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Abstract
This article presents the design and characterization of a scalable series-fed differential Antenna-in-Package (AiP)
design, demonstrated as a four- and a six-element reflector-backed linear dipole array that has been realized in a
resin-based fan-out wafer-level package technology. The simulated four- and six-element designs achieve −10 dB
input reflection bandwidths of 5.5 and 5.9 percent, realized gains of 14 and 15.4 dBi, and side-lobe levels of −10.7
and −12.1 dB, respectively. Frequency scanning is limited to ±4° throughout the bandwidth for both designs. The
realized samples were characterized through probed measurements in a state-of-the-art millimeter-wave anechoic
chamber. After taking into account the influence of the RF probe on antenna performance, the measurements
corroborated the simulated results. The presented designs represent a beyond-state-of-the-art contribution in
gain-to-area ratio to the currently limited number of high-gain differential AiPs at D-band found in literature. This
article expands upon a 2025 EuCAP paper with more detailed descriptions, a scalability study, and a simulated
feasibility demonstration of a scanning array implementation for further gain enhancement and a ±45° scan range.

Key terms
Antenna-in-package; Differential antenna; Reflector-backed dipole; Fan-out wafer level package; D-band; millimeter-
Wave; Antenna measurement

1Department of Electrical Engineering, Eindhoven University of Technology, Eindhoven, The Netherlands
2Department of System Integration & Interconnection Technologies, Fraunhofer IZM, Berlin, Germany
*Corresponding author: m.d.kok@tue.nl

Received: 28/03/2025, Accepted: 20/07/2025, Published: 28/11/2025

1. Introduction

In pursuit of increased performance and wider available band-
widths in the densely allocated radio frequency (RF) spectrum,
developments of wireless communication and sensing devices
are pushing towards increasingly higher frequencies within the
millimeter-wave (mm-wave) band between 30 and 300 GHz.
For communication applications, the high-volume backhaul
capabilities of the D-band (110-170 GHz) are promising for
the dense mobile networks envisioned for 5G and beyond [1].
Sensing devices beyond 100 GHz, most notably short-range
radars operating in the 122 GHz industrial, scientific and med-
ical (ISM)-band, can already be found in literature [2, 3]. In
addition, researchers and industry are already looking towards
D-band radar as a successor to the 77 GHz devices that are now
solidly established in the automotive sector [4, 5].

The difficulty and cost of generating high-power RF signals
increase with frequency, and so do propagation losses in air,
transmission lines, and interconnects. One of the key challenges
in mm-wave antenna design is to optimize the antenna efficiency
and limiting interconnect losses through the use of low-loss
materials and close integration between the antenna and active
electronics. In the D-band, the antennas can be small enough to
be implemented within the same package as the RF integrated
circuits (ICs). The benefits of such an Antenna-in-Package
(AiP) design include reduced size, interconnect losses, and
system assembly costs. Moreover, such a module only requires a
power supply and baseband signals at its interface, limiting high-
performance materials and high-complexity mm-wave design
efforts to within the module to achieve system-level cost savings
and faster time to market.
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Figure 1: Overview of reported realized gain performances of
D-band PCB, package and chip-based antennas from literature.
Adapted from [6] and expanded with recent works: [7–15]. All
differential designs are outlined. λ0 denotes the center
frequency free-space wavelength.

In Fig. 1, based on a review study presented in [6], an
overview is shown of the reported realized gain-area perfor-
mances of antennas integrated on printed circuit board (PCB),
in-package, and on-chip. Although Antenna-on-Chip (AoC)
designs offer the highest level of antenna-circuit integration,
high manufacturing resolutions, and micrometer-level toler-
ances, advanced post-processing techniques are often required
to achieve acceptable radiation efficiencies as described in the
review. Moreover, the scalability of AoCs to high-gain designs
is limited by expensive surface area of mm-wave IC technolo-
gies. Only a small number of AoCs in Fig. 1 exceed a squared
wavelength in size, roughly translating to 4 mm2 of dedicated
chip area at D-band. As a result, the design space of ≥10 dBi
and ≥ λ 2

0 -sized integrated antennas at D-band is dominated by
AiP designs, as illustrated in Fig. 1. In [6], AiPs based on inte-
grated substrates, low-temperature co-fired ceramics (LTCC),
and organic redistribution layer (RDL) technologies were con-
cluded to outperform PCB-based and on-chip antennas in terms
of efficiency and scalability.

