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ABSTRACT Nowadays, additive manufacturing provides far-reaching possibilities for use in radio
frequency components. In addition to almost unlimited freedom of design as compared to conventional
manufacturing, the absence of further assembly steps is a key aspect of 3D printing. In this paper, a
3D printed monolithic antenna for millimeter wave-sensing applications is presented with a full hemispher-
ical coverage. The antenna is designed as an ensemble of a waveguide horn antenna and a differentially
fed dipole antenna. The slotted waveguide approach was utilized to improve the manufacturing quality
on the waveguide inside. The influence of two optimized antenna elements, a metal plane, and a cut-out
window, on the beam pattern is comprehensively investigated. A huge half power beam width of 142°
in both directions, elevation and azimuth, is presented at 79 GHz and a boresight gain of 4.7 dBi was
measured. The beam pattern in the frequency range from 76 to 81 GHz is studied in greater detail, where
a half power beam width of at least 112° is achieved. Due to the —10 dB matching capability bandwidth
of over 28 GHz, the antenna is also suitable for extremely broadband applications with a —5 dB angular
width of better than 100°. Furthermore, the system design describes how to integrate the antenna into
hybrid circuit designs and the manufacturing tolerances are examined. The antenna offers attractive pos-
sibilities for millimeter wave-sensing applications in the area of assisted living and industrial monitoring,
especially whenever blind spots have to be avoided.

INDEX TERMS 3D printing, additive manufacturing, antenna, broadband, coverage, hemispherical,

localization, millimeter wave, radar applications, smart home, waveguide.

. INTRODUCTION
ILLIMETER wave (mmW) sensors will be a key
enabler for technological trends, such as human
machine interaction for the Internet of Things (IoT) [1], human
activity recognition [2], [3], or autonomous driving [4].
While in many sensing applications at mmW frequencies
high-gain antennas are required, for the above-named appli-
cations, non-directive antennas are beneficial: for indoor
localization tasks in industrial halls or warehouses [5], [6],
[7], [8], i.e., for robotics and navigation [9], only lim-
ited possibilities exist for mounting sensors. Therefore, it
is important to permanently detect the target object with

a few sensors, which requires a large coverage area. In
localizing unmanned aerial vehicles (UAVs), it is important
to simultaneously reach as many distributed base stations
as possible to achieve high precision [10], [11]. In smart
home applications, i.e., assisted living [12], [13], lighting
and ventilation control and vital signs [3], [14], [15], the
dimensions of the rooms are minuscule and thus a small
field of view (FoV) may lead to blind spots. In secu-
rity [16], [17], and medical [18], [19] applications, people
are usually very close to the sensors, which means that huge
FoVs are required to be able to detect and sense the entire
body.
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FIGURE 1. Wave-based smart home applications and controlled radar-based UAV landing process. In both scenarios, a hemispherical field of view is mandatory in order to

enable d ions of er and reliable connections for communication.

Whereas omnidirectional antennas are desired for commu-
nication applications (e.g., Wi-Fi), hemispherical coverage is
preferable for the above-mentioned applications. On the one
hand, no targets of interest are expected in the backward
direction and, on the other hand, strong reflectors in close
neighborhood to the sensor, such as walls and car bodies,
may negatively influence the measurements.

There are several approaches of antennas with a wide
FoV in the literature. Many of them are in the frequency
range below 10 GHz: [20] proposes a loaded monopole
antenna that is folded into a few shorter sections. It shows
excellent hemispherical radiation conditions. In [21], [22],
[23], [24], circularly polarized antennas with hemispherical
or near-isotropic coverage are presented for communication
applications and GPS and [25] proposes an ultra-wide-band
helical antenna. In [26], an omnidirectional crossed-loop
antenna for in-band full duplex applications is presented.
These antennas are manufactured by conventional machin-
ing processes. However, a mere scaling of the dimensions of
these antennas to dimensions in mmW components would
likely create a large susceptibility to breakage. Furthermore,
several approaches exist to omnidirectional radiation pat-
terns for communications issues. Although this is not the
goal here, these approaches provide key ideas for antenna
design to yield a wide beam width [27], [28], [29], [30].
Furthermore, especially at higher frequencies, printed circuit
board (PCB)-based approaches [31], [32], [33], [34], [35],
[36], [37], [38] exist for omnidirectional radiating antennas
that show a wide coverage. However, either the dimensions
of the antennas become too small for use in higher frequency
ranges or the bandwidth is very limited.

