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ABSTRACT This article reviews the current state-of-the-art of millimeter-wave (mm-wave) antennas for
communication and sensing applications in the D-band between 110 and 170 GHz. The most popular
design techniques, including Antenna-on-Board (AoB), slotted waveguides, Antenna-in-Package (AiP) and
Antenna-on-Chip (AoC), are described using relevant examples from scientific literature. Potential benefits
and limitations of integration technologies, such as specialized packaging, chip post-processing steps and
interconnects, are listed as well. The reported performances of all listed designs are compared against
each other, taking the antenna size relative to operating frequency into account. This novel comparison
indicates that small-scale integrated AiP and AoC designs can achieve competitive performance levels

with short and low-loss interconnects.

INDEX TERMS Antenna-in-Package, Antenna-on-Board, Antenna-on-Chip, D-band, millimeter-wave.

I. INTRODUCTION
HE PURSUIT of increased performance and the lim-
ited available bandwidth in the radio frequency (RF)
spectrum has pushed the development of wireless devices
towards the millimeter-wave (mm-wave) band between 30
and 300 GHz. For example, the fifth generation (5G) mobile
network includes sections of the Ka-band (26.5-40 GHz) to
achieve high-speed and low-latency radio access [1]. Highly
integrated communication and sensing devices are promising
applications for the 60 GHz industrial, scientific and medical
(ISM)-band [2]-[5]. In automotive radars, the 77 GHz band
has enabled better accuracy and resolution performance with
smaller device sizes compared to the 24 GHz band [6].
The trend of increasing operating frequency is expected to
proceed beyond 100 GHz into the D-band (110-170 GHz).
Numerous examples of short-range sensing devices operating
in the 122 GHz ISM-band can already be found in litera-
ture [7]-[11]. Furthermore, the D-band’s high-speed data
transfer capability over short ranges as demonstrated in [12]
and [13] could fulfill the future requirements of beyond-5G
dense communication networks [14]-[16]. Potential applica-
tions are not limited to short ranges: a data link across 60 km

was demonstrated with an adapted commercial 122 GHz
radar transceiver in [17]. A 150 GHz long-range automotive
radar was proposed in [18], and mid-range operation was
concluded to be feasible throughout the mm-wave band.

A wireless system at D-band must be designed with suffi-
cient effective isotropic radiated power (EIRP) to overcome
the relatively high path loss. However, the difficulty and cost
of generating high-power RF rise with frequency, and so
do power losses in substrates and interconnects. Optimizing
the radiation efficiency and limiting interconnect losses are
therefore key challenges in mm-wave antenna design.

D-band antennas can be small enough to be implemented
within the same package or even on the same die as the front-
end electronics (FEE), limiting interconnect losses. Such a
combined module with a monolithic microwave integrated
circuit (MMIC) and an integrated antenna can be smaller
and cheaper to assemble compared to a similar system con-
sisting of separate components. Moreover, its interface can
be limited to baseband or intermediate frequency (IF) sig-
nals and power supply, limiting high-performance materials
and high-complexity mm-wave design to within the module.
This translates into cost savings, improved efficiency, and
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TABLE 1. Overview of D-band Antenna-on-Board and slotted waveguide designs and reported performance from literature.

S: Simulated result. E: Dimensions (partially) estimated based on published images.

Size Interconnect Gain BW BW@ f.
Antenna Type [mm?] Substrate (loss [dB]) [dBi] [%] [GHz] Year | Ref
8-element series-fed patch - 130 pm RO3003 WGL (0.7) 6 4 5@124 2009 | [19]
Differential patch 2%0.6 130 ©m RO3003 WB  (-) 85 9.2 12@1315 | 2016 | [20]
4x8 slotted-SIW array 10x9.4F | 254 um RO4350B WGL  (-) 16.3 12.2 15@122.5 | 2019 | [21]
8-clement differential 13.9x1.1 170 pum RO3003 WGL  (1.63) 13 57 7@123.5 | 2019 | [22]
series-fed patch
Y-shaped microstrip 2.2x2 250 pm TLY-5 WB  (3.1)° 13.65 16 20@125 2019 | [23]
Bx14-clement 20x11.52 | - pumAstaMT77 | WB () S 189 0.8 1@123 | 2020 | [24]
series-fed patch array
8-element series-fed patch 10x1.1F 127 pm Astra MT77 WB (2.5)5 13.6 6.9 10@145 2020 | [25]
4 x4 patch array 4.3x4.3 127 pm Megtron 7N - (-) 14 13.8 20@145 2020 | [26]
20 dBi gain horn B WB+ N
teunched from PCB 20%20 127 pm RT5880 waL 9 ~10 329 48@146 2014 | [27]
2x2 slotted 2.85%2.85E i - 028 145 20 28@1415 | 2019 | [28]
gap waveguide array
1616 slotted 26%26E . ; © 325 10 14@1415 | 2019 | [29]
gap waveguide array
32532 slotted 67%67 2:4 mm copper WGL (1) 39.1 118 15@127 | 2014 | [30]
waveguide array laminate
6464 slotted 134x 134 2:4 mm copper WGL  (3) 43 115 | 145@126 2014 | [30]
waveguide array laminate

faster time to market when implemented in a base station,
radar array, mobile phone or automobile for example.

Given the large number of potential mm-wave applica-
tions, the interest in low-cost and highly integrated devices
is expected to grow. This publication reviews the state-of-the-
art (SoA) design techniques for D-band antennas based on
scientific literature published throughout the last decade. The
aim is to provide an overview supported by relevant exam-
ples. As a novel contribution, a comparison is presented
of the reported gain levels, bandwidths and sizes of the
discussed antenna designs. This comparison illustrates the
competitive performances achieved by integrated antennas.

The remaining sections are organized as follows: Section II
lists and discusses published D-band antenna designs in
‘conventional’ printed circuit board (PCB) and waveguide
technologies. Sections III and IV compare relevant design
techniques of published Antenna-in-Package (AiP) and
Antenna-on-Chip (AoC) designs, respectively. Section V pro-
vides a comparative overview and proposed future prospects
of mm-wave antenna design, and Section VI concludes this
paper. An Appendix has been included to list and define all
abbreviations used throughout this text and in the presented
tables and figures.

Il. PCB AND WAVEGUIDE ANTENNAS

PCB-based microstrip antennas and waveguide-based aper-
ture antennas are popular choices for a wide range of
applications and operating frequencies. Antenna-on-Board
(AoB) designs are comparatively cheap, small, and simple
to design and manufacture with commonly available PCB
technologies [31]. Their versatility makes them attractive for
a variety of omnidirectional, fixed-beam and beam-steering
mm-wave-applications. These use-cases include multiple-
input multiple-output (MIMO), automotive radars and active
beamforming arrays for 5G base stations [32]-[34].
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FIGURE 1. Schematic depictions of PCB-based 4 x 5 series-fed patch (left) and
slotted SIW (right) antenna arrays, based on [25] and [21]. Approximate array
dimensions are given in terms of guided (1 g) and free-space (1q) wavelengths.

Waveguide antennas are applied mainly for their high
gain and low-loss properties. Their standardized dimensions
and flanges offer a high degree of modularity between off-
the-shelf components such as filters and gain horns [27].
However, the use of waveguides in commercial applications
has remained limited due to their large size and weight.
These main downsides are reduced at mm-wave frequencies,
and the low losses are promising for highly integrated 5G
devices, for example [35]. The performances of published
D-band AoB and waveguide designs are listed in Table 1.

A. ANTENNA-ON-BOARD

The most common AoB design found in Table 1 is the series-
fed patch, a schematic example of which is depicted as a
4 x 5 array in Fig. 1. Series-fed patch arrays form a fan-like
radiation pattern that enables wide-angle steering around one
axis, making them a popular choice for automotive radars and
MIMO arrays. Out of the typical examples listed in Table 1,
it is evident that the series-fed patch designs achieve the
narrowest bandwidth (BW) relative to the center frequency
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(fc)- A symmetric corporate-feed patch array as presented
in [26] may achieve a higher bandwidth without frequency
scanning or squinting behavior, at the cost of a larger distri-
bution network [31]. These properties make corporate feeds
a popular option in fixed-gain and beam-steering arrays for
point-to-point backhaul and point-to-multipoint base-station
use-cases, respectively.

Slotted substrate-integrated waveguide (SIW) antennas
produce a gain and radiation pattern comparable to series-
fed patch antennas, whilst achieving a wider input bandwidth
as demonstrated in [21]. From the schematic depiction of a
PCB-based slotted SIW array shown in Fig. 1, it can be seen
that the dimensions are similar to series-fed patch arrays.

The main benefits of AoBs, the low development cost
and high degree of design freedom, diminish in the higher
mm-wave frequencies. Most standard PCB materials are too
lossy for mm-wave circuits, so high-performance laminates
such as Rogers RO3003 and Isola Astra MT77 are used.
Still, substrate and surface roughness losses in feed lines
and distribution networks have been reported in the order
of decibels per centimeter, limiting the practically feasible
array size [21], [25], [57]. Additional losses due to wire-bond
(WB) transitions from chip to PCB can amount to several
decibels as reported in [23]-[25].

Advanced PCB-manufacturing technologies such as semi-
additive processing (mSAP) and High-Density Interconnect
(HDI) any-layer laser-via technology must be applied to
achieve manufacturing tolerances of around 10 pm, which
can still be significant in the mm-wave domain [58], [59]. For
example, reported shifts of 3-4 GHz from the designed cen-
ter frequencies were attributed to over-etching in [25], [26].
Although the deviations are only in the order of some
percents, they can prove critical to narrow-band antennas.