Manufacturing technologies are pivotal for the realization
of efficient mm-wave AiPs. Tolerances need to be tight given
the small antenna dimensions, and both electrical and mechani-
cal material properties must be well-characterized to mitigate
frequency offsets and deformities. In this work a fan-out wafer-
level package (FOWLP) technology from Fraunhofer Institute
for Reliability and Microintegration (IZM) is demonstrated,
which achieves better tolerances than the LTCC-based antennas
listed in [6] whilst enabling multi-layer designs as opposed to
other RDL-technologies as shown in Fig. 2 [16]. This technol-
ogy has already enabled 5G and beyond-5G antennas in the
mm-wave bands [7, 17], and is described in more detail in the
next section.

This publication presents two 110 GHz differential reflector-
backed dipole arrays, which were designed and characterized
as part of the Eindhoven University of Technology (TU/e) goals

of realizing antennas and circuit components for the next gener-
ation of automotive radars operating beyond 100 GHz [5]. The
differential circuits in development have several valuable ad-
vantages over single-ended designs, including simplified layout
design due to the virtual ground, lower signal distortion, sup-
pression of interference signals and common-mode noise, and
better power efficiency due to the doubled maximum voltage
swing [18, 19]. Differential AiPs complement this by enabling
close integration without the area and power loss of a balancing
unit (balun). However, differential antennas at D-band, particu-
larly high-gain AiP designs, are uncommon to find in published
literature as illustrated by their limited representation in Fig. 1.

The presented series-fed antenna arrays demonstrate excel-
lent radiation efficiencies and high-gain fan-shaped beams with
limited squint, as is presented in Section 3. The novel FOWLP-
based designs represent a contribution beyond the state of the
art, achieving a better gain-to-surface ratio than the severely
limited number of high-gain differential AiPs in the D band
found in the literature.

An earlier version of this paper was presented at the 2025
19th European Conference on Antennas and Propagation (Eu-
CAP) and was published in its Proceedings [20]. This is an
extension of the work and includes the following novel addi-
tions. Firstly, an in-depth examination of the gain, efficiency
and bandwidth scalability of the series-fed array has been per-
formed. This analysis is presented in Section 3-C. Secondly,
the realized gain performance and beam offset of the measured
antennas are examined, with the results shown in Section 5-C.
Thirdly, a new array configuration is examined as a feasibility
study in Section 6, showing the potential for further improved
gain and angular resolution as well as electronic scanning in
contrast to earlier D-band AiPs [2,21]. Moreover, this expanded
version contains a more detailed description of the mm-wave
measurement setups including the anechoic chamber and the
limitations of probe measurements. It also provides a more in-
depth analysis of the simulated and measured performance, and
presents measured impedances, far-field patterns, and trueness
results in Section 5 which were previously omitted for brevity.

The realized antennas were characterized using probe-based
over-the-air (OTA) measurement techniques. A state-of-the-art
mm-wave anechoic chamber, previously developed in-house at
TU/e, was used in this process [22]. The measurement proce-
dure and the effects of the RF-probe on the measured radiation
patterns are described in more detail in Section 4. The measure-
ment results are presented and discussed in Section 5 including
a comparison against state-of-the-art examples, and Section 7
concludes this paper.

Through-
Mold Vias

Ball-grid array
interconnect
Printed circuit board: only digital
and low-frequency analog signals

Antenna reflector / IC shield

Antenna

Mold 1

Mold 2

RDL

RF Front-end IC

Thermal vias

Figure 2: Concept illustration of a FOWLP-based AiP
integrated with an RF IC as a single module, based on [17].
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Table 1: Typical manufacturing parameters and tolerances
without optimization for direct metallization on encapsulants

Dimension Value [µm] Tolerance [±µm]
Substrate thickness 250 10
Copper thickness 10 2
Via placement − 25
Etching accuracy: traces ≥ 25 10
Etching accuracy: gaps ≥ 50 10

2. Fan-out Wafer Level Package Technology
FOWLP integrates multiple ICs by wafer-level encapsulation,
forming a reconfigured wafer. A redistribution layer is then used
to connect the ICs. The active area of the package extends be-
yond the dies, facilitating an increased number of interconnects
and embedded passive components [23].

