed antenna
with very low mutual interference, thanks to the frequency
and polarization diversity. Other works such as [35], where
a coaxial horn antenna is presented, operate in dual/single
band but dual polarization is not provided. Furthermore,
the impedance bandwidth and radiation pattern results are in
line with the values observed in similar works.

Regarding the antenna volume, the proposed antenna
shows a compact diameter but a large longitudinal dimension.
Nonetheless, this is also the case in the rest of works in the
literature, since a large aperture size is inevitable in order to

TABLE 1. Comparison between High-Gain Conical-Beam Antennas.

achieve a high gain and thus the conical-beam radiation pat-
tern. For instance, a high-gain access point could be installed
in sport venues, where the conical beam would enable a
360 deg. coverage of the stadium bleachers [24]. In any case,
despite the considerable antenna size, end user usage could
be envisaged when possible. For instance, a reasonable pos-
sibility would be the installation of the conical-beam antenna
on a vehicle, thus able of establishing communication with
satellite links [22].

Besides, the 3D-printed fabrication of the design in
this paper provides a lightweight, low-cost solution for
high-speed communications, compared to more complex
metal-based alternatives like reflectors or bicone antennas.
This way, an affordable mass deployment of the proposed
antenna can be envisaged. In addition, the replacement of
malfunctioning units can be realized straightforwardly thanks
to the low-cost and easy fabrication process.

V. CONCLUSION
In this article, a high-gain conical-beam array antenna design
based on a slotted cylindrical waveguide topology is pre-
sented. The array antenna is formed by rings of equally
spaced cross-slots. The longitudinal and transversal slots that
form the cross-slot elements are independently excited by dif-
ferent propagating modes inside the waveguide. In this sense,
orthogonal dual linear polarizations are generated in the
associated radiation patterns. In particular, the TM01 mode
generates vertical polarization while the TE01 mode gener-
ates horizontal polarization. By implementing this topology,
two array antenna designs with different properties have
been detailed to cover the 26-30 GHz and 37-40 GHz sub-
bands, recently assigned for 5G applications. In the first case,
a dual-linearly polarized conical-beam antenna is designed
to operate in the 37-40 GHz band. Secondly, the longitudinal
and transversal slots are designed to operate at the 26-30 GHz

VOLUME 9, 2021 94119



P. Sanchez-Olivares et al.: Dual-Polarization and Dual-Band Conical-Beam Array Antenna

and 37-40 GHz bands, defining a dual-band conical-beam
antenna. The last design has been manufactured in plastic
material by 3D printing, and later plated by metallic pulver-
ization, in order to validate the proposed antenna topology
and the manufacturing process. A conical-beam pattern, real-
ized gains higher than 13.5 dBi as well as total efficiencies
between 83% and 90% have been experimentally achieved
for both frequency bands. Therefore, the final prototype can
be considered as a high-performance conical-beam antenna
in terms of gain, efficiency, low-cost and lightweight, suitable
for 5G high data rate communications.
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