Whilst antenna size and array spacing are based on the
operating frequency, MMIC dimensions do not necessarily
scale accordingly. The required half-wavelength spacing for
D-band steering arrays is around one millimeter, whilst the
dimensions of single, dual and quad-channel D-band MMIC
dies described in [24], [25], and [27] are in the order of
2 x 2 mm? or larger. Considering standard encapsulating
surface-mounted chip-packages measure in the order of sev-
eral square millimeters as well, densely spaced AoB arrays
may require fan-in networks as depicted in Fig. 1. This
results in additional substrate losses, limiting the achievable
gain from large PCB-based array sizes.

B. WAVEGUIDES

Waveguide transmission lines achieve lower losses compared
to PCB traces and can transfer higher powers than coaxial
cables at mm-wave frequencies, enabling larger arrays with
relatively low distribution losses. Centrally-fed fixed-gain
slotted-waveguide arrays with 32x32 and 64x64 elements
operating in the D-band were presented in [30], and their
reported performance has been included in Table 1. Antenna
efficiencies of over 50% were achieved despite the corporate
distribution networks spanning several centimeters.
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Gap-waveguide technologies may achieve even lower
losses than conventional waveguides, as simulated results
in [28] and [29] indicate efficiencies of up to 95%. Gap-
waveguides use periodic metal structures to form magnetic
boundary conditions which guide a propagating electromag-
netic wave between unconnected parallel metal plates [60].

Insertion losses of PCB-based waveguide launchers
(WGLs) at D-band have been reported in the range of 0.7-
3.6 dB in [19], [22], [61]-[63], which are similar to the
WB transitions listed in Table 1. However, waveguide tran-
sitions may be considered too large for dense antenna arrays.
Moreover, an additional lossy bondwire is still required
between a PCB-based WGL and chip such as in [27].
A package- or chip-based WGL structure as demonstrated
in [64] is an attractive solution to limit these losses.

lll. ANTENNA-IN-PACKAGE

The development of AiP technology, which implements one
or multiple antennas with the radio or radar die in a sin-
gle surface-mounted package, was driven by a demand for
integrated single-chip devices [65]. The earlier AiP design
examples include single-chip radio modules at 5.7 and
60 GHz, presented in [66] and [67] respectively. Nowadays
AiPs can be found in a wide range of mm-wave applications,
such as tile-based scalable phased arrays, 5G communication,
automotive radars and sensing devices [68], [69].

An overview of reported performances from AiP designs
published in scientific literature is given in Table 2. Not
all designs were characterized as assembled module: some
were measured by probe from a microstrip line (MSL) or
co-planar waveguide (CPW). In other designs such as [41],
a dummy MMIC was used as probe location to include the
WB or flip-chip (FC) interconnect in the measurement.

A. INTEGRATED SUBSTRATE TECHNOLOGY

Several of the earlier designs in Table 2 are printed microstrip
antennas manufactured using PCB technologies on substrates
small enough to fit in conventional packages [36]-[41]. Due
to the small size and single purpose, a specialized low-
loss substrate with suitable dielectric constant (g,) such as
alumina and liquid-crystal polymer (LCP) or a flexible mate-
rial such as polyimide can be selected at low overall cost.
High performance MMIC-molding compounds as character-
ized in [70] may be attractive options for a package-based
antenna substrate as well. However, the etching tolerances of
PCB technologies can lead to mismatches between designed
and measured performance as reported in [41].

Substrate loss reduction has been demonstrated with cou-
pled pairs of antennas or parasitic elements, to suppress TMy
surface waves and increase the antenna efficiency (n) to sim-
ulated values beyond 75% [36]—[38], [41]. Such designs with
a relatively large area achieve a fixed gain of around 10 dBi
and are better suited as standalone antennas rather than in
densely-spaced wide-scanning arrays.

The 4-element differential patch antenna design in multi-
layered ball-grid array (BGA) technology as presented
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TABLE 2. Overview of D-band Antenna-in-Package designs and reported performance from scientific literature.

S: Simulated result. E: Dimensions (partially) estimated based on published images.

| 1t x Feedline
Fence vias ’

FIGURE 2. Schematic cross-section of an LTCC-based aperture-coupled stacked
patch antenna, based on [44].

in [42] demonstrates a direct impedance match with the
FEE and over the air output power combining. Its simulated
results outperform the measured gain of another 4-element
patch array in BGA-technology, presented in [43], indicating
that a higher interconnect efficiency was achieved due to the
closer integration and direct matching.

B. MULTI-LAYER LTCC

Low-temperature co-fired ceramics (LTCC) was the first
technology to enable the large-scale production of AiP
designs [69]. The ceramic-tape process enables multi-layer
structures with vertical interconnects similar to PCB tech-
nology within the volume of a surface-mounted package, as
depicted in Fig. 2. The material and stack-up can be selected
specifically for the AiP and feed structure. The variety of
available material options with different permittivity values

VOLUME 2, 2021

Size Technology & Inter- Gain n BW BW@f.
Antenna Type [mm2] Substrate connect [dBi] [%] [%] [GHz] | Year | Ref
i ;‘;ﬁiiiglg‘;ﬁ; 2.3%2 Integrated substrate CPW 109 - 204 | 25@1225 | 2011 | [36]
2x2 patch array [8x17 127 pm Alumina CPW 99 30° 39 5@1275 | 2012 | [37]
2 folded dipoles 2%2F Integrated substrate FC/RDL 9.7 805 142 | 18@127 2013 | [38]
Polyimide film
Quasi-Yagi-Uda 1x0.9F Intesrated substrate Balun 6 89 13.8 20@145 2015 | [39]
50-element grid array 72%65 50?] 00 1t LCP FC 145 61.8 55 8@145 2016 | [40]
Patch + parasitic patches 3x3F . WB 4.8 - 17.4 21@120 2016 | [41]
2x2 circular E 4-layer BGA / s S
differential patches 22x2.8 Unspecified FC 8.8 B 12.5 20@160 2014 | [42]
2x2 aperture-coupled HDI BGA /. hi
atch array 25%3.4 260 pm Mitsubishi FC 7.8 55 24 30@125 2017 | [43]
P CCL-HL972
Aperture-coupled 25%2.5 LTCC / WB 738 B 20.4 25@1225 | 2016 | [44]
stacked patch 3%3F 320-530 pm WB 10.1 86° 112 14@1253 | 2018 | [43]
. DuPont 9K7
bx 6&%81;‘(‘?;;’;‘131"‘1 23%2.3 upont 9 CPW 12.3 >805 7.5 9@120 2019 | [46]
18-element grid array 53%5.0 250 H;Tgi(rja{ cs71 FC 15 835 4.6 6@128 2013 | [47]
44 slotted-SIW array 5.8%5.6 WGL 16.2 545 15.6 22@141 2013 | [48]
240-element grid array 12x12 LTCC / WB 17.6 65 2.7 1@147 2015 | [49]
4X4p§ivt:‘z;f:y°ked 6%5.9 “Fgfr;izgﬁ“h‘,}‘ SIW 19.25 - 62 | 88@1415 | 2017 | [50]
8% 8 cavity-backed WGL/
patch array 12.5x11.8 STW 21.8 38.3 6.9 9.8@141.6 | 2019 | [51]
41-element grid array 5.5x5F LTCC / 70-300 pm FC 8 - 5.1 7T@138.5 2016 | [52]
2-element series patch 2.8%0.9F ESL 41110 MSL 10.6 - 3.59 4.3@120 2019 [53]
8-clement rhombic 3.9%2.7F FC/RDL 11 - 31 37@1195 | 2017 | [54]
Bow-tie 2%2 eWLB FC/RDL 5.8 855 196 25@1285 | 2018 | [55]
43-element rhombic 13.7x4.9% FC/RDL 15.5 755 9.9 12@121° | 2018 | [56]
Stacked patch & offers a high degree of design freedom. Even ferrite-loaded
ceramics exist, which enable miniaturization and improved
*___ Aperture- . .
erformance of integrated magnetic components [71].
coupled patch P & & p [71]

The aperture-coupled stacked patch antennas presented
in [44] and [45] are good examples of LTCC-based AiP
designs. The multi-layer feed allows for a compact device:
as depicted in Fig. 2, the MMIC can be encapsulated within
an air cavity directly below the radiators. Furthermore, laser-
drilled plated vias increase the total device efficiency by
shielding feedlines and forming a cavity around the stacked
patches to prevent surface waves. Both stacked-patch designs
in Table 2 demonstrate good gain performance for non-array
designs.

LTCC technology enables the design of three-dimensional
radiators, such as mushroom electromagnetic bandgap
(MEBG) structures and SIW horn antennas [46], [72].
Sufficiently large packages can be designed to accommo-
date multiple antenna elements for a high fixed gain, such
as the slotted SIW array presented in [48] and the 240-
element grid array in [49]. Good radiation efficiencies were
reported from LTCC-based grid arrays in [47] and [49], and
even better gain performance and bandwidths were reported
from similarly-sized cavity-backed patch arrays in LTCC
packages [50], [51]. The multi-layer distribution networks
and antenna designs demonstrated in these designs can be
a cost-effective solution compared to AoB designs, as the
requirement of high performance laminates can be limited
to within the volume of the package.
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FIGURE 3. Schematic depiction of a rhombic antenna array in eWLB technology,
based on [54].

LTCC shares a drawback with PCB technologies, as cop-
per tolerances can lead to performance variations. Moreover,
LTCC is prone to planar shrinkage of up to 10%, making it
challenging for robust mass production [71]. Zero-shrinkage
substrates do exist, which can significantly improve the
quality of manufacturing as demonstrated in [53].