Fraunhofer IZM has developed a technique to stack multiple
metallized mold layers, to realize advanced RDLs, electromag-
netic shielding, and multilayer antennas that are located directly
above the RF IC and the encapsulant to reduce the module sur-
face area, as illustrated in Fig. 2. The sputter-coated and elec-
troplated metallization layers are connected with laser-drilled
through-mold vias or slots. The technology and manufacturing
steps are described in detail in [17]. An overview of typical
manufacturing parameters for direct metallization on the en-
capsulant, including design rules and tolerances, is provided in
Table 1. The minimum allowed trace widths and gaps are less
than half the size of conventional PCB technologies, enabling
the design of compact differential lines and antennas.

In this work, only a single mold layer with bottom- and
top-side metallization is considered to realize a passive demon-
strator without an active chip. In Fig. 2, this is indicated as
‘Mold 2’. The vertical interconnect to feed the antenna is not
considered to facilitate probe measurements. The antenna sam-
ples were manufactured alongside a variety of other sample
structures, including mm-wave antennas and material charac-
terization structures that are part of ongoing research. This
predetermined the outer dimensions of 25×25 mm2 and sub-
strate thickness of 250 µm.

All designs are produced on compression-molded circular
resin wafers of 200 mm diameter, resulting in a total of 46
samples per wafer. The resin, which was characterized between
60 and 90 GHz using a Fabry-Pérot open resonator at TU/e,
has a dielectric constant εr of 3.6 and a loss tangent (tanδ )
of 0.0055 with a precision of 3% [24]. The substrate surface
roughness can be influenced by the molding process and by
post-processing, e.g. grinding and polishing. A total of six
wafers with three sets of copper roughness profiles on the top
and bottom sides were produced for a characterization study,
although only two wafers with the smallest root mean square
(RMS) roughness of approximately 0.55 µm at the antenna side
were considered for this work.

3. Design and Realization
This section describes the design of the antenna elements, in-
cluding the expected performance based on full-wave simula-

Table 2: Antenna requirements with links to radar performance

Specification Requirement Radar performance
Element x-dimension ≤ 1

2 λ0 Prevent grating lobes
Element gain ≥ 15 dBi Operating range
E-plane HPBW ≥ 70° Scan range
H-plane HPBW ≤ 12° Angular resolution
Bandwidth ≥ 5% Range resolution

tions in Dassault Systèmes’ CST Studio Suite (CST) [25].

3.1. Requirements
A fan-shaped element pattern with a high broadside gain is
generally desired for automotive radar array applications. This
enables a wide scan range in the azimuth plane, whilst focusing
the radiated power in elevation, where a much narrower field of
view is required. Typically, the required bandwidth is limited to
around 5% of the center frequency, or 4 GHz at 79 GHz [26].

Hence, as a proof of concept design, a high-gain fan-shaped
element pattern and relative bandwidth of 5% were taken as
the principal design requirements for an automotive radar sys-
tem beyond 100 GHz, as listed in Table 2. Series-fed antenna
structures are typically capable of meeting both requirements,
making them a popular choice in contemporary automotive
radar systems and also interesting options for D-band appli-
cations [4, 7]. Although a 145 GHz design would have been
preferred to align with the allocated radar band, the choice
of 110 GHz as center frequency was based on the available
laboratory equipment.

The antenna was specified to interface with mm-wave radar
circuits in development at TU/e with a standard differential
impedance of 100 Ω, eliminating the need for a lossy impedance
transformer and balun between AiP and IC.