Moreover, there are some 3D-printed approaches with
wide coverage at a lower GHz range: In [39], a quasi-
isotropic, meandered dipole antenna in the ISM frequency
band was proposed. A compact monopole antenna for com-
munication is presented in [40]. An on-package antenna was
introduced in [41] and [42]. Liao et al. [43] proposes a
inkjet-printed in-package antenna for marine animals mon-
itoring and [44] suggests a dielectric resonator antenna.
Furthermore, a super-wideband spidron fractal cube is

VOLUME 4, 2023

Antenna

A/

Azimuth

Elevation _—

Slotted
waveguide

WRI12-flange

FIGURE 2. Manufactured antenna with slotted waveguide and WR12 flange in
different orientations and the applied coordinate system. Two separated dipoles and
the metal planes for widening the field of view can clearly be seen.

presented in [45], and a low-profile antenna for commu-
nication issues is proposed in [46]. Because of the level
of detail of these antennas, it is tedious to additively man-
ufacture them with similar precision in higher frequency
ranges. A biconical antenna is presented in [47]. It is
designed for 60 GHz applications, and an omnidirectional
radiation pattern was achieved in the horizontal direction.
However, a limited beam width in the vertical direction is
present.

To the best of the authors’ knowledge, there is no
suitable antenna in the proposed frequency range. The
existing approaches in lower frequency ranges have some
shortcomings, as their manufacturing is either highly sophis-
ticated, cost-intensive, or not easily convertible to higher
frequencies. Many antennas are limited to a planar lay-
out, although the desired antenna geometry may generally
require the design freedom of all three dimensions. In some
proposed approaches, manufacturing technology is funda-
mentally unable to provide the precision required for mmW
components.

Additive manufacturing overcomes some of these short-
comings. Therefore, it is a promising alternative, as it
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provides both a relatively cost-efficient machinery and
manufacturing process and an inherent degree of freedom
in geometry. Nowadays, stereolithography (SLA) [48] and
digital light processing (DLP) [49] offer a spatial manufac-
turing resolution of merely several 10 pm and decent surface
quality in the order of root-mean-square (RMS) surface
roughness values of Ry around 1 pm and less [50], which
is a decisive aspect at mmW frequencies [51], [52], [53].
Therefore, modern 3D printers have already been developed
to the point enabling the high geometric precision required
for mmW applications [54], [55], [56]. The printed plastic
geometry is functionalized by an electroless metal coating
and may be extended by electroplated surface finishes to
serve as a waveguide component. Due to the skin effect,
thin layers of 5 — 30 wm are absolutely enough. The slotted
waveguide approach allows a high quality of metal plating
on the inside of the wavguide while maintaining a monolithic
structure [51].

Therefore, in this article, a novel antenna is presented
that is capable of radiating in both azimuth and elevation
by making use of the geometrical freedom of 3D printing.
The antenna design is a mixture of a 3D printed waveg-
uide horn antenna and a differentially fed dipole antenna.
A photograph of a manufactured specimen and the applied
coordinate system is given in Fig. 2.

The paper is outlined as follows: In Section II, a system
design and setup are discussed as a transition from PCB
to waveguide is required, which is explained in detail.
Subsequently, the design of the proposed antenna is demon-
strated in Section III and optimization approaches are
presented in Section IV. To evaluate the manufacturing pro-
cess, the dimensions of the fabricated specimen are evaluated
in Section V. Moreover, the simulation and measurement
results are compared and sorted according to their application
in Section VI and finally concluded in Section VII.