Although the close integration between antennas and FEE
contributes to lower path losses, the WB or FC interconnect
with compensating network between the encapsulated MMIC
and antenna can still contribute to decibel-level losses. Self-
matching half-wavelength WBs as used in [45] negate the
need for such a matching network, but limit the bandwidth.

C. EWLB TECHNOLOGY
A high-density redistribution layer (RDL) without lossy WB
connections can be realized in thin-film embedded wafer
level ball grid array (eWLB) technology. This RDL can
accomodate antennas with a direct connection to the MMIC,
as illustrated in Fig. 3. The thin film used in eWLB is most
suitable for planar antennas without a supporting substrate.
The manufacturing accuracy can be higher than LTCC-
based antennas, since eWLB films do not suffer from
significant shrinkage. The absence of a lossy substrate below
the antenna, combined with the low-loss FC interconnect
between the MMIC and RDL, is expected to enable highly
efficient and scaleable AiP designs. However, as the tech-
nology is planar, the achievable compactness is limited com-
pared to multi-layer LTCC packages. Moreover, the absence
of dielectric substrate prevents antenna miniaturization.
Most eWLB antennas are balanced wire-style designs such
as dipoles, rhombic antennas and bow-ties. Differential patch
antennas and CPW-fed slots can be designed in eWLB as
well. The BGA connections with the PCB can act as spacers,
achieving a few hundred micrometers of separation between
the antenna and a PCB-based reflector. A small form fac-
tor bow-tie antenna with excellent simulated efficiency was
presented in [55]. Rhombic antenna arrays of several sizes
have been presented in [54] and [56]. These designs demon-
strate good gain and bandwidth performance compared to
LTCC-based grid arrays in [40], [47], [52].
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No ground shield: Out-of-phase image fields cause
Lossy surface waves in Si destructive interference

FIGURE 4. Schematic cross-section of an antenna in the top-metal layer of a
standard (Bi)CMOS BEOL without (left) and with (right) ground plane reflector. Based
on [95].

IV. ANTENNA-ON-CHIP

Antennas designed in the back end of line (BEOL) of stan-
dard integrated circuit (IC) technologies allow for the closest
possible integration with the FEE. No lossy WB interconnect
is required for an AoC, and the device size and assembly
costs can be reduced further compared to AiP designs [39].
Although chip surface area is relatively expensive, the size of
a D-band antenna can be in the order of a square millime-
ter. An overview of published D-band antennas designed
in complementary metal-oxide semiconductor (CMOS) or
Silicon Germanium (SiGe) BiCMOS technology is shown
in Table 3.

Standard (Bi)CMOS technologies present severe hurdles
to overcome in the design of efficient on-chip antennas. The
high permittivity of the silicon bulk, at approximately 11.9,
confines the majority of the radiated RF in surface waves
and limits the radiation into free space as shown in Fig. 4.
Moreover, the low substrate resistivities of tens to a few
hundred 2-cm lead to high dissipation losses and additional
gain degradation [94]. Particularly the earlier D-band AoC
designs in Table 3 achieve limited gain: sub-zero-dBi designs
were considered highly efficient at the time [73], [74].

A. SHIELDING OF THE SUBSTRATE

An on-chip ground plane at the bottom metal layer can isolate
the radiation from the lossy bulk substrate. However, distance
between the top and bottom metals in the BEOL layer does
not provide enough separation. At a few um the distance
is only a small fraction of a D-band wavelength, leading to
destructive interference from the reflected back-radiation and
dissipation losses from the image currents as illustrated in
Fig. 4 [94]. The close proximity of the ground plane affects
the antenna impedance due to near-field coupling. The small
separation is insufficient for wide-band SIW antennas and
limits the efficiency of patch antennas [74].

In [75], additional metal layers within a spin-coated
Benzocyclobutene (BCB) top-layer were manufactured above
a standard BiCMOS BEOL to more than double the sepa-
ration. The resulting patch antennas achieved significantly
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TABLE 3. Overview of D-band Antenna-on-Chip designs and reported performance from scientific literature. S: simulated results. E: Dimensions (partially) estimated based

on published images. H. Half-gain bandwidth, 1:1-dB gain bandwidth.

Size

Height &

Gain

BW

BW@ef,

Antenna Type [mm?] technology Design feature [dBi] [02 ] [%] [GHz] Year | Ref
Tapered dipole 0.12x0.12F - pm SiGe Very small size -20 0.3 1.2 2@164 2008 | [73]
Cavity-backed slot 1.2x0.6 275 pm SiGe SIW between 25 - 5 7@140° 2011 [74]
Slotted STW 2%0.6 275 pm SiGe M1-M6 05 - 3.6 5@1405 | 2011 | [74]
E-shape patch 0.7x0.7 275 pm SiGe M1 as ground plane 25 - 7.1 10@140° 2011 | [74]
Patch 2%2.2 750 pm SiGe BCB above BEOL 34 50° 4.1 5@123 2013 | [75]
2 zigzag dipoles 1.2x0.65% | 100 pum CMOS AMC structure 2.5 625 19.2 27@1457 [ 2019 | [76]
Bondwire dipole 1.2x0.59 - pm CMOS Height: 500 pum 4.4 695 - -@120 2014 | [12]
Bondwire 0.8x0.75 - pm SiGe Height: 450pm 8% - 14.6 23@158 2018 | [77]
Folded dipole 0.54%0.16 250 pm CMOS Ton-irradiated Si 2.7 - 6.3 9@143 2015 | [78]
Dipole 1.2x0.9 150 pm SiGe g‘r’(‘)‘gg dsr‘eg‘;ﬁgtr 4 - 21 28@1337 | 2014 | [79]
2 folded slots 33x32 | 140 ymCMoOs | P memprane 635 | 8955 | 276 45@163 | 2012 | [80]
Cavity-backed 1.8x1.8 750 pm CMOS BCB BEOL & 6.7 93.95 4.6 12@130 2012 | [81]
monopole polymer cavity
Quasi-Yagi-Uda 1.17%0.95 400 pm glass PD - 5.2 855 7 8@1195 | 2013 | [82]
process 5 5
Patch 2.2%x2.2 400 pm glass 1.6 70 8 10@125 2014 | [83]
Dual folded dipole 1.6x1.6 700 pm SiGe LBE below 8.4 60° 26.7 40@150 2012 | [84]
Quasi-Yagi-Uda 2x2 300 pm SiGe antenna 5.1 76 20 30@150 2014 | [39]
Folded Dipole 1.36x1.38 185 um SiGe 3 455 >6.1 | >10@165 2019 | [85]
Dual folded dipole T.8x1.1 200 pm SiGe . 6 54 143 18@126 2017 | [11]
Patch Tx1 200 m SiGe Srzlgic;ivfgiﬁgest 6 >605 52 8@154 2019 | [85]
Differential patch 0.8x0.75 200 pum SiGe 7 60> 1.9 3@1585 | 2019 | [86]
4x4 dipole array 5.5%5.5 - um SiGe Quartz superstrate 13.55 455 7.3 8@110° | 2013 | [87]
Shorted patch + 1.3x0.8F - um SiGe Quartz superstrate 6° 50% 75 9@121°T | 2012 | [88]
quartz resonator 0.65x0.35% 200 pm SiGe + parasitic patch 4.2 69° - -@160 2018 | [89]
Stacked DRA’s 0.8x0.9 - pm CMOS 2 alumina DRA’s 47 435 11 14@130 2012 | [90]
Cavity slot-fed 0.7x0.9 - pm CMOS TE3,; mode 3.7 625 13 18@135 2014 | [91]
alumina DRA 0.7x0.9 - pm CMOS TEZ . mode 75 425 7 9.5@135 2014 | [91]
2 frustum DRA’s 2.5%0.8 338 um CMOS h.LBE PR.A’.S m. 12.25 825 5.7 10@1735 | 2018 | [92]
igh-resistivity Si
ilfl‘;lvl;ya %‘ﬁ'{:?f 22x0.4 - um CMOS ()T_Eg/l\i%sg;‘;‘ii;é 7 ; 10.6 14@132 2019 | [93]

better gain and efficiency than the E-shaped patch reported

in [74].

array.

Artificial magnetic conducting (AMC) structures can be

between co-planar ICs but not

for a broadside scanning

B. MODIFYING THE SILICON BULK

designed in the BEOL metal layers below the antenna to
achieve in-phase reflection, increasing the radiation effi-
ciency. However, the achievable fractional bandwidth of a
CMOS-based AMC structure at D-band is limited to around
4%, according to a model presented in [96]. In [97], an AMC
structure was designed below a dipole pair by loading the
BEOL dielectric with capacitive tiles. This enabled tuning
of the generated TMO surface waves for loss minimization
and reshaped the antenna input impedance for wide-band
matching. This design was implemented in a CMOS-based
145 GHz radar IC in [76].

On-chip bondwire antennas such as presented in [12]
and [77] do not suffer from the low BEOL height. A half-
loop bondwire is placed above a ground plane, where image
currents complete the full-loop magnetic dipole. The ground
plane shields the antenna from the silicon bulk as well.
The relative simplicity in design and standard manufactur-
ing technique make the bondwire antenna an attractive option
when the added height on top of the chip is allowed. As the
peak radiation of such a loop antenna is directed parallel to
the chip surface, it is well-suited for wireless communication
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The key to an efficient antenna design in (Bi)CMOS tech-
nology, as demonstrated by most designs in Table 3, is the
prevention of substrate losses. Alternatively to a shielding
ground plane, several design and manufacturing techniques
exist to limit losses within the silicon bulk. In [78] for
example, the low resistivity of silicon was increased locally
using ion-irradiation. Although this process resulted in an
inhomogeneous resistivity throughout the silicon, a gain
enhancement of 5 dB was reported due to reduced substrate
losses. Still, a peak gain of only —2.7 dBi was achieved by
the published design.