3.2. Design
At around 17% of a guided wavelength at 110 GHz, the predeter-
mined substrate thickness of 250 µm was considered too thick
for a microstrip-based antenna, helping with wide-band perfor-
mance but reducing efficiency. Instead, the starting point of the
proposed AiP was a scaled version of the dipole antenna pre-
sented in [27], where the bottom metalization acts as a reflector
instead of a ground plane.

Øvia

dvia

Wi

Li

stl

Wtl
La

Ldp

Wa

Wdp
ddp

Ltl

ϕx

yz
ARvia

Figure 3: Illustration of the AiP simulation model, with the
indicated variables representing the dimensions listed in
Table 3. The antennas are centered on a 250 µm thick substrate
which extends to 25×25 mm in all designs and models. A
reflecting metal plane covers the entire bottom of the substrate.
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Table 3: Antenna dimensions corresponding to Fig. 3

Dimension Symbol Value [µm]
Dipole length (x-dimension) Ldp 1765
Dipole width (y-dimension) Wdp 150
Dipole element spacing ddp 1865
Transmission line length Ltl 2000
Transmission line conductor width Wtl 100
Transmission line conductor gap stl 70
Input aperture length Li 2100
Input aperture width Wi 500
Aperture width Wa 3000
Aperture length (4 elements) La4 8000
Aperture length (6 elements) La6 12000
Fence via spacing dvia 310−400
Fence via diameter øvia 150
Fence via annular ring ARvia 125

The resulting design is presented in Fig. 3. A total of six
reflector-backed dipole elements are placed in series, with the
length and width of the elements tuned in CST to achieve a
100 Ω match at the center frequency of 110 GHz. The dipoles
are approximately one guided wavelength λg long, exceeding
the half-wavelength element size requirement specified in Ta-
ble 2. However, this can be remedied by using a staggered array
grid as will be demonstrated in Section 5-D.

The spacing of the elements ddp at approximately one guided
wavelength ensures that all elements radiate in phase at the cen-
ter frequency, as illustrated in Fig. 4. A variety of visually
similar designs operating at 28 GHz was presented by H. Wang
et al in [28–30], although as a key difference it should be noted
that these earlier designs radiate towards endfire due to the
critically different reflector plane design. Radiation parallel to
the board is generally undesired for PCB-mounted AiPs. In
this work, the reflecting metal below the antenna results in a
broadside beam perpendicular to the board surface, which is
more suitable for a flat-panel array.

The antenna array is enclosed by a fence of through-mold
vias to prevent the leaky wave contribution in the resin substrate
from reaching the edge of the sample and causing spurious edge
radiation. This fence was placed sufficiently far from the dipoles
for the drilling tolerances to be negligible on the matching and

High-gain broadside beam formed
due to constructive interference

≈110 Ω (differential)
transmission lines

Elements 
radiate in phase

λg-sized
dipole
elements

λg

Source

≈2λg

37
-117j Ω

83
-103j Ω

112
-70j Ω

124
-36j Ω

120
+12j Ω

125
+20j Ω

131
-3.5j Ω

110 GHz

Figure 4: Circuit model to illustrate the working principle of
the presented antenna. The dipole elements are represented by
lossy resonant circuits. Intermediate interface impedances are
given for the 6-element design at 110 GHz.
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Figure 5: Simulated input reflection coefficients for 1 to 10
dipole elements, projected on a Smith chart (center is 100 Ω)
between 107 and 112 GHz.

radiation, which was verified using simulations in CST.

3.3. Design scalability
Based on the interface impedances depicted in Fig. 4, an approx-
imate −10 dB match is already achieved from three parallel
elements and more. A series of design variations has been
simulated, where the number of elements varies from 1 to 10
and only La is adjusted in millimeter increments to maintain a
space between the antenna and the fence. From the simulated
input reflection coefficients mapped to the Smith chart in Fig. 5,
−10 dB matches are achieved with element counts between 3
and 9, with bandwidths of the order of at least 5 GHz.