Il. SYSTEM DESIGN AND SETUP

The goal of this work is to maximize the half power beam
width (HPBW) and minimize the return loss over a wide
frequency range. A hemispherically radiating antenna with
an HPBW of 180° in both angular directions would be
the optimum. Hence, our proposed antenna was developed
for a larger HPBW in both hemispherical directions.
Simultaneously, a better return loss of at least —13 dB at
79 GHz compared to an open waveguide antenna should be
achieved. Nowadays, PCB technology is the most utilized
assembly method. It allows for an integration of both pas-
sive and active RF components. However, enormous losses
are expected at higher frequencies in microstrip transmission
lines. To overcome this major drawback of PCB technology,
hybrid systems provide a remedy. A waveguide technique
addressing low losses and inherent shielding is the use
of hollow waveguides that can easily be attached on top
of the PCB. Therefore, high-performance transitions from
waveguides to PCB-based transmission lines are necessary.
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FIGURE 3. Top and side views of the waveguide to PCB transition.

State-of-the-art active radar components mainly provide dif-
ferential signaling as an output. Therefore, a performant
transition from PCB to waveguides is required. The design
of a suitable differential transition is shown in Fig. 3, which
is presented in detail in [57] or in [58] as a more broadband
alternative. Its functional principle and additional design
aspects are given in [59]. Measurements state a return loss
of |s11]%> < —24 dB and an insertion loss |so;|? better than
—1.3dB at 77 GHz for the transition. This demonstrates
excellent suitability for hybrid circuits. Since the transition
of the PCB to the waveguide is quite similar to the transi-
tion from the waveguide to the proposed antenna, the general
functionality will be further explained in detail.

The transition has two symmetry planes in both halves:
the broad side and the narrow side of the waveguide. The
electric field of the TE{p mode is maximal at the center of
the broadside of the waveguide. Two ridges on each side-
wall are directly located at the maximum of the electric
field, so that the electric field is concentrated between the
ridges. Therefore, a stepwise conversion of the TEj9p mode
to the guided differential microstrip line (DMSL) mode is
performed. The height of the individual ridges is designed to
be about a quarter of the waveguide wavelength to minimize
reflections. The waveguide body is placed on the DMSL in
such a manner that the ridges at the bottom of the waveg-
uide and the DMSL coincide. The width and depth of the
ridges and the DMSL have exactly the same dimensions at
their intersection interfaces. To avoid leakage effects into
the substrate, a via fence on the PCB is applied where the
waveguide contour confines the footprint.

At the center of the broad side of the waveguide, the
DMSL is angled toward the side walls of the waveguide.
To cause the maximum of the electric field between the two
differential lines at the gap of the connection of the ridges,
the length of the short inset part is chosen as a quarter of the
wavelength of the PCBs differential microstrip mode. Due
to the via fence in the plane, the short inset part acts as a
shorted stub. The width of the ridge 7y, close to the bottom,
is defined by the width of inset ¢. It is a trade-off between
field matching and fabrication capabilities.
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FIGURE 4. Conversion of the TEo-mode to the differential microstrip mode in
different cross-sections in relation to Fig. 3.
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FIGURE 5. Developed waveguide antenna with the transition from the slotted
waveguide to the radiating part via the ridged transition.

The mode conversion of the TE;p mode to the DMSL
mode is shown in Fig. 4. Here, stepwise mode conversion is
shown in several sections. The upper left picture shows the
distribution of the electric field mode TE( in a rectangular
waveguide. By inserting the ridges on the broadside walls
of the waveguide, the field distribution can also be exploited
as a differential feed for linear dipole antennas, as can be
seen in the bottom left scheme in Fig. 4.

lll. PROPOSED ANTENNA DESIGN

In this section, the design of the proposed antenna is
presented. The antenna comprises three parts: the slotted
waveguide part, the mode transition part with cascade ridges,
and the actual radiating part that is an ensemble of an opti-
mized differential fed dipole antenna and an open waveguide
antenna formed by a standard E-band waveguide. All three
parts are depicted in Fig. 5. In the following sections, the
functionality of the individual elements is addressed.