A reduction of the bulk thickness from a few hundred pum
can reduce the losses due to surface waves as well. In [79] the
substrate thickness of an on-chip reflector-backed dipole was
tuned to an approximate quarter-wavelength to maximize the
gain, leading to a 4 dBi design in SiGe technology without
any non-standard manufacturing techniques.

Micromachining of the silicon bulk to improve efficiency
was demonstrated in [80], where excessive substrate removal
led to even better wide-band performance than expected
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FIGURE 5. Schematic cross-section (left) and top view (right) of a differential patch
antenna on the top metal layer in a (Bi)CMOS BEOL, as described in [86]. LBE cavities
have been formed below the radiating antenna edges.

from design simulations. In [81], a polymer-filled and metal-
lined cavity was constructed directly underneath the antenna.
Another option is to remove the silicon substrate altogether
and replace it with low-loss glass in a substrate transfer
process [98]. As demonstrated in [82] and [83], glass-
substrate antennas realized with Integrated Passive Device
(IPD) technology can achieve high efficiencies. Although
the design techniques described in [80]-[83] achieve excel-
lent efficiency and gain performance, the potential for close
integration is limited as co-production with IC-electronics
with standard techniques is currently unfeasible for all four
designs.

The most-listed efficiency improvement technique in
Table 3 is localized back-side etching (LBE). Rather than
removing or thinning the entire silicon bulk, selected sec-
tions below can be etched away in a relatively simple and
low-cost post-processing step. By etching a cavity directly
below a radiator as illustrated in Fig. 5, leakage into the
substrate can be limited without affecting surrounding com-
ponents. LBE is particularly well-suited for on-chip patch
antennas and reflector-backed antennas, as the remaining sil-
icon can act as a supporting spacer between the radiator and
PCB-based ground plane [84], [85]. An end-fire quasi-Yagi-
Uda design presented in [39] also achieved a good efficiency
due to LBE, as the lossy substrate modes were significantly
reduced.

In [11], [85], and [86], LBE was applied selectively around
or underneath sections of the radiating element as illustrated
in Fig. 5. This solution limits coupling to the silicon bulk at
critical locations, such as underneath the radiating edges of
a patch antenna, whilst retaining better mechanical stability
than a cavity below the entire antenna.

C. SUPERSTRATE AND DIELECTRIC ANTENNAS

The same phenomenon that pulls the RF energy towards the
high-permittivity silicon can be used to guide the energy
towards free space. In [87], [88], and [89], the radiation
from an AoC is guided away from the silicon by a quartz
superstrate. A secondary resonating element on top of the
superstrate, as illustrated in Fig. 6, radiates into free space.
Although an extra assembly step is required to glue the super-
strate to the chip, this may be preferred to non-standard wafer
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FIGURE 6. Schematic cross-sections of a parasitic patch on quartz superstrate
(left), and a dielectric resonator antenna (right) based on [89] and [90], respectively.
Both antennas are glued on top of a standard (Bi)CMOS BEOL.

processing such as LBE. The single-element designs pub-
lished in [88] and [89] achieve radiation efficiencies above
50%, and [87] demonstrates the scalability of this concept
to achieve a simulated gain of 13.5 dBi.

Similar gain and efficiency performances can be achieved
with smaller surface areas using a dielectric resonator
antenna (DRA) design. Similar to the superstrate antennas, a
DRA is a piece of low-loss high-permittivity dielectric that is
glued to the top of the BEOL. The shape of the DRA facili-
tates a resonant cavity mode and allows for efficient radiation
into free space. Cuboid-shaped DRAs designed for different
cavity modes were presented in [90], [91], and [93]. The
designed modes resulted in varied gain pattern, efficiency,
and bandwidth performances. A schematic cross-section of
a DRA on CMOS is shown in Fig. 6. Lastly, excellent gain
and efficiency performance from a pair of high-resistivity
silicon DRAs was reported in [92], although co-production
with active electronics is unfeasible on the undoped silicon.

D. Ill-V TECHNOLOGIES
The majority of published AoC designs in Table 3 are SiGe
chips, which allow for high volume production at relatively
low cost [99]. However, the maximum output power of
BiCMOS-based electronics in the D-band range is limited
due to the low breakdown voltage of silicon compared to
II-V compound technologies such as Gallium Nitride (GaN)
and Gallium Arsenide (GaAs). In mm-wave systems where
high linearity, very low noise or Watt-level performance is
required, III-V MMICs are already enabling factors [100].
Given the ongoing developments on high-power mm-wave
power amplifiers, III-V technologies are expected to play a
significant role in future D-band applications as well. High
power outputs have been demonstrated by Indium Phosphide
(InP) devices throughout the D-band, as shown in Fig. 7, and
future GaN devices are expected to reach even higher powers
due to the high breakdown voltage of the material [101].
Given the relatively high price per watt of III-V MMICs,
decibel-level losses due to off-chip antenna interconnects
can be considered expensive. However, the high substrate
resistivities enable more efficient antenna designs compared
to silicon-based AoCs. For example, a 60 GHz InP-based
cavity-backed slot antenna presented in [102] achieved a
simulated efficiency of over 90%. In [103] and [104],
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FIGURE 7. Reported saturated output power and operating frequency of several
published D-band power amplifiers in llI-V and (Bi)CMOS technologies. Adapted
from [105].

low-loss WGL have been demonstrated on InP and GaAs
technologies, respectively. The more efficient antenna and
interconnects can lead to fewer amplifier stages for a speci-
fied power output. This leads to reduced power consumption,
thermal dissipation, and device surface area which may jus-
tify the cost of III-V AoC designs in high-performance
applications.

V. DISCUSSION & OUTLOOK

A. PERFORMANCE COMPARISON

The reported performances of antenna designs from the past
decade, as listed in Tables 1-3, have been visualized in
Figs. 8 and 9. The achieved antenna gain is compared to
the physical antenna size in Fig. 8, and a linear fit was
performed on the data to illustrate the expected gain increase
with surface area of all four antenna types. The expected gain
of an ideal aperture antenna is included as a reference.

Waveguide antennas achieve the highest reported gain lev-
els depicted in Fig. 8, as the low distribution network losses
enable efficient large-scale array designs. The higher losses
associated with AoB designs are reflected by the lower rate
of gain increase with size. Based on the presented works, a
waveguide-based array with distribution network is expected
to significantly outperform a similarly-sized PCB-based array
in terms of efficiency and gain.

None of the realized AoB and waveguide antennas in
Fig. 8 measure below two squared wavelengths, whilst the
majority of AiP designs is smaller than this size. The gain
levels of AiPs scale better with size compared to AoBs,
with several of the larger designs matching or exceeding the
trend of AoBs. This indicates lower losses are achieved by
the larger AiP designs, which can be attributed to closer
integration with the FEE and the selection of specialized
mm-wave technologies such as LTCC and eWLB. However,
the challenges of substrate shrinkage and limited resolution
remain for repeatable mass-manufacturing of multi-layered
LTCC devices [71].

Most published AoC designs are smaller than a squared
wavelength, as the chip manufacturing costs are directly
linked to the surface area. Although this limits the achievable
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gain, several of the AoC designs outperform the reference
aperture antenna by several dBs and demonstrate that the
SoA of efficient on-chip radiators has advanced well beyond
negative gain levels. Out of the efficiency improvement
techniques discussed in the previous section, LBE seems
particularly attractive due to the relative simplicity of design
and manufacture. Superstrate or DRA designs are promis-
ing solutions as well, especially in cases where wafer-level
post-processing is unfeasible or undesired.

Besides being well-suited to low-power and small-scale
applications, integrated AiPs or AoCs can be regarded an
attractive option for steerable phased arrays and MIMO
applications. Within multi-channel tile-modules, these inte-
grated antenna elements could demonstrate competitive
performance compared to conventional on-board array
designs, thanks to a low-loss IF distribution network and
cost-effective use of high-performance materials. For high-
EIRP applications where a single-feed antenna with a high
fixed gain is desired, or for passive high-power combiners,
low-loss waveguide and gap-waveguide structures seem most
attractive.

In Fig. 9, the reported bandwidth performances of the
designs have been depicted. A wide range of bandwidths,
from narrowband up to about 30%, is achieved by in-package
and on-chip designs. Electrically small antennas are limited
in bandwidth due to the inverse Chu-limit of quality fac-
tor. As a result, the smallest antenna designs and AoCs
in particular show a trend of increasing bandwidth with
size. The highest bandwidths are achieved by AiPs and
AoCs of around a squared wavelength in area, although
high power losses can result in a widened input reflection
bandwidth as well. The larger-area array antennas are gen-
erally band-limited by their distribution networks, leading to
the downward trends with respect to area for AoB, AiP and
waveguide designs.

B. D-BAND INTERCONNECTS
Implementing on-chip or in-package antennas close by the
FEE can lead to very short interconnects with low losses.
However, the close proximity may also cause undesired cou-
pling effects. Circuit components in the near-field can affect
the antenna impedance and radiation pattern, and radiated
fields may couple into the circuit and lead to interference
and deteriorated stability. In this regard, the antenna and
circuitry of highly integrated mm-wave systems cannot be
considered entirely separate components. Closer integration
is expected to lead to closer collaboration between antenna
and IC designers throughout the development process.
Designing the integrated antenna alongside the FEE
enables the choice of a more optimal interface than the
conventional 50 2 impedance. In the ideal case, radiators
and FEE are co-designed to interface directly without the
need of a matching network. This reduces the size and
cost of the device, and is expected to provide a better
wide-band match with minimized interconnect losses [106].
Such a direct-matched power amplifier with slot antenna has
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FIGURE 9. Reported input-reflection (]Sy1| < —10 dB) bandwidths of the D-band antenna designs discussed in this work, summarized from published literature since 2011.