By nature of the series-feed, an increased number of ele-
ments leads to a proportional increase in gain, a decrease in
H-plane half-power beamwidth, and a reduction in achievable
bandwidth [31]. Fig. 6 depicts this increase of peak realized
gain versus the number of elements, and therefore the aper-
ture area Wa ×La, for the ten simulated designs. The radiation
efficiency ηrad decreases from 81 to 71% between 1 and 10
elements, as the transmission line losses increase with the num-
ber of elements. ηrad should not be confused with aperture
efficiency ηa, which links the realized gain Gr with the physical
aperture dimension Aphys [32]:

Gr = ηrad|1−Γ
2|D =

4πAe

λ 2
0

=
4πηaAphys

λ 2
0

(1)

Γ and D denote the antenna input reflection and directivity,
respectively, and λ0 is the free-space wavelength. As can be in-
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Figure 7: H-plane cuts of simulated realized-gain far field
patterns of 6-element (a) and 10-element (b) designs, depicting
the frequency squint effect between 104 and 116 GHz.

terpreted from Fig. 1, the effective aperture area Ae can exceed
Aphys, resulting in a ηa of larger than unity. In particular, this can
be the case for small antennas, thin wire antennas, and scenarios
where structures near the antenna contribute to gain enhance-
ment [32]. For higher-gain designs, an increasing Gr-trend that
approximates the ideal 4πAphys/λ0-line indicates efficient gain
scalability with limited decrease of radiation efficiency.

The bandwidth reduction with element count is not nec-
essarily related to the input reflection coefficient. A varying
progressive phase shift will be induced by a change in sig-
nal frequency, which causes the main beam to steer somewhat
throughout the bandwidth as is typical for this type of series-
fed antenna. The amount of steering remains constant with
element count, as this is a result of the interelement spacing
and propagation constant. However, the narrower main beam
of larger designs will move away from broadside within a nar-
rower frequency span, as depicted in Fig. 7: the six-element
design maintains a broadside gain reduction of less than 3 dB
for nearly the entire 104-116 GHz simulation range, whereas
the 10-element version is limited to 106-112 GHz. Although
an edge-fed design was necessitated by the RF-probe measure-
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Figure 8: Simulated input reflection coefficients of the
four-element (a) and six-element (b) designs, with the ranges
indicating maximum variations due to manufacturing
tolerances. Reference impedance: 100 Ω.

ments, a center-fed design could maintain a symmetric beam
throughout the bandwidth. However, as such a design can be
seen as two back-to-back edge-fed arrays that frequency-scan in
opposite directions, it would still experience beam-broadening
and gain reduction with frequency.

A four-element antenna was created to verify the scalability
of the proposed design. This design was derived from the six-
element version simply by removing two elements and reducing
the aperture length La. No further matching or tuning was
performed or required. The final antenna dimensions as depicted
in Fig. 3 are listed in Table 3.

3.4. Simulated performance
The simulated input reflection coefficients of the four- and six-
element antennas are depicted in Fig. 8. The robustness of the
design against the etching, drilling, and substrate tolerances
listed in Table 1 was assessed through a parameter sweep with
the combinations of all extreme tolerance values. Based on
nominal performance, the four- and six-element designs are
expected to achieve −10 dB input reflection bandwidths of 6
and 6.5 GHz or 5.5% and 5.9%, respectively, achieving the
5% requirement with a margin. Variations due to tolerances
indicate a possible shift in operating frequency limited to around
±0.5 GHz, or ±0.5%. A bow-tie-shaped element could be
chosen instead of the straight dipole to achieve a slightly wider
bandwidth, although this was not considered as the specified
bandwidth requirement was already met.
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Figure 9: Simulated realized-gain farfield patterns of the
four-element (a) and six-element (b) designs at 110 GHz, with
the ranges indicating maximum variations due to
manufacturing tolerances. The cross- polarized (X-pol)
component in the H-plane does not exceed −35 dBi.
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The simulated far-field patterns of the four- and six-element
antennas are depicted in Fig. 9. The nominal designs are ex-
pected to reach realized gain levels of 14 and 15.4 dBi at the
center frequency, with indicated radiation efficiencies of 79%
and 77%, respectively. This matches the expected gain dif-
ference of 1.4 dB based on the antenna dimensions, which
indicates that the antenna scales efficiently. The four-element
AiP achieves a peak side lobe level (SLL) of −10.7 dB, and the
six-element design −12.1 dB.