A. SLOTTED WAVEGUIDE

The waveguide connects the PCB transition to the radiating
antenna and serves as a transmission line. This enables the
antenna to be integrated into even complex arrays, where
the alignment of the feed structures on the PCB becomes
relatively independent from the placement of the antennas.
Considering the fact that the overall losses in the slotted
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waveguide feed are typically one or more magnitudes less
than those on PCB-based transmission lines, feeding even
large arrays becomes feasible. An arbitrary arrangement,
especially toward A/2 in all directions, is quite challeng-
ing. However, this is also the case with many other antenna
types, such as horn antennas or slotted waveguide array
antennas. In comparison to the latter, the proposed antenna
offers a significant advantage in terms of compactness. The
slotted waveguide differs from a continuous waveguide in
that it removes some parts of the narrow side wall of the
waveguide. Since surface current components located on the
narrow sidewalls are oriented top down, the field mode is
affected insignificantly by the removed parts of the side
wall. Furthermore, no waveguide slot antenna is created
here because the surface current is mainly parallel to the
slot shape. Here, the slotted waveguide approach is utilized
for the sake of printing quality and metal plating. The length
and height of the slots is an optimum of manufacturing and
electrical properties and is studied in detail in [55].

B. WAVEGUIDE MODE TRANSITION AND INTERFACE TO
RADIATING PART

The transition of the waveguide to the antenna works accord-
ing to a similar principle as the transition from the PCB to
the waveguide. Symmetrical ridges are used for impedance
matching and concentrating the electrical field between them.
Thereby, a differential feed of the antenna is provided as a
source for the antenna at the edge of the waveguide. The
resulting source mode excitation is depicted in the bottom
left drawing in Fig. 4.

C. RADIATING PART

The radiating part is an interaction of following two com-
ponents: the differential fed dipole antenna and the open
waveguide. In general, dipole antennas are characterized
by an omnidirectional radiation pattern in the azimuth due
to their rotational symmetry. However, the beam pattern in
elevation is highly dependent on the length of the dipole.
Dipoles longer than the wavelength develop undesired side
lobes. This results in zero of the beam pattern, which is
explicitly not the goal of the proposed antenna. However,
dipoles smaller than the wavelength do not exhibit any zeros.
In general, shorter dipoles have a larger HPBW in their
respective directions [60]. Therefore, a dipole shorter than a
wavelength is beneficial as the radiating part of this antenna.
In the proposed antenna, the dimensions of one dipole ele-
ment are chosen to be about 1 mm in height l4;, and around
400 pm in width wgjp. The exact height and width of the
dipoles are optimized for impedance matching and angular
width in CST’s Microwave Studio. For printability reasons
and impedance matching, the caps at the end of the dipoles
are rounded. The distance between dipoles and the edge of
the waveguide is crucial for the pattern and also optimized
for this application.
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- Ridges .

FIGURE 6. Electrical field distortion due to metal planes. Due to the metal plane,
significantly more power radiates in the direction of the metal surface.

Window

FIGURE 7. The proposed hemispherically radiating antenna with a small window
and metal planes to improve the angular width.

IV. OPTIMIZATION OF THE RADIATION PATTERN

Based on the design in Fig. 5, some further optimization
steps are investigated and conducted to increase the angular
width of the antenna. Two main approaches exist to enhance
the beam pattern of this antenna. On the one hand, a metal
plane in the x—y-plane is inserted on the broadside wall
at the edge of the waveguide. On the other hand, a cutting
window on the narrow side wall at the edge of the waveguide
is incorporated into the design.

The metal plane has a significant positive influence on the
beam pattern. The metal planes affect the electric field in
such a way that remarkably more power is radiated along the
metal plane’s surfaces as presented in Fig. 6. The width of
the metal planes was identical to the overall dimensions of
the waveguide in the broadside direction. Beyond it, a small
window is cut out on the narrow side of the waveguide.
In particular, the HPBW in the azimuth is increased even
further as a result. The optimized final antenna is depicted
in Fig. 7.

