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Abstract – Low-earth orbit satellite constellations
serving 5G mobile communications offer seamless wire-
less connectivity, particularly suited for automated and
connected vehicles. Low-profile user equipment antenna
terminals that support both terrestrial and nonterrestrial
communications are essential for addressing automotive
mass-market applications. This letter introduces a hybrid
3-in-1 automotive antenna that operates at 2.6 GHz for ter-
restrial links in the 5G new-radio (NR) band n41, at
3.5 GHz for both terrestrial and nonterrestrial networks
targeting the 5G NR band n78, and at 28 GHz for satellite
links in the n257-band. This shared-aperture antenna
design is suitable for embedding into plastic exterior parts
of car bodies. For terrestrial connectivity, a linearly polar-
ized quadripod kettle antenna, made of metalized plastics,
revealed an omnidirectional horizontal radiation pattern at
the bands n41 and n78 with realized gains of 6 dBi and
5.6 dBi, respectively. For nonterrestrial communications,
nested circularly polarized microstrip slot patch arrays pro-
vided dual-band connectivity in the S-band (3.5 GHz) and
Ka-band (28 GHz), achieving realized gains of 6.3 dBi and
11 dBi along the broadside direction toward the zenith.
Anticipating further improved decoupling, feeding, and
embedding paves the way toward viable applications.

1. Introduction

The potential of 5G mobile communication technol-
ogy is not limited to providing higher data rates or lower
latencies compared with preceding standards but also offers
a combination of terrestrial (TN) and nonterrestrial com-
munication networks (NTN). A major advantage of 5G
nonterrestrial links to very-low-earth orbit (VLEO) satel-
lite constellations is the improvement of coverage and
availability on roads and rails, especially in shadowed

urban regions or underserved rural areas, by complement-
ing terrestrial links. Potential applications particularly
address highly automated systems for the transportation of
passengers or goods, for which seamless connectivity pre-
sents a key prerequisite [1].

VLEO satellite communications with orbital
heights of d ¼ 100 – 450 km enable seamless wireless
coverage with lower path loss, lower transmission
latencies, and correspondingly higher data rates com-
pared with higher-orbit satellite constellations. To
achieve true broadband connectivity, different spectral
ranges were selected to enable 5G communication
links compliant with 3GPP standards [2]. The S-band
is considered feasible for 5G TN/NTN applications in
downlink and uplink due to its lower terminal costs,
attractive link budget and data rates, and chipset avail-
ability, while the Ka-band offers broader absolute band-
widths and smaller antenna dimensions, attractive for
downlink. The accessibility of high-gain satellite antennas
in VLEO constellations unlocks the potential of using low-
profile user terminal antennas with moderate gain and with-
out the need for beam-steering capability. A major practical
benefit is the resulting suitability of such terminals for low-
cost, conformal plastic-embedded mounting into slim exte-
rior parts of car bodies [2, 3], which opens up a mass mar-
ket for automotive applications [4].

This contribution presents a hybrid 3-in-1 antenna
terminal operating in the n78 band (3.3 – 3.8 GHz) for
both TN/NTN and, at the same time, in the n41 band (2.5 –
2.7 GHz) for TN and in the n257 band (26.5 – 29.5 GHz)
for NTN. The bands cover both uplink and downlink fre-
quencies according to 3GPP [5]. The dual-band circularly
polarized NTN antenna is a combination of a 23 2 aper-
ture-coupled patch array for the n78 band and a 43 4 sin-
gle-layer patch array for the n257 band. A 3D linearly
polarized quadripod kettle antenna (QKA) covering the
bands n41 and n78 was designed for TN and manufac-
tured from metalized plastics. All radiating elements are
integrated into a single platform, well suited for embedded
mounting into, for example, the rear spoiler of a car. Sec-
tion 2 outlines the antenna requirements derived from
the link budget. Section 3 describes the proposed user
equipment terminal. The results of numerical simulations
and measurements are summarized in Section 4, followed
by conclusions in Section 5.

2. Antenna Performance Requirements

VLEO constellations employing high-gain satel-
lite antennas and offering direct-to-vehicle connectivity
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enable broadband 5G mobile communications with
medium-gain fixed-beam ground terminal antennas. As
beam-steering capability may become obsolete for such
constellations, the costs and complexity of the user
equipment terminal can be significantly reduced com-
pared with approaches that necessitate phased arrays.
Realistic link budgets were analyzed for such constella-
tions for the n78 and n257 bands in [6–8]. An uplink
(UL) data rate of DRUL ¼ 21 Mbit/s at f ¼ 3.5 GHz
was anticipated for an antenna gain of GNTN ¼ 10 dBi,
and a UL data rate of DRUL ¼ 7 Mbit/s at f ¼ 28 GHz
was calculated for a gain of GNTN ¼ 15 dBi. Such gain
values can be realized with antenna dimensions as small
as 2.5 �, depending on the achievable radiation and
matching efficiencies, where � denotes the free-space
wavelength. Referring to the data rates above, automotive
consortia, like the 5GAA, identified numerous relevant
use cases where data rates of this order could be benefi-
cially used [4, 9]. For instance, the “obstructed view
assist” provides a host vehicle with an alternate view of
the obstructed road segment, requiring DR ¼ 5 Mbit/s and
a transmission latency of L ¼ 50 ms; disengagement
reports by host vehicles to government data centers neces-
sitate a data rate DR. 25 Mbit/s, with no critical latency
requirement. TN could cover applications requiring higher
data rates, lower latencies, or require larger antenna
apertures.