Both antennas are expected to achieve a wide azimuthal field
of view thanks to their E-plane half-power beamwidth (HPBW)
of around 70°. In elevation, denoting the H-plane, the main
beam is focused to a HPBWs of 14.4° and 10.1° for the four-
and six-element design, respectively. Frequency scanning is
limited to around ±4° for both designs within the 107-113 GHz
operating bandwidth, with the beams scanning away from the
feed for increasing frequency.

For both designs, the main beam at 110 GHz does not vary
significantly due to the simulated manufacturing tolerances.
However, the largest side lobe, which is radiated away from the
feed, can vary by several decibels.

A five-element series-fed patch antenna design in a similar
FOWLP technology was presented in [7]. In addition to the
benefits of using a differential-style antenna, as mentioned in
the previous sections, a performance comparison can be made
between the two designs. A similar simulated −10 dB band-
width of 5.7% around 140 GHz is reported, and a measured
result of approximately 7.3% around 137 GHz. However, in [7],
a beam offset from the broadside and a significantly lower peak
realized gain of 12.5 dBi are reported, which can be attributed to
the approximate half-wavelength element spacing of the design.

3.5. Realization
Fig. 10 shows the front- and backsides of a realized six-element
sample, showing the backside RMS copper roughness that was
measured to be 2.6 µm. The average thickness of the realized
copper layer before the surface finish is 12.4 µm with a peak
standard deviation of 0.82 µm. The copper thickness tended to
increase radially from the center of the wafer, leading to slight

Figure 10: Realized samples of the six-element design. Sample
size is 25×25 mm2. The top-side metalization (shown right)
features a considerably lower copper roughness than the bottom
side (left). The structures in the corners are Thru-Reflect-Line
(TRL) standards that are not considered in this work.

under-etching at the edges of the wafer. As a result, a total of six
four-element and seven six-element samples were successfully
realized out of eight designed samples each. The three failed
antenna samples were all caused by shorts and were located at
the edge of the wafer.

After manufacturing, the etching tolerances were observed
to be slightly higher than expected at a maximum variation of
±20 µm. The thickness of the real resin substrate was measured
to be within a 225 to 250 µm range. These values are slightly
outside of the ranges considered in the design process, but will
be taken into account in the discussion of measurement results.
It should be noted that manufacturing was done on a multi-
project wafer without optimization to specific designs, which
could be improved to achieve better tolerances and yield.

4. Measurements
4.1. Far-field patterns: mm-Wave anechoic chamber
Key to the measurement campaign of the presented D-band
antenna samples is the novel mm-wave anechoic chamber that
was developed in-house at TU/e [22]. Equipped with a Keysight
vector network analyzer (VNA), the compact and mobile setup
has an inside diameter of 1.10 m corresponding to approxi-
mately 400 wavelengths at 110 GHz. The chamber is a Faraday
cage covered with absorbers to keep outside interference at a
minimum.

As shown in Fig. 11, the antenna under test (AUT) is placed
on a pedestal in the center of the compact spherical chamber.
A rail-based reference antenna, in this case a pre-characterized
WR-8 standard gain horn by Flann Microwave, can scan around
the AUT to create a far-field pattern cut along the θ -axis be-
tween ±125° [33, 34]. Moreover, the entire spherical chamber
can rotate 180° along the φ -axis to characterize an entire three-
dimensional pattern. The reference antenna can move in the ra-
dial direction, and rotate to measure co- and cross-polarization.

The mm-wave anechoic chamber is equipped with a planar
translation table that can move the center pedestal by up to
190 mm in the x- and y-directions for planar near-field scans. In
addition, the translation table is equipped with a probe station
allowing for up to 25 mm of precise movement on the x-, y-
and z-axes. In this case, the AUT is placed on a second, rigid

Integrated
probe station

Reference antenna

VNA

θ = 0o

θ = 125o

θ = -125o

ϕ = -90o ϕ = 0o

ϕ = 90o

Antenna under test with
specialized RVP-style probe

Figure 11: An overview of the millimeter-wave anechoic
chamber (Half-open for illustration purposes).
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pedestal that has been pre-centered. A 90-140 GHz extender
from Virginia Diodes, Inc. (VDI) is mounted directly under-
neath the probe station, and the mm-wave signal is carried to the
top of the pedestal by a WR-8 waveguide [35]. The reference
antenna is connected to a mixer, also from VDI, to down-convert
the received signal.