Additional simulations were performed to further inves-
tigate the effect of the length of the metal plane I.r on
beam patterns. The simulated beam patterns in the azimuth
and elevation at 79 GHz are presented in Fig. 8 and Fig. 9,
respectively. If /r equals 0, no metal plane is present, which
leads to a narrow beam pattern similar to an open waveg-
uide antenna. However, by increasing the length of the metal
plane up to a certain length, the HPBW in both directions
azimuth and elevation rises. As the length of the metal plane
exceeds the optimum of 1.535 mm, the HPBW shrinks.

Furthermore, the influence of the height of the window
hy, was examined. In Fig. 10 and Fig. 11 the beam patterns
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FIGURE 8. Simulated and normalized beam patterns at 79 GHz in the azimuth
direction in decibel. The simulations differed in the value of the length of the metal
plane /.
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FIGURE 9. Simulated and normalized beam patterns at 79 GHz in the elevation
direction in decibel. The simulations differed in the value of the length of the metal
plane les.

in azimuth and elevation at 79 GHz dependent on the height
of the window are depicted. Apparently, the height of the
window has little influence on the beam patterns in elevation.
Further improvements in the HPBW in the azimuth can be
achieved. Here, the HPBW rises by increasing the height
of the window. However, significant ripples emerge in the
beam pattern, especially at the boresight of the antenna at an
angle of ¥ = ¢ = 0. To ensure the uniformity of radiation
of power toward all angles of the hemisphere, a compromise

VOLUME 4, 2023
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FIGURE 10. Simulated and normalized beam patterns at 79 GHz in the azimuth
direction in decibel. The simulations differed in the value of the height of the
window h,,.
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FIGURE 11. Simulated and normalized beam patterns at 79 GHz in the elevation
direction in decibel. The simulations differed in the value of the height of the
window h,,.

between HPBW and ripples is required. For this purpose, the
height of the window h,, is chosen to be 180 pm. Overall,
by inserting these parts, the HPBW is increased by more
than 50° in both azimuth and elevation direction.

V. MANUFACTURING PROCESS

The base body of the antenna is fabricated using additive
manufacturing. The fabrication process is described in detail
in [55]. First, a polymer body of the antenna is fabricated by
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FIGURE 12. Close-up side-view image of the inner part of the antenna. The dipoles
are clearly separated and fully covered with a metal surface.
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FIGURE 13. Close-up side-view image of the upper antenna part with the
manufactured metal plane and the slotted waveguide.

SLA printing using UV sensitive resin. Afterwards, it is cured
in an UV chamber with accurate time profiles. Subsequently,
a conductive silver layer is applied to the surfaces of the
printed antenna by an electroless plating process and finally
galvanized with copper. The thickness of the materialization
is usually several skin depths to ensure that the photopolymer
no longer interacts with the electromagnetic wave. With this
process, a conductivity opc of better than 30 MS/m and an
effective RMS-surface roughness of Ry < 800 nm can be
achieved which is a decisive parameter for incorporating
losses at frequencies in mmW range. This results in overall
losses better than 10 dB/m [55], [61].

A photograph of antenna specimens are depicted in Fig. 2.
On the left-hand side, a close-up image of the dipoles
and metal planes is shown. One can clearly see the sep-
arated dipoles at the interface with the respective ridges.
Furthermore, the metal planes on both broad wall sides and
the window are clearly recognizable. On the right-hand side,
the antenna with a 10 mm long slotted waveguide is depicted.
To measure the characteristics of the antenna, a standard
WRI12 waveguide flange is attached to the lower part.

A. EVALUATION OF MANUFACTURING PROCESS

In Fig. 12, a side-view photograph using a Keyence micro-
scope of the inner part of the radiating section of the antenna
is depicted. One can clearly identify two fairly symmetrical
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TABLE 1. Dimensions of the antenna.