Additional performance parameters must be consid-
ered when designing a hybrid 3-in-1 antenna. According to
3GPP, NTN antennas should cover at least bandwidths of
Bop ¼ 100 MHz and 400 MHz at the n78 and n257 bands
around the center frequencies f¼ 3.5 GHz and f¼ 28 GHz,
respectively, while Bop ¼ 20 MHz would be required for
TN antennas [10]. In terms of polarization purity, an
axial ratio AR , 3 dB and a cross-polar discrimination
XPD . 15 dB are considered suitable for NTN and TN
antennas, respectively, over the respective bandwidths
[11]. Eventually, the angular width DH and direction H0

of the main beam must be considered appropriately so
that the resulting field-of-view is covered with adequate
gain. Our goal was to achieve DHNTN ¼ 630° around
H0 ¼ 90° with GNTN ¼ 10 – 15 dBi as attractive target
values for efficient 5G automotive satellite communica-
tions. The TN antenna should have an omnidirectional
radiation pattern DHTN ¼ 60° – 90° with a nominal gain
value of GTN � 3 dBi or better.

3. Hybrid 3-in-1 Antenna Design

One major incentive to use a quadripod kettle
antenna for automotive applications is its feasibility for
combination with the patch-based NTN radiators while dis-
playing an omnidirectional horizontal gain pattern with a
low profile. In an initial design phase, a QKA made from
brass sheath material was developed and successfully tested
[3]. As a further step toward design for manufacturability,
another QKA version was fabricated from acrylonitrile
butadiene styrene coated with copper, with a sheet thickness
of 35 lm. Measurements of the radiation pattern, gain, and

directivity values revealed identical performance for both
versions. As visualized in Figure 1a, the QKAwas placed
at the center of the dual-band nested multilayer NTN arrays
described in [2], sharing the same ground plane as the 23
2-elements 3.5-GHz array. Differing from the previous
arrangement, the 4 3 4-elements 28-GHz array was
attached to the top square of the QKA with double-
sided conductive adhesive, maintaining the fourfold
rotational symmetry on the printed circuit board, according
to Figure 1b. The aerial footprint of the resulting hybrid
3-in-1 antenna measured 93 3 93 mm, with a height of
15 mm. The QKAwas centrally fed via a coaxial cable
equipped with an SMA connector, whose flange was
soldered to the bottom of the ground plate. To feed the
3.5-GHz array, a 50-X microstrip transmission line
was connected vertically at the edge of the printed
circuit board. For the 28-GHz array, the center of the
50-X microstrip feed line on the bottom side con-
tained through-holes to connect to an RF coaxial cable
extending below the 3.5-GHz array. The complete antenna
was embedded into a commercially available rear spoiler
of a passenger sport utility vehicle (here: Skoda Kodiaq)
to examine the influence of plastic embedding on the
antenna performance.

For testing in the rear spoiler, the antenna board was
mounted near one corner of the rear spoiler, as depicted in
Figure 1c. The printed circuit board was fully covered by
acrylonitrile butadiene styrene, with a dielectric permittivity
of er ¼ 2.6 and a loss tangent of tan d ¼ 0.0169 at 8.2 GHz
[12]. The low-profile antenna with a height of h ¼ 15 mm
could be easily embedded into the rear spoiler, given its
larger height of 40 mm. Furthermore, mounting the radia-
tor in the rear spoiler provides the advantage of aligning
the different fields of view for the TN and NTN radiators.
In a later development step, the 3-in-1 antenna terminal in
the rear spoiler was then integrated into a car.