RF-probes can have a significant impact on the radiating
performance of an antenna, especially at mm-wave frequen-
cies [36]. This is due to parasitic radiation at the probe tips and
reflections by the nearby bulky probe body. To minimize the dis-
turbance caused by the body, a custom variation of Picoprobe’s
RVP-style probe introduced in [37] is used that positions the
probe body below the antenna as shown in Figs. 11 and 12. The
available probes have 100 µm-pitch ground-signal (GS) and
signal-ground (SG) tips, and 1.0 mm RF-connectors that are
rated for mode-free operation up to 110 GHz.

4.2. Input reflection
The antenna input reflection was measured inside the mm-wave
anechoic chamber with the aforementioned GS and SG probes
and the probe station, using a top-mounted camera for align-
ment and landing. As the mm-wave anechoic chamber does
not support multiprobe measurements at the time of writing,
Thru-Reflect-Line (TRL)-calibration was not possible. For this
reason, the setup was calibrated at the tip of the probe with
short, open, and 50 Ω load (SOL) standards on a calibration
substrate placed on the antenna pedestal before measurement.
It should be noted that the 1.0 mm RF-connector is expected to
limit the measurement accuracy above 110 GHz, and that the
transitions and flexibility due to the 1.0 mm connector and cable
will add to the overall loss and uncertainty of the measurement
system.

4.3. Realized gain
The strategy used to characterize the realized gain level is de-
scribed in [38]. The method is based on the Friis transmission
equation, given by [39]

PRx

PTx
= GTxGRx

(
λ0

4πR

)2

×Ltl, where R >
2D2

a

λ0
. (2)

In this equation, (PRx/PTx) is the power transmission ratio S21
that can be measured with the two-port VNA, although a loss
factor Ltl must be accounted for. GTx and GRx denote the re-
alized gains of the transmitting AUT and receiving reference
antenna, respectively. Moreover, R denotes the distance between
the amplitude centers of the two antennas that must exceed the
far-field criterion determined by the aperture dimension of the
antenna Da. For the six-element AiP, Da is taken as the diagonal
of the La ×Wa aperture, and for a peak measurement frequency
of 120 GHz the farfield distance is around 120 mm.

A second horn antenna with known realized gain is placed in
the AUT position. After positioning the reference horn antenna
directly above and taking a series of transmission measurements
while varying the radial distance between the two antennas
from 130 to 190 mm, the phase center distance R between
the antennas is determined by fitting the Friis equation. With
all other variables known, the total power loss in waveguides,
cables, and transitions Ltl can be determined.

After characterizing the setup losses, the process can be
repeated for the AUTs to determine their realized gain relative
to the reference horn antenna.

4.4. Modeling of probe influence
Despite the bulk of its body being outside the field of view
of the AiP, the housing of the GS RF-probe used in the mm-
wave anechoic chamber was expected to have a considerable
influence on the radiated measurement results.

The parasitic radiation of the probe was characterized by
landing on the 50 Ω load calibration standard and measuring
the far-field pattern and the realized gain using the methods
described in this section. Based on the measurements, this
parasitic radiation is expected to limit the reliably measurable
realized AUT gain, or null depth, to ≥ −15 dBi. This was
considered to be sufficiently low to reliably measure the main
beam and primary side lobes, but the interfering radiation causes
ripples in the lower side lobes and X-pol patterns. Methods
to remove these ripple effects of probe radiation from antenna
pattern measurements exist and have been explored in [40],
although these methods are not without shortcomings. In [40],
a highly repeatable and accurate probe and antenna positioning
in the order of micrometers is described for a 28 GHz scenario,
which cannot be replicated in the mm-wave anechoic chamber.
Moreover, the 100 Ω antenna interface impedance must be
replicated by a nonradiating test structure to accurately measure
the probe radiation with the correct loading conditions. As
the additional measurement and processing efforts outweighed
the benefits of reducing the ripple at approximately -15 dBi of
realized gain, no de-embedding of the probe radiation pattern
was performed.