Dimensions  in|lgip |Wdip | Wiin | & 8slot | lref | Mw
um

Simulation 1025|386 | 386 |[201 {400 | 1535|180
Measurement 1084|444 430 122 |386 | 1571|161
Difference 59 |58 |44 |79 |14 |36 |19
Mean deviation |32.359.8 42374 |n.a. |23.6|24.5
to simulation*

Mean deviation|15.0(16.6|11.2 |15.8 |n.a. | 15.3 |12
within

specimen®

*Deviations of eight fabricated specimen.
n.a.: not acquired

dipole elements attached to the ridges in the center of the
waveguide. The gap between the two dipoles shows a straight
course, and the dipoles and the caps of the dipoles are evenly
rounded.

A side-view photograph of the outer part of the antenna
is shown in Fig. 13. One side of the metal plane and a frac-
tion of the slotted waveguide are depicted. Even though the
metal plane represents a challenge for 3D printing due to the
large overhang in the model, it is printed extremely straight.
Furthermore, the small window at the narrow side of the
waveguide for optimizing the beam pattern is clearly visible.
The images of the specimen clearly illustrate the horizontal
layer-by-layer structure due to the printing process.

The dimensions of the manufactured specimens are given
in Table 1. The measured dimensions generally agree well
with the simulation. The precision in the z-direction stays
clearly below a difference of 36 pm, whereas the dimen-
sions of the dipole are roughly two times larger due to
the printing direction. Furthermore, the mean deviations of
eight fabricated specimens are compared to simulation and
measurement. The mean deviation to the simulation is in
the order of the difference between the simulation and the
measurement of the proposed antenna, whereas the order of
magnitude of the mean deviations within various specimen is
much smaller. As the deviations cause only moderate degra-
dation of the performance of the antenna, the design can
potentially be adapted to compensate for the manufacturing
tolerances. Nevertheless, this results in a precision that is
sufficient for mmW components.

VI. SIMULATION AND MEASUREMENT RESULTS
Measurements were performed using a VNA (ZVAS50) from
Rohde&Schwarz with mmW-extensions for E-band (WR12).
To improve measurement precision, a Trough-Open-Short-
Match (TOSM) waveguide standard algorithm was applied
at the interface of the antenna’s flange and the Test Port
Adapter.

Fig. 14 shows the measurement and simulation results
for the reflection coefficient |s1;|> of the antenna in a
frequency range from 60 to 90 GHz. Comparing the sim-
ulation with and without the waveguide flange, the trend
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FIGURE 14. Simulated and measured reflection coefficient of the antenna.

remains the same, but small ripples occur. Moreover, the
trend of the response of the measured parameter |s11|> agrees
well with the simulation. It shows an excellent matching
of —20 dB in the region of 75 - 81 GHz and stays below
—10 dB over the frequency range of E-band up to 88 GHz.
The —15 dB bandwidth equals 14 GHz. Deviations from
simulation and measurement could originate from manu-
facturing tolerances of the model, and additional ripples
are probably caused by line resonance effects of the slot-
ted waveguide part, or due to interface mismatches of the
antenna flange and the Test Port Adapter. Due to the reso-
nant structure of the dipole, a dip at 80 GHz occurs, while
far away from the resonance, the matching characteristic of
an open waveguide is achieved. Due to the slight increase in
dipole length, the measurement is slightly shifted to smaller
frequencies compared to the simulation. These results high-
light the promising possibilities of additive manufacturing in
the mmW range, even for complex geometric models, and,
due to the inherent very broadband design of the proposed
structure, the shift in frequency is absolutely within the
bandwidth-budget.