Data based on simulations are depicted separately from measurements.

been demonstrated at K-band in [107], and the BGA-based
patch array presented in [42] featured a direct match to the
electronics as well. On-chip and eWLB antennas seem par-
ticularly suitable for wide-band direct matching as no WB
is required.

When a close integration of a D-band antenna with the
FEE is not possible, waveguides are the transmission line
of choice. However, the PCB-based WGLs discussed in
Section II are relatively large and require an additional
WB interconnect between the chip and launcher. As small-
footprint and low-loss WGL designs are expected to find
use in many D-band applications, a direct transition from
the chip can be regarded as a promising concept for future
system designs.

Several direct chip-to-waveguide transitions at D-band
have already been presented in published literature. In [108]
for example, a DRA-based WGL on top of a CMOS die
achieved an insertion loss of 2-3 dB over an approximate
15% bandwidth at 140 GHz. A bondwire E-probe presented
in [109] achieves a maximum of 1.1 dB insertion loss
throughout a bandwidth spanning nearly the entire D-band.

C. OUTLOOK
A large variety of D-band antennas has been developed
throughout the last decade, as attested by the publications
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discussed in this work. As ongoing developments of next-
generation sensors and communication systems explore
increasingly higher frequencies, the D-band is expected to
receive more attention in the upcoming years. This may
lead to new and innovative antenna designs where efficiency
enhancement techniques such as LBE, parasitic elements,
metasurfaces and dielectric loading are applied. Beyond these
described technologies, new strategies for antenna design
may also be enabled through the continuous development of
manufacturing technologies for semiconductors, PCBs and
chip packages.

New and improved production technologies such as laser-
vias, low-shrinkage and low-loss laminates and additive
manufacturing could lead to fewer process variations, more
accurate optimization and mass-scale production of in-
package modules. Particularly high-volume markets with
strict performance and process requirements, such as the
automotive industry, may drive these developments in the
pursuit of high-performance and low-cost integrated sensors.
In a similar way, compound semiconductor manufacturing is
already advancing to larger production quantities and lower
unit costs, driven by the widespread use of commercial GaN
MMICs in 5G base stations [110].

Highly integrated wireless systems at D-band present
multi-faceted challenges beyond the antenna design. As
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described earlier in this section, the close integration of
chip-based circuitry with an antenna can lead to coupling
effects that require circuit knowledge from the perspective
of an antenna engineer. Similarly, RF design considerations
may be entwined with the mechanical structure and rigidity
of a chip or package, as was observed in LBE and multi-
layer LTCC packages. For dense arrays with closely-spaced
electronics and distribution networks, thermal dissipation is
another challenge an antenna designer may face. A result-
ing antenna element may be designed in conjunction with
a cooling solution, or be part of a heat spreading system
itself. As multi-disciplinary systems are integrated together
on a smaller scale, it may become increasingly difficult to
tell where one discipline ends and another begins. As a con-
sequence, multi-physics design tools and cross-disciplinary
design flows will become important assets in the mm-wave
antenna engineer’s toolbox.

VI. CONCLUSION

This publication provides an overview of the current SoA
in D-band antenna design and integration. This topic is
expected to become increasingly relevant in the development
of beyond-5G communication devices and high-resolution
sensors for healthcare, industrial and automotive applica-
tions.

Highly integrated antennas and electronics can achieve
very low interconnect losses and small form factors com-
pared to PCB-based or waveguide antennas. Specialized
packaging technologies such as LTCC and eWLB pro-
vide a high degree of design freedom for wide-band and
high-gain AiP designs. Integrated antennas on CMOS and
SiGe chips have demonstrated excellent gain performances
with radiation efficiencies above 50% with relatively simple
post-processing steps such as LBE and glued-on superstrates.

Integrated on-chip waveguide launchers and efficient
antennas on III-V MMICs are regarded as promising next
steps to achieve high power at D-band with minimized device
size and interconnect losses. And lastly, the close collabora-
tion required to design highly integrated systems for future
applications may lead to even more efficient and wide-
band interconnects than can be achieved with standardized
interfaces.

APPENDIX
LIST OF ABBREVIATIONS
5G 5t generation mobile communications
AiP Antenna-in-Package
AMC Artificial magnetic conductor
AoB Antenna-on-Board
AoC Antenna-on-Chip
BCB Benzocyclobutene
BEOL Back end of line
BGA Ball-grid array
BW Bandwidth
CMOS  Complementary metal-oxide semiconductor
CPW Co-planar waveguide
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DRA Dielectric resonator antenna

EIRP Effective isotropic radiated power

n Antenna efficiency

eWLB Embedded wafer level ball grid array
fe Center frequency

FC Flip-chip

FEE Front-end electronics

GaAs Gallium Arsenide

GaN Gallium Nitride

HDI High-density interconnect

IC Integrated circuit

IF Intermediate frequency

InP Indium Phosphide

IPD Integrated passive device

ISM Industrial, scientific and medical
LBE Localized back-side etching

LCP Liquid crystal polymer

LTCC Low-temperature co-fired ceramics
MEBG  Mushroom electromagnetic bandgap
MIMO  Multiple-input multiple-output

MSL Microstrip line

MMIC  Monolithic microwave integrated circuit

mm-wave Millimeter-wave

mSAP Semi-additive processing
PCB Printed circuit board
RDL Redistribution layer

RF Radio frequency

SiGe Silicon Germanium

SIwW Substrate-integrated waveguide

SoA State-of-the-art

WB Wire-bond

WGL Waveguide launcher.
REFERENCES

[1]  Specification Group Radio Access Network; NR; User Equipment
(UE) Radio Transmission and Reception; Part 2: Range 2, V16.4.0,
3GPP Standard TS 38.101-2, Jun. 2020.

2] T. Yilmaz, E. Fadel, and O. B. Akan, “Employing 60 GHz ISM band
for 5G wireless communications,” in Proc. IEEE Int. Black Sea Conf.
Commun. Netw., 2014, pp. 77-82.

[3] U. Johannsen, A. B. Smolders, A. C. F. Reniers, A. R. V. Dommele,
and M. D. Huang, “Integrated antenna concept for millimeter-wave
front-end modules in proven technologies,” in Proc. 6th Eur. Conf.
Antennas Propag. (EUCAP), 2012, pp. 2560-2563.

[4] A. B. Smolders, U. Johannsen, M. Liu, Y. Yu, and P. G. M. Baltus,
“Differential 60 GHz antenna-on-chip in mainstream 65 nm CMOS
technology,” in Proc. IEEE Antennas Propag. Soc. Int. Symp.
(APSURSI), 2014, pp. 356-357.

[5] L. Verma, M. Fakharzadeh, and S. Choi, “Backhaul need for speed:
60 GHz is the solution,” IEEE Wireless Commun., vol. 22, no. 6,
pp. 114-121, Dec. 2015.

[6]  K.Ramasubramanian and K. Ramaiah, “Moving from legacy 24 GHz
to state-of-the-art 77-GHz radar,” ATZ Elektron Worldwide, vol. 13,
pp. 46-49, May 2018.

[7] M. G. Girma, J. Hasch, I. Sarkas, S. P. Voinigescu, and T. Zwick,
“122 GHz radar sensor based on a monostatic SiGe-BiCMOS IC
with an on-chip antenna,” in Proc. 7th Eur. Microw. Integr. Circuit
Conf., 2012, pp. 357-360.

[8] W. Debski, W. Winkler, Y. Sun, M. Marinkovic, J. Borngriber, and
J. C. Scheytt, “120 GHz radar mixed-signal transceiver,” in Proc.
7th Eur. Microw. Integr. Circuit Conf., 2012, pp. 191-194.



KOK et al.: REVIEW OF DESIGN AND INTEGRATION TECHNOLOGIES FOR D-BAND ANTENNAS

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

(19]

[20]

(21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

Y. Sun et al., “A low-cost miniature 120GHz SiP FMCW/CW radar
sensor with software linearization,” in IEEE Int. Solid-State Circuits
Conf. Dig. Tech. Papers, 2013, pp. 148-149.

M. G. Girma, J. Hasch, M. Gonser, Y. Sun, and T. Zwick, “122 GHz
single-chip dual-channel SMD radar sensor with integrated antennas
for distance and angle measurements,” in Proc. 44th Eur. Microw.
Conf., 2014, pp. 1754-1757.

H. J. Ng, M. Kucharski, W. Ahmad, and D. Kissinger, “Multi-purpose
fully differential 61- and 122-GHz radar transceivers for scalable
MIMO sensor platforms,” IEEE J. Solid-State Circuits, vol. 52, no. 9,
pp. 2242-2255, Sep. 2017.

N. Deferm and P. Reynaert, “A 120 GHz fully integrated 10 Gb/s
short-range star-QAM wireless transmitter with on-chip bondwire
antenna in 45 nm low power CMOS,” IEEE J. Solid-State Circuits,
vol. 49, no. 7, pp. 1606-1616, Jul. 2014.

L. Luini, G. Roveda, M. Zaffaroni, M. Costa, and C. Riva, “EM
wave propagation experiment at E band and D band for 5G wire-
less systems: Preliminary results,” in Proc. 12th Eur. Conf. Antennas
Propag. (EuCAP), 2018, pp. 1-5.