4. Simulation and Measurement Results

The bare version of the 3-in-1 antenna (i.e., visi-
ble to the environment) was designed using electromag-
netic full-wave simulations with CST Studio Suite 2024
[13]. The measurements were carried out in a shielded
anechoic chamber with a 61-dB measurement uncer-
tainty across the frequency ranges of interest, as illus-
trated in Figure 2a. The antenna was mounted on a
lightweight plastic holder and bolted to the rotating
metallic positioner, which was covered with pyramidal
absorbers to prevent unwanted reflections. In a subse-
quent step, the terminal was embedded into the rear
spoiler and remeasured (see Figure 2b). Eventually, car-
integrated measurements were conducted in our auto-
motive antenna measurement facility, the virtual road
simulation and test area (VISTA) [14, 15]. The mea-
surement setup consisted of a Skoda Kodiaq car placed
on a turntable, with the 3-in-1 antenna mounted in the
rear spoiler. The phase center of the measurement
arrangement was located at the center of the turntable at
a height of 2.3 m above ground. Because the car was
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placed in the middle of the turntable, as depicted in
Figure 2c, the antenna mounted in the rear spoiler was
offset from the phase center by (x, y, z) ¼ (–0.33 m,
1.94 m, –0.10 m). Nearfield measurements of the 3-in-1
antenna were performed at the S-band with the multi-
probe antenna arch; the nearfield data were then trans-
formed to far-field using the spherical-wave expansion
method [16]. For frequencies above 6 GHz, which
exceed the maximum measurable frequency range of
the multiprobe system, measurements were conducted
using an additional gantry arm equipped with variable
antenna measurement payloads [15]. While the near-
field patterns were recorded successfully over the upper
hemisphere, these data could not yet be transformed
into far-field results due to the lack of the nearfield-to-
far-field transformation algorithm at the time of writing.

The results of the measurements are illustrated in
Figures 3 to 5. Figure 3a compares the input impedance
matching of the simulated QKA across the bands n41 and
n78 in the bare state (red-colored curve), the measured data
in the bare state (blue), as embedded in spoiler (green), and
as integrated into the car (gray). At the frequency bands
around f ¼ 2.6 GHz and f ¼ 3.5 GHz, we achieved an
input matching of |S11|

2 , –10 dB for all versions, each
with a nominal operating bandwidth of Dfop � 20 MHz.
The isolation between the TN antenna and the 23 2 NTN
antenna array at 3.5 GHz remained well above 20 dB for
the simulated and measured versions (Figure 3b), confirm-
ing the benefit of the multilayer design of the NTN array.
The realized gain and the total efficiency of the QKA in the
embedded state amounted to GTNemb ¼ 4.7 dBi (4.4 dBi)
and hTNemb¼ 78% (62%) for the n41 (n78) band. The real-
ized gain of the car-integrated measurement increased to
GTNcar ¼ 6 dBi (5.6 dBi) in the lower (higher) band. The

measured vertical cuts at U ¼ 0° revealed a shift from the
zenith toH0 ¼ 5° to 15° at both frequencies; we associ-
ate this effect with the hanging coaxial feed of the
28-GHz array. The omnidirectional horizontal patterns
of the QKA revealed pronounced ripples for the
embedded and car-integrated versions across the two bands.
These features indicate a high sensitivity of the QKA to the
dielectric embedding in the nearfield and require suitable
optimization in the future. However, the polarization purity
remained at a high level of XPD. 15 dB for all four ver-
sions and at both frequency ranges.

Figure 4 summarizes the results for the 23 2 ele-
ments NTN array at f ¼ 3.5 GHz with an input match-
ing of |S11|

2 , �10 dB across a bandwidth of Dfop �
100 MHz for the simulated and car-integrated measured
data. The measurements in the bare and embedded
states still reached an acceptable level |S11|

2 , �6 dB
over a bandwidth of 350 MHz and 120 MHz, respec-
tively. These differences are attributed to additional
attenuation by the rear spoiler. The frequency variation
of the axial ratio is shown in Figure 4b, confirming the
design goal AR , 3 dB around f ¼ 3.5 GHz for all data
sets. The embedded and car-integrated data display a
3 dB bandwidth of the axial ratio of BAR � 75 MHz. The
angular variation of the axial ratio is shown in Figure 4c,
exhibiting an elevation range DHNTN � 630° with AR,
3 dB, except for the embedded state, for which the pattern
along co-elevation was tilted to the right. The embedded
array offered a realized gain of GNTNemb ¼ 6.2 dBi, with a
total efficiency of hNTNemb ¼ 70%. The simulated and
measured vertical normalized gain cuts at U ¼ 0° and 90°
for the antenna in the bare state agree well, while the
measured embedded array showed a distorted pattern

Figure 1. (a) Exploded view of the hybrid 3-in-1 antenna. (b)
Photograph of the manufactured version. (c) Photograph of the
antenna embedded in the rear spoiler (right) and CAD model of a car
with the antenna embedded in the rear spoiler (left). Figure 2. (a) Antenna setup in an anechoic shielded measurement

chamber in bare condition, (b) embedded into a rear spoiler, and (c) inte-
grated into a car in the automotive antenna test facility VISTA. [14, 15]
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(Figures 4d and 4e). The radiation pattern displayed rip-
ples for the car-integrated data, indicating the influence
of the car body, with reduced values for the realized gain
(GNTNcar ¼ 6.3 dBi) and total efficiency (hNTNcar ¼
25%). The car-integrated antenna offered an impedance
bandwidth of BNTNcar � 300 MHz.