The simulated efficiency over frequency of the antenna
is depicted in Fig. 15. A parameter sweep of the
conductivity opc and the surface roughness Ry was per-
formed. Whereas the conductivity has only a medium
influence on the efficiency, the surface roughness has strong
influence on the antenna efficiency at mmW frequencies.
The trend of the efficiency clearly shows the inverted trend
of the simulated reflection coefficient with flange in Fig. 14,
which is likely to be the main cause of the efficiency drop.
For a surface roughness of 0.8 um and a conductivity of
30 MS/m, an efficiency of 96% at 79 GHz can be achieved,
which means that only 4% of the stimulated power is not
radiated. Even at a conservative estimate (opc = 20 MS/m,
Rq = 1.2 wm), the efficiency of the antenna stays above 90%
in over 85% of the E-band frequency range, which indicates
the high efficiency of waveguide antennas.
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FIGURE 15. Simulated efficiency of the antenna dependent on the conductivity opc
and the surface roughness Rq.
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FIGURE 16. 3D farfield simulation of the proposed antenna with hemispherical
coverage.

A 3D farfield simulation of the proposed antenna is
depicted in Fig. 16. For the sake of orientation, the waveg-
uide flange of the antenna can clearly be seen in the
background. The radiating parts of the antenna are built
in positive z-direction. The antenna’s 3D farfield beam pat-
tern shows a full coverage of the hemisphere. The simulated
pattern states in azimuth direction (¢ = 0°) and elevation
direction (¢ = 90°) a wide HPBW of 146° and 136°, respec-
tively. The section plane at ¢ = 45° is the most critical plane,
with an HPBW still better than 110° and a —5 dB angular
width of 137°, which is absolutely sufficient for most of the
applications.

Measurements were carried out to obtain the beam pat-
tern of the manufactured antenna using the setup as shown
in Fig. 17 and Fig. 18, respectively. A 21 dBi standard-gain
horn antenna [62] was used as a reference for the measure-
ments and placed at a distance of about 1 m from the antenna
under test. A single axis turntable setup, as shown in Fig. 18
was used to characterize the antenna’s beam pattern by scan-
ning one hemispherical axis from —100° to 100° in 2° steps.
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FIGURE 17. Measurement setup: The AUT was mounted on a turn-table to measure
the beam patterns. The AUT- and the reference horn antenna were connected to a VNA
via E-band converters.

FIGURE 18. Measurement setup: Single-axis turn table (left) and proposed antenna
specimen mounted on the Test Port Adapter (right).

To measure both elevation and azimuth, the antenna under
test and the reference antenna are rotated by 90° around the
main lobe axis.

The simulated and measured boresight gain (% = ¢ = 0°)
over frequency is shown in Fig. 19. The trend of the mea-
sured gain agrees with the simulation; however, an offset
occurs. A boresight gain of 4.7 dBi was measured at a
frequency of 79 GHz. A higher gain in the measurement
than in the simulation seems counterintuitive. However, it
is noteworthy that a measured gain at boresight direction
only implies less radiation in other angular directions, which
means that the antenna is more directive in a frequency range
below 80 GHz than expected.

The simulated and measured beam patterns in azimuth at
79 GHz are presented in Fig. 20. The measurement results
agree very well with the simulation. The standard deviation
from measurement to simulation is 0.52 dB. A remarkable
HPBW of 142° is achieved and the —5 dB angular width at
79 GHz is even about 180°. Thus, the antenna clearly meets
the desired coverage in azimuth. The simulated and measured
beam patterns in elevation at 79 GHz are depicted in Fig. 21.
In this direction, the standard deviation from measurement
to simulation is 0.97 dB. A HPBW of 142° is achieved, and
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FIGURE 19. Simulated and measured boresight gain over frequency.

the 5 dB angular width at 79 GHz is 166°. Due to the large
angular width simultaneously in both elevation and azimuth,
the antenna has excellent coverage of the entire hemisphere.

A. MEASUREMENT RESULTS IN FREQUENCY RANGE
76 - 81 GHz

In this section, the characteristics of the antenna is considered
in more detail in the frequency range from 76 - 81 GHz.
For this reason, the HPBW and the beam patterns for these
specific frequencies are presented.