M. G. L. Frecassetti et al., “D-band radio solutions for beyond 5G
reconfigurable meshed cellular networks,” in Proc. 16th Int. Symp.
Wireless Commun. Syst., 2019, pp. 427-431.

J.-B. Doré et al., “Technology roadmap for beyond 5G wireless
connectivity in D-band,” in Proc. 2nd 6G Wireless Summit (6G
SUMMIT), 2020, pp. 1-5.

N. Rajatheva et al., “White paper on broadband connectivity in 6G,”
2020. [Online]. Available: arXiv:2004.14247.

A.J. Anderson and D. Genschow, “Adaption of a low power 122 GHz
radar transceiver for long range communications,” in Proc. German
Microw. Conf. (GeMiC), 2020, pp. 148-151.

M. Kohler, J. Hasch, H. L. Bloecher, and L.-P. Schmidt, “Feasibility
of automotive radar at frequencies beyond 100 GHz,” Int. J. Microw.
Wireless Technol., vol. 5, no. 1, pp. 49-54, Feb. 2013.

P. Herrero and J. Schoebel, “Microstrip patch array antenna tech-
nology for 122 GHz ISM sensing applications,” in Proc. German
Microw. Conf., 2009, pp. 1-4.

D. Dancila, V. Valenta, A. Bunea, D. Neculoiu, H. Schumacher, and
A. Rydberg, “Differential microstrip patch antenna as feeder of a
hyper-hemispherical lens for F-band MIMO radars,” in Proc. Global
Symp. Millimeter Waves (GSMM) ESA Workshop Millimetre-Wave
Technol. Appl., 2016, pp. 1-4.

M. Frank, F. Lurz, R. Weigel, and A. Koelpin, “122 GHz low-cost
substrate integrated waveguide based leaky-wave antenna design,” in
Proc. IEEE Radio Wireless Symp. (RWS), 2019, pp. 1-4.

R. Hasan, W. A. Ahmed, J. Lu, H. J. Ng, and D. Kissinger, “F-band
differential microstrip patch antenna array and waveguide to differen-
tial microstrip line transition for FMCW radar sensor,” IEEE Sensors
J., vol. 19, no. 15, pp. 6486-6496, Aug. 2019.

T. H. Jang, H. Y. Kim, S. H. Kim, D. M. Kang, and C. S. Park,
“120 GHz on-board chip-to-chip wireless link using Y-shaped open-
ended microstrip antenna,” IEEE Antennas Wireless Propag. Lett.,
vol. 18, no. 10, pp. 2165-2169, Oct. 2019.

V. Lammert, S. Achatz, R. Weigel, and V. Issakov, “A 122 GHz
ISM-band FMCW radar transceiver,” in Proc. German Microw. Conf.
(GeMiC), 2020, pp. 96-99.

A. Simsek et al., “A 146.7 GHz transceiver with 5 GBaud data
transmission using a low-cost series-fed patch antenna array through
wirebonding integration,” in Proc. IEEE Radio Wireless Symp. (RWS),
2020, pp. 68-71.

A. Lamminen, J. Siily, J. Ala-Laurinaho, J. de Cos, and V. Ermolov,
“Patch antenna and antenna array on multilayer high-frequency PCB
for D-band,” IEEE Open J. Antennas Propag., vol. 1, pp. 396403,
2020.

T. Jaeschke, C. Bredendiek, S. Kiippers, and N. Pohl, “High-precision
D-band FMCW-radar sensor based on a wideband SiGe-transceiver
MMIC,” [EEE Trans. Microw. Theory Techn., vol. 62, no. 12,
pp. 3582-3597, Dec. 2014.

A. Farahbakhsh, D. Zarifi, and A. U. Zaman, “D-band slot array
antenna using combined ridge and groove gap waveguide feeding
network,” in Proc. 13th Eur. Conf. Antennas Propag. (EuCAP), 2019,
pp. 1-4.

D. Zarifi, A. Farahbakhsh, and A. U. Zaman, “A D-band center-feed
linear slot array antenna based on gap waveguide,” in Proc. 13th
Eur. Conf. Antennas Propag. (EuCAP), 2019, pp. 1-3.

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

D. Kim, J. Hirokawa, M. Ando, J. Takeuchi, and A. Hirata, “64x64-
element and 32x32-element slot array antennas using double-layer
hollow-waveguide corporate-feed in the 120 GHz band,” IEEE Trans.
Antennas Propag., vol. 62, no. 3, pp. 1507-1512, Mar. 2014.

R. Hill, “A practical guide to the design of microstrip antenna
arrays,” Microw. Mag., vol. 44, no. 2, p. 166, Feb. 2001.

W. Menzel and A. Moebius, “Antenna concepts for millimeter-
wave automotive radar sensors,” Proc. IEEE, vol. 100, no. 7,
pp. 23722379, Jul. 2012.

A. van den Biggelaar et al., “Realization of a 5G millimeter-wave
dual-polarized active phased array,” in Proc. IEEE-APS Topical Conf.
Antennas Propag. Wireless Commun. (APWC), 2021.

K. Kibaroglu, M. Sayginer, T. Phelps, and G. M. Rebeiz,
“A 64-element 28-GHz phased-array transceiver with 52-dBm EIRP
and 8-12-Gb/s 5G link at 300 meters without any calibration,”
IEEE Trans. Microw. Theory Techn., vol. 66, no. 12, pp. 5796-5811,
Dec. 2018.

M. Miller. (2020). Waveguide Makes a Comeback in 5G—For
Antennas. [Online]. Available: https://www.electronicdesign.com/
industrial-automation/article/21121326/waveguide-makes-a-
comeback-in-5gfor-antennas

S. Beer and T. Zwick, “122 GHz antenna-integration in a plastic
package based on a flip chip interconnect,” in Proc. IEEE MTT-S
IMWS, Sep. 2011, pp. 37-40.

H. Gulan, S. Beer, S. Diebold, P. Pahl, B. Goettel, and T. Zwick,
“CPW fed 2x2 patch array for D-band system-in-package applica-
tions,” in Proc. IEEE Int. Workshop Antenna Technol. (iWAT), 2012,
pp. 64-67.

S. Beer, H. Gulan, C. Rusch, and T. Zwick, “Integrated 122-GHz
antenna on a flexible polyimide substrate with flip chip interconnect,”
IEEE Trans. Antennas Propag., vol. 61, no. 4, pp. 1564-1572,
Apr. 2013.

W. Khan et al., “A D-band micromachined end-fire antenna in
130-nm SiGe BiCMOS technology,” IEEE Trans. Antennas Propag.,
vol. 63, no. 6, pp. 2449-2459, Jun. 2015.

B. Zhang, C. Kirnfelt, H. Gulan, T. Zwick, and H. Zirath, “A D-band
packaged antenna on organic substrate with high fault tolerance for
mass production,” IEEE Trans. Compon. Packag. Manuf. Technol.,
vol. 6, no. 3, pp. 359-365, Mar. 2016.

A. Bhutani, B. Goettel, T. Streitz, S. Scherr, W. Winkler, and
T. Zwick, “Low-cost antenna-in-package solution for 122 GHz radar
module,” in Proc. 11th Eur. Microw. Integr. Circuits Conf. (EuMIC),
2016, pp. 540-543.

B. P. Ginsburg, S. M. Ramaswamy, V. Rentala, E. Seok, S. Sankaran,
and B. Haroun, “A 160 GHz pulsed radar transceiver in 65 nm
CMOS,” IEEE J. Solid-State Circuits, vol. 49, no. 4, pp. 984-995,
Apr. 2014.

A. Bisognin et al., “Ball grid array module with integrated shaped
lens for 5G backhaul/fronthaul communications in F-band,” IEEE
Trans. Antennas Propag., vol. 65, no. 12, pp. 6380-6394, Dec. 2017.
A. Bhutani er al., “122 GHz aperture-coupled stacked patch
microstrip antenna in LTCC technology,” in Proc. 10th Eur. Conf.
Antennas Propag. (EuCAP), 2016, pp. 1-5.

A. Bhutani, B. Goettel, J. Schaefer, and T. Zwick, “Partially molded
antenna-in-package concept for 122 GHz SiGe radar sensor,” in Proc.
12th Eur. Conf. Antennas Propag. (EuCAP), 2018, pp. 1-4.

A. Bhutani, B. Goettel, J. Mayer, M. Pauli, and T. Zwick, “122 GHz
aperture-coupled mushroom EBG antenna in LTCC technology,” in
Proc. 13th Eur. Conf. Antennas Propag. (EuCAP), 2019, pp. 1-5.
S. Beer, C. Rusch, B. Géttel, H. Gulan, and T. Zwick, “D-band
grid-array antenna integrated in the lid of a surface-mountable chip-
package,” in Proc. 7th Eur. Conf. Antennas Propag. (EuCAP), 2013,
pp. 1318-1322.

J. Xu, Z. N. Chen, X. Qing, and W. Hong, “140-GHz SIW LTCC
antenna array using a large via-fenced and slotted dielectric load-
ing,” in Proc. 7th Eur. Conf. Antennas Propag. (EuCAP), 2013,
pp. 2861-2864.

B. Zhang et al., “Integration of a 140 GHz packaged LTCC grid
array antenna with an InP detector,” IEEE Trans. Compon. Packag.
Manuf. Technol., vol. 5, no. 8, pp. 1060-1068, Aug. 2015.

J. Chu, X. Li, J. Xiao, Z. Qi, and Y. Huang, “A high gain LTCC
ring-loaded patch antenna array at 140 GHz,” in Proc. IEEE 5th Int.
Symp. Electromagn. Compatibility, Oct. 2017, pp. 1-3.