Analogously to the results for the S-band NTN
radiator, Figure 5 displays the results for the Ka-band
NTN radiator. Compared with the numerical simula-
tions, the minimum |S11|

2 values measured for the bare,
embedded, and car-integrated versions were recorded at
slightly reduced frequencies of 28.6 GHz, 27.5 GHz,
and 26 GHz, as shown in Figure 5a. In contrast, the
value remained well below �10 dB over the entire n257
band for the car-integrated version. The frequency shift
is associated with a change in the dielectric permittivity
compared with the initial design values. The frequency
variation of the axial ratio is shown in Figure 5b, where
AR , 3 dB was achieved around f ¼ 28 GHz for all
versions, while the measured data appear to be shifted
towards higher frequencies compared with the simulation.
The 3dB axial ratio bandwidth for the embedded version
amounted to BAR � 1000 MHz. The measured angular
variation of the axial ratio exhibited an elevation range of
DHNTN¼615° with AR, 3 dB for the bare and embed-
ded versions (shown in Figure 5c). The realized gain of
the embedded array was GNTNemb ¼ 13.1 dBi compared
with the simulated value of GNTNsim ¼ 14.6 dBi, implying
a total efficiency of hNTNemb ¼ 51%. This degradation is
associated with the current feed design of the 28-GHz
array. The radiation patterns are shown in Figures 5d and
5e for the four variants; the car-integrated data refer to
nearfield data (gray). The normalized vertical cuts at U ¼
0° and 90° reveal pronounced ripples for the embedded

versions due to the influence of the dielectric embedding.
The embedded antenna offered a 3 dB beamwidth of
DHNTN ¼ 612° and an impedance bandwidth Bemb .
4.5 GHz. The vertical cuts at U ¼ 0° and 90° for the car-
integrated measurements refer to nearfield data. The Friis
transmission equation [17] was adopted to estimate the real-
ized gain. The far-field distance R¼ 2D2/� � 1.6m for size
D ¼ 93mm at � ¼ 10.7mm was satisfied with the mea-
surement distance of 4.5 m. The estimated gain, GNTNcar �
11 dBi, serves as an initial value, with further refinement
expected via extended nearfield-to-far-field transformation,
including translated spherical wave expansion.

5. Conclusions

A compact, dual-band, 3-in-1 user terminal
antenna that combines terrestrial and nonterrestrial
wireless 5G links with different fields of view has been
developed, manufactured, and successfully tested in
various antenna measurement facilities. The automotive
antenna test range VISTA, with its recent gantry arm
extension, enabled measurements of the complete
antenna embedded into the rear spoiler and integrated
into a passenger sport utility vehicle at the two fre-
quency ranges of interest, around 3.5 GHz and 28 GHz.
The measurements revealed promising performance
parameters for three different implementation variants,
namely bare, embedded into the rear spoiler, and inte-
grated into the car. By comparison with electromagnetic
full-wave simulations, we identified ways to optimize
antenna performance in terms of decoupling the TN and
NTN radiators at 3.5 GHz, reducing symmetry distortion
by the feed networks, and mitigating the effects of plastic
embedding. These steps bring the design goals for the real-
ized gain values of 10 dBi and 15 dBi for the NTN

Figure 3. (a) Input reflection |S11|
2 for the bare simulated TN (red-colored curve), bare measured (blue), embedded measured (green), and car-

integrated measured antenna (gray), (b) isolation |S21|
2 between TN and NTN array, (c) vertical cut of normalized realized gain for U ¼ 0° at f ¼

2.6 GHz, (d) at f ¼ 3.5 GHz, and (e) horizontal cut of normalized realized gain for H ¼ 90° at f ¼ 2.6 GHz and (f) at f ¼ 3.5 GHz.

Figure 4. (a) Input reflection |S11|
2 for the bare-simulated NTN array at 3.5 GHz (red-colored curve), bare measured (blue), embedded mea-

sured (green), and car-integrated measured antenna (gray), (b) axial ratio versus frequency along zenith, H0 ¼ 0°, (c) axial ratio versus co-eleva-
tion, (d) vertical cut of the normalized realized gain for U ¼ 0°, and (e) for U ¼ 90° (same color coding as in Figure 3).
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radiators at S-band and Ka-band, respectively, within reach,
thus offering promising data rates and transmission laten-
cies for a wide range of relevant use cases in automated
and connected driving applications. Future developments
may build on these achievements to enhance the wireless
coverage in shadowed regions of urban environments or
unserved rural areas through complementary NTN links, in
addition to terrestrial coverage.
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