In Fig. 22, the measured beam patterns of the antenna in
the azimuth are depicted. The beam patterns show a good
illumination of the scenery over the entire frequency range.
The maximum difference in the beam patterns of the dis-
played frequencies is less than 2 dB in the angular range from
—60° to 60° and stays below 3.6 dB for the entire azimuth
axis for the hemisphere. In elevation, the measured radiation
patterns of all the depicted frequencies show a large angular
width but with a slightly larger variance than in azimuth.
However, the maximum difference in the beam patterns of
the displayed frequencies is less than 3.1 dB in the angular
range from —60 to 60° and stays below 4.5 dB for the entire
elevation axis in the hemisphere.

The measured HPBW of the antenna is depicted in Fig. 24
in the frequency range from 75 to 82 GHz. The HPBW in
azimuth is always slightly larger than that in elevation and
stays above 137°. However, the HPBW in elevation also
exhibits a huge angular range and has an angular width
larger than at least 112°. These measurements state its excel-
lent applicability to radars in the 79 GHz range, which are
explicitly designed for large FoVs.

B. MEASUREMENT RESULTS FOR BROADBAND
APPLICATIONS

In many measurement setups, utilizing a wide bandwidth is
crucial for the performance of the system as well as for the
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FIGURE 20. Simulated and measured normalized beam patterns at 79 GHz in
decibel in the azimuth direction.
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FIGURE 21. Simulated and measured normalized beam patterns at 79 GHz in
decibel in the elevation direction.

received power. In particular, in measurement setups with
phase-based processing and coherently processed data from
different view angles, it seems sufficient to consider the
—5 dB angular width instead of the HPBW as long as a large
measurement bandwidth is available. It should be noted that
only those angular ranges are designated as HPBW, at which
the beam pattern falls below the difference from the maxi-
mum to —3 dB for the first time. However, at some frequency
points, the power falls below —3 dB at only one small angle
range, but at the following adjacent angle range, more than
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FIGURE 22. Simulated and measured normalized beam patterns at specific
frequencies in decibel in the azimuth direction.
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FIGURE 23. Simulated and measured normalized beam patterns at specific
frequencies in decibel in the elevation direction.

—3 dB power is radiated. For practical applications, this dip
in a very limited angular range is often indecisive. For this
reason, the —5 dB angular width is now used here to neglect
small dropouts; however, it still takes sufficient power into
account.

Since the antenna shows a usable bandwidth almost over
the entire E-band, the angular width (—5 dB) of the antenna
for 60-90 GHz is depicted in Fig. 25. The measurement
results indicate a decrease of the angular width toward
smaller frequencies but stays above 100° for both the angular
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FIGURE 24. Measured half-power beam width over frequency of the antenna in the
azimuth and elevation direction.
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FIGURE 25. Angular width (-5 dB) over frequency of the antenna in the azimuth and
elevation direction.

width in elevation and azimuth. In a frequency range from
73 to 90 GHz, even an angular width of more than 140° can
be observed. At 79 GHz, an angular width of 172° could be
achieved, and at 82 GHz, more than 180° are measured.

VIl. CONCLUSION

In this work, an additively manufactured hemispherically
radiating antenna is presented. Whereas, on average, the
manufacturing tolerances deviate from the simulation by a
maximum of 74 wm, the mean deviation of the manufactur-
ing tolerances within the specimens is significantly smaller.
Here, a maximum mean deviation of only 17 pum was mea-
sured. Therefore, the design is can potentially be adapted
to compensate for the manufacturing tolerances. The toler-
ances are likely to be the main source of deviations between
simulation results and measurement evaluations. However,
these deviations result in an only moderate degradation of
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the antenna’s performance, leading to a robust manufacturing
process. The results demonstrate the fundamental suitability
of this technology for mmW applications. The special fea-
ture of the proposed antenna is its remarkably large angular
width combined with a large usable bandwidth for broad-
band applications. A HPBW of 142° in both elevation and
azimuth at 79 GHz demonstrate an excellent coverage of the
hemisphere. In addition, a usable bandwidth of more than
28 GHz enables broadband applications and encourages the
applicability of the antenna in applications where a large
field of view is required.
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