VOLUME 2, 2021



IEEE Open Journal of

Antennas and Propagation

[51]

[52]

[53]

[54]

[55]

[56]

[57]

(58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

(71]

[72]

Z. Qi, X. Li, J. Chu, J. Xiao, and H. Zhu, “High-gain cavity backed
patch antenna arrays at 140 GHz based on LTCC technology,” Int.
J. Microw. Wireless Technol., vol. 11, no. 8, pp. 829-834, 2019.

C. KAd'rnfelt, B. Zhang, and H. Zirath, “A QFN packaged grid array
antenna in low dielectric constant LTCC for D-band applications,”
in Proc. IEEE IMWS-AMP, 2016, pp. 1-4.

J. Sobolewski and P. Bajurko, “A 120 GHz antenna for LTCC pack-
age with via-less contact pads for probe measurements,” in Proc.
13th Eur. Conf. Antennas Propag. (EuCAP), 2019, pp. 1-5.

M. Furqan, F. Ahmed, R. Feger, K. Aufinger, W. Hartner, and
A. Stelzer, “A SiGe-based fully-integrated 122-GHz FMCW radar
sensor in an eWLB package,” Int. J. Microw. Wireless Technol., vol. 9,
no. 6, pp. 1219-1230, 2017.

F. Ahmed, M. Furqan, and A. Stelzer, “120-GHz and 240-GHz
broadband bow-tie antennas in eWLB package for high resolution
radar applications,” in Proc. 48th Eur. Microw. Conf. (EuMC), 2018,
pp. 1109-1112.

M. Furqgan, F. Ahmed, and A. Stelzer, “A SiGe 122-GHz FMCW
radar sensor with 21.5 dBm EIRP based on a 43-element antenna
array in an eWLB package,” in Proc. IEEE MTT-S Int. Conf. Microw.
Intell. Mobility (ICMIM), 2018, pp. 1-4.

A. Lamminen et al., “Technologies for D-band links with beam steer-
ing functionality,” in Proc. IEEE Asia-Pac. Microw. Conf. (APMC),
2019, pp. 84-86.

M. Gantz. (2017). mSAP: The New PCB Manufacturing
Imperative for 5G Smartphones. [Online]. Available: https://
www.electronicdesign.com/industrial-automation/article/2 1805746/
msap-the-new-pcb-manufacturing-imperative-for-5g-smartphones
Austria Technologie Systemtechnik. (2021). HDI Any-Layer PCBs.
[Online].  Available:  https://ats.net/products-technology/product-
portfolio/hdi-any-layer-pcbs/

E. Rajo-Iglesias, M. Ferrando-Rocher, and A. U. Zaman, “Gap
waveguide technology for millimeter-wave antenna systems,” IEEE
Commun. Mag, vol. 56, no. 7, pp. 14-20, Jul. 2018.

P. Herrero and J. Schoebel, “A WR-6 rectangular waveguide to
microstrip transition and patch antenna at 140 GHz using low-cost
solutions,” in Proc. IEEE Radio Wireless Symp., 2008, pp. 355-358.
Y. Dong, T. K. Johansen, V. Zhurbenko, and P. J. Hanberg, “A
rectangular waveguide-to-coplanar waveguide transition at D-band
using wideband patch antenna,” in Proc. 48th Eur. Microw. Conf.
(EuMC), 2018, pp. 1045-1048.

A. Hassona, A. Perez-Ortega, Z. S. He, and H. Zirath, “Low-cost
D-band waveguide transition on LCP substrate,” in Proc. 48th Eur.
Microw. Conf. (EuMC), 2018, pp. 1049-1052.

S. J. Geluk, “Low-loss mm-wave transitions between integrated cir-
cuits and antennas,” Ph.D. dissertation, Dept. Electr. Eng., Eindhoven
Univ. Technol., Eindhoven, The Netherlands, Sep. 2019.

Y. Zhang, “Antenna-in-package technology: Its early development
[historical corner],” IEEE Antennas Propag. Mag., vol. 61, no. 3,
pp. 111-118, Jun. 2019.

Y. P. Zhang, “Antenna-in-package technology for modern radio
systems,” in Proc. IEEE Int. Workshop Antenna Technol. Small
Antennas Novel Metamater., 2006, pp. 37-40.

U. R. Pfeiffer ez al., “A chip-scale packaging technology for 60-GHz
wireless chipsets,” IEEE Trans. Microw. Theory Techn., vol. 54, no. 8,
pp. 3387-3397, Aug. 2006.

X. Gu, A. Valdes-Garcia, A. Natarajan, B. Sadhu, D. Liu, and
S. K. Reynolds, “W-band scalable phased arrays for imaging and
communications,” IEEE Commun. Mag., vol. 53, no. 4, pp. 196-204,
Apr. 2015.

Y. Zhang, Antenna-in-Package Technology and Applications, 1st ed.,
Y. Zhang, Ed. Hoboken, NJ, USA: Wiley-IEEE Press, 2020,
pp. 1-15.

M. McGarry, E. Tuncer, and M. Lee, “Millimeter-wave complex
permittivity of silica/alumina filled epoxy-molding compounds,” J.
Infrared Millimeter Terahz Waves, vol. 41, pp. 1189-1198, Jul. 2020.
A. Shamim and H. Zhang, “Antenna-in-package designs in multi-
layered low-Rtemperature co-fired ceramic platforms,” in Antenna-
in-Package Technology and Applications, 1st ed., Y. Zhang, Ed.
Hoboken, NJ, USA: Wiley-IEEE Press, 2020, pp. 147-178.

S. B. Yeap, X. Qing, M. Sun, and Z. N. Chen, “140-GHz 2(E2
SIW horn array on LTCC,” in Proc. IEEE Asia-Pac. Conf. Antennas
Propag., 2012, pp. 279-280.

VOLUME 2, 2021

[73]

[74]

[751

[76]

(771

[78]

(791

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

E. Laskin et al., “170-GHz transceiver with on-chip antennas in SiGe
technology,” in Proc. IEEE Radio Freq. Integr. Circuits Symp., 2008,
pp. 637-640.

S. Pan, D. Wang, and F. Capolino, “Novel high efficiency CMOS
on-chip antenna structures at millimeter waves,” in Proc. IEEE Int.
Symp. Antennas Propag., 2011, pp. 907-910.

R. Wang et al., “122 GHz patch antenna designs by using BCB
above SiGe BICMOS wafer process for system-on-chip applications,”
in Proc. IEEE 24th Annu. Int. Symp. Pers. Indoor Mobile Radio
Commun. (PIMRC), 2013, pp. 1392-1396.

A. Visweswaran et al., “9.4 A 145GHz FMCW-radar transceiver in
28nm CMOS,” in Proc. IEEE Int. Solid- State Circuits Conf. (ISSCC),
2019, pp. 168-170.

P. V. Testa, V. Riess, C. Carta, and F. Ellinger, “Analysis and design
of laterally and vertically radiating bondwires antennas for the 140-
220 GHz band,” in Proc. IEEE Int. RF Microw. Conf. (RFM), 2018,
pp. 143-146.

J. Sato and T. Murata, “140 GHz CMOS on-chip dipole antenna
with optimal ion-irradiated-silicon with vertical reflector,” in Proc.
Int. Symp. Antennas Propag. (ISAP), 2015, pp. 1-3.

S. Yuan, A. Trasser, and H. Schumacher, “56 GHz bandwidth FMCW
radar sensor with on-chip antennas in SiGe BiCMOS,” in Proc. IEEE
MTT-S Int. Microw. Symp. (IMS), 2014, pp. 1-4.

A. Bunea et al., “160 GHz silicon micromachined folded slot antenna
array,” in Proc. Asia Pac. Microw. Conf., 2012, pp. 896-898.

H. Chu, Y.-X. Guo, T.-G. Lim, Y. M. Khoo, and X. Shi, “135-GHz
micromachined on-chip antenna and antenna array,” IEEE Trans.
Antennas Propag., vol. 60, no. 10, pp. 4582-4588, Oct. 2012.

A. Bisognin et al., “D-band Quasi-Yagi antenna in IPD process,” in
Proc. 7th Eur. Conf. Antennas Propag. (EuCAP), 2013, pp. 330-331.
A. Bisognin et al., “A 120 GHz 3D-printed plastic elliptical lens
antenna with an IPD patch antenna source,” in Proc. IEEE Int. Conf.
Ultra-WideBand (ICUWB), 2014, pp. 171-174.

R. Wang, Y. Sun, M. Kaynak, S. Beer, J. Borngriber, and
J. C. Scheytt, “A micromachined double-dipole antenna for 122-
140 GHz applications based on a SiGe BiCMOS technology,” in
IEEE MTT-S IMWS Dig., 2012, pp. 1-3.

W. A. Ahmad, M. Kucharski, A. D. Serio, H. J. Ng, C. Waldschmidt,
and D. Kissinger, “Planar highly efficient high-gain 165 GHz on-
chip antennas for integrated radar sensors,” IEEE Antennas Wireless
Propag. Lett., vol. 18, no. 11, pp. 2429-2433, Nov. 2019.

W. Ahmad, M. Kucharski, H. Ng, and D. Kissinger, “A compact
efficient D-band micromachined on-chip differential patch antenna
for radar applications,” in Proc. IEEE Int. Symp. Antennas Propag.
USNC-URSI Radio Sci. Meeting, 2019, pp. 2201-2202.

W. Shin, B.-H. Ku, O. Inac, Y.-C. Ou, and G. M. Rebeiz, “A 108-
114 GHz 4 x4 wafer-scale phased array transmitter with high-
efficiency on-chip antennas,” IEEE J. Solid-State Circuits, vol. 48,
no. 9, pp. 2041-2055, Sep. 2013.

I. Sarkas, J. Hasch, A. Balteanu, and S. P. Voinigescu, “A fun-
damental frequency 120-GHz SiGe BiCMOS distance sensor with
integrated antenna,” IEEE Trans. Microw. Theory Techn., vol. 60,
no. 3, pp. 795-812, Mar. 2012.

M. Hitzler, L. Boehm, W. Mayer, and C. Waldschmidt, “Radiation
pattern optimization for QFN packages with on-chip antennas at 160
GHz,” IEEE Trans. Antennas Propag., vol. 66, no. 9, pp. 4552-4562,
Sep. 2018.

D. Hou, Y. Xiong, W.-L. Goh, S. Hu, W. Hong, and M. Madihian,
“130-GHz on-chip meander slot antennas with stacked dielectric
resonators in standard CMOS technology,” IEEE Trans. Antennas
Propag., vol. 60, no. 9, pp. 4102-4109, Sep. 2012.

D. Hou et al, “D-band on-chip higher-order-mode dielectric-
resonator antennas fed by half-mode cavity in CMOS technology,”
IEEE Antennas Propag. Mag., vol. 56, no. 3, pp. 80-89, Jun. 2014.
E. Usama, M. A. Basha, and S. Safavi-Naeini, “D-band compact
and high gain pyramid dielectric antenna array using silicon technol-
ogy,” in Proc. 18th Int. Symp. Antenna Technol. Appl. Electromagn.
(ANTEM), 2018, pp. 1-2.

D. Hou, W. Hong, J. Chen, Z. Song, P. Yan, and Y. Xiong, “130 GHz
on-chip dielectric resonator antenna array in CMOS technology,” in
Proc. 6th Asia-Pac. Conf. Antennas Propag. (APCAP), 2017, pp. 1-3.
H. M. Cheema and A. Shamim, “The last barrier: On-chip antennas,”
IEEE Microw. Mag., vol. 14, no. 1, pp. 79-91, Jan./Feb. 2013.

757



KOK et al.: REVIEW OF DESIGN AND INTEGRATION TECHNOLOGIES FOR D-BAND ANTENNAS

[95] A. Babakhani, X. Guan, A. Komijani, A. Natarajan, and A. Hajimiri,
“A 77-GHz phased-array transceiver with on-chip antennas in silicon:
Receiver and antennas,” IEEE J. Solid-State Circuits, vol. 41, no. 12,
pp. 2795-2806, Dec. 2006.

A. J. van den Biggelaar, U. Johannsen, and A. B. Smolders,
“Assessment on the bandwidth of artificial magnetic conductors
for antenna-on-chip applications,” in Proc. 12th Eur. Conf. Antennas
Propag. (EuCAP), 2018, pp. 1-5.

S. Sinha, M. Libois, K. Vaesen, H. Suys, L. Pauwels, and 1. Ocket,
“Miniaturized (127 to 154) GHz dipole arrays in 28 nm bulk CMOS
with enhanced efficiency,” IEEE Trans. Antennas Propag., vol. 69,
no. 3, pp. 1414-1426, Mar. 2021.

R. Dekker, P. G. M. Baltus, and H. G. R. Maas, “Substrate transfer
for RF technologies,” IEEE Trans. Electron Devices, vol. 50, no. 3,
pp. 747757, Mar. 2003.

J. Edstam, J. Hansryd, S. Carpenter, T. Emanuelsson, Y. Li, and
H. Zirath. (2017). Microwave Backhaul Evolution—Reaching Beyond
100 GHz. [Online]. Available: https://www.ericsson.com/en/reports-
and-papers/ericsson-technology-review/articles/microwave-backhaul-
evolution-reaching-beyond-100ghz

U. Riiddenklau, “mmWave semiconductor industry technologies:
Status and evolution,” Sophia Antipolis, France, ETSI, White Paper,
Jul. 2016.

V. Camarchia, R. Quaglia, A. Piacibello, D. P. Nguyen, H. Wang,
and A. Pham, “A review of technologies and design techniques
of millimeter-wave power amplifiers,” IEEE Trans. Microw. Theory
Techn., vol. 68, no. 7, pp. 2957-2983, Jul. 2020.

J. Yu and G. Luo, “A novel cavity-backed slot antenna on InP,”
in Proc. IEEE 16th Int. Conf. Commun. Technol. (ICCT), 2015,
pp. 252-254.

Y. Dong, T. K. Johansen, and V. Zhurbenko, “On-chip patch antenna
on InP substrate for short-range wireless communication at 140
GHz,” in Proc. SBMO/IEEE MTT-S Int. Microw. Optoelectron. Conf.
(IMOC), 2017, pp. 1-5.

A. Hassona, Z. S. He, V. Vassilev, and H. Zirath, “F-band low-
loss tapered slot transition for millimeter-wave system packaging,”
in Proc. 49th Eur. Microw. Conf. (EuMC), 2019, pp. 432-435.

H. Wang et al. (2020). Power Amplifiers Performance Survey 2000-
Present (V5). [Online]. Available: https://gems.ece.gatech.edu/PA_
survey.html

U. Johannsen, “Technologies for integrated millimeter-wave anten-
nas,” Ph.D. dissertation, Dept. Electr. Eng., Eindhoven Univ.
Technol., Eindhoven, The Netherlands, Jul. 2013.

W.-C. Liao et al., “A directly matched PA-integrated K-band antenna
for efficient mm-Wave high-power generation,” IEEE Antennas
Wireless Propag. Lett., vol. 18, no. 11, pp. 2389-2393, Nov. 2019.
X.-D. Deng, Y. Li, W. Wu, and Y.-Z. Xiong, “A D-band chip-to-
waveguide-horn (CWH) antenna with 18.9 dBi gain using CMOS
technology,” in Proc. IEEE Int. Wireless Symp. (IWS), 2015, pp. 1-4.
Y. Dong, V. Zhurbenko, P. J. Hanberg, and T. K. Johansen, “A D-band
rectangular waveguide-to-coplanar waveguide transition using wire
bonding probe,” J. Infrared Millimeter Terahz Waves, vol. 40, no. 1,
pp. 63-79, 2019.

F. Tucolano and T. Boles, “GaN-on-Si HEMTs for wireless base
stations,” Mater. Sci. Semicond. Process., vol. 98, pp. 100-105,
Aug. 2019. [Online]. Available: https://www.sciencedirect.com/
science/article/pii/S1369800118322595

[96]

[97]

(98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

MARTIJN DE KOK (Student Member, IEEE) was
born in Sint-Oedenrode, The Netherlands, in
1995. He received the B.Sc. and M.Sc. degrees
(with Hons.) in electrical engineering from the
Eindhoven University of Technology in 2018 and
2020, respectively, where he is currently pursuing
the Ph.D. degree in electrical engineering.

In 2019, he was a visiting student with the
Advanced RF & Optical Technologies Group,
Jet Propulsion Laboratory, California Institute of
Technology. His research interests include mm-
wave antenna integration and phased arrays for next-generation communi-
cation and sensing applications.

758

A. BART SMOLDERS (Senior Member, IEEE) was
born in Hilvarenbeek, The Netherlands, in 1965.
He received the M.Sc. and Ph.D. degrees in elec-
trical engineering from the Eindhoven University
of Technology (TU/e) in 1989 and 1994, respec-
tively.

From 1989 to 1991, he worked as an IC
Designer with FEL-TNO, The Hague. From 1994
to 1997, he was a Radar System Designer with
Thales, The Netherlands. From 1997 to 2000, he
was a Project Leader of the Square Kilometer
Array with the Netherlands Foundation for Research in Astronomy
(ASTRON). From 2000 to 2010, he was with NXP (formerly Philips)
Semiconductors, The Netherlands, responsible for the innovation in the
RF business line. Since 2010, he has been a Full-Time Professor with
Electromagnetics Group, TU/e with special interest in antenna systems and
applications. Next to his research activities, he is the Dean of Electrical
Engineering Department, TU/e. He has published more than 150 papers. He
currently leads several research projects in the area of integrated antenna
systems operating at frequencies up to 150 GHz for several application
domains, including 5G/6G wireless communications, radar sensors, and
radio-astronomy.

Prof. Smolders is a Junior-Past Chairman of the IEEE Benelux Section
and a Past-Chair of the Nederlands Radio en Elektronica Genootschap
(NERG). He is a Board Member of the Stichting Wetenschappelijke
Activiteiten van het Nederlands URSI Committee (SWAN) and a mem-
ber of the Advisory Board of ASTRON and PhotonDelta. More details can
be found at: https://www.tue.nl/en/research/researchers/bart-smolders/.

ULF JOHANNSEN (Member, IEEE) received the
Dipl.-Ing. degree in communications engineer-
ing from the Hamburg University of Technology
(TUHH), Germany, in 2009, and the Ph.D.
degree in electrical engineering from the
Eindhoven University of Technology (TU/e), The
Netherlands, in 2013.

From 2013 to 2016, he worked as a Senior
Systems Engineer with ATLAS ELEKTRONIK
GmbH, Bremen, Germany, where his role was a
System Designer and an Engineering Manager of
Autonomous Underwater Vehicle systems with sonar payloads. In 2016, he
was appointed as an Assistant Professor with the Electromagnetics Group,
Department of Electrical Engineering, TU/e. His research interest is focused
on millimeter-wave antenna systems and antenna integration.

Dr. Johannsen is a Chair Person of the IEEE Benelux joint AP/MTT
Chapter, a member of EuMA, and an Associate Member of INCOSE.

VOLUME 2, 2021




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