Moreover, the GS or SG configuration is expected to cause
an asymmetry in the antenna excitation. A balun could help
avoid this, but it would possibly introduce additional parasitic
radiation and result in additional losses to de-embed, requiring
additional test structures. Ideally, an antenna design intended
for a high degree of integration would be measured as part
of a fully packaged system, leading to several practical chal-

Figure 12: CST model of the four-element AiP including metal
pedestal, plastic holder, and the GS-probe used for far field
measurements.
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lenges described in [41]. Instead, in this work, a probe model
was co-simulated in CST to characterize its influence on the
measurement results as depicted in Fig. 12.

5. Results

5.1. Input reflection and impedance
The measured input reflection parameters and impedances of
the four- and six-element AiPs are shown in Figs. 13a-f.

The measurements indicated a significant sensitivity of the
measured input reflection on the exact placement of the probe.
Whilst the original model in CST was based on a discrete probe
at the tips of the input transmission line, the probe position
can be up to approximately 100 µm away from the edge. This
forms a capacitive stub that de-tunes the antenna and shifts the
resonance frequency. In an integrated module the probe will not
be considered, but in its stead the misalignments and drilling
variations of the layer transitions between the RF IC and the
antenna must be accounted for.

Moreover, initial material characterization was performed
with an accuracy of up to ±3% in the dielectric permittivity,
which could account for a shift in resonance frequency of up
to 1 GHz or less than 1% of the designed frequency. From
the results in Fig. 13, a variation can be discerned between the
samples in wafers 1 and 2, whilst the sample pairs within each
wafer are more consistent. Ongoing research on the characteri-
zation of material properties and tolerances beyond 100 GHz
of the FOWLP technology is expected to reduce manufacturing
variations in the future.

The measured variations in probe position, dielectric con-
stant, etching, and substrate thickness were considered to simu-
late the ranges depicted in grey in Fig. 13.

5.2. Far-field radiation patterns
The measured radiation pattern cuts in the E- (φ = 0°) and
H-planes (φ = 90°) are shown in Fig. 14 for 107.5, 110 and
112.5 GHz. The realized gain measurements at broadside,
shown in Fig. 15, were used to re-normalize the far-field pattern

measurements. The patterns show excellent agreement with
simulations, with better null and main beam alignment than
examples from other works such as [7,21], particularly at 107.5
and 110 GHz. The CST reference is based on the nominal de-
sign parameters, with the GS probe tips located at 75 µm from
the start of the transmission line. Particularly the asymmetric
co-polarized E-plane ripple and the cross-polarized H-plane
pattern, both being absent from the nominal simulation without
RF-probe, match well between simulation and measurement.

In [36], a ‘trueness’ parameter T is defined to quantify the
level of agreement between measurements and a reference:

T ( f ) =
1

Nθ

Nθ

∑
nθ=1

( |Rn( f )|
|Rn( f )−Mn( f )|+ |Rn( f )|

)
·100% (3)

Rn and Mn denote the reference and measured values at given
measurement point nθ, respectively. This equation describes
the absolute distance from a certain value to a reference, where
100% denotes a complete agreement and 0% denotes complete
disagreement. The resulting trueness values of the far-field pat-
terns are depicted in Fig. 16, where the measured and simulated
patterns are normalized to their respective peak values. It is
apparent that the inclusion of the probe in the reference simula-
tion results in a notable improvement in agreement of 10 to 15
percent points.
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Table 4: Comparison of differential D-band antennas from literature.

Design Elements
fc

[ GHz ]
Size

[λ0 ×λ0]
Gain
[dBi]

ηant
[%]

BW
[%] Source

On-chip dipoles 4×4 110 2.0×2.0 13.5 45 7.3 [42]
Wafer-level rhombic grid array 8 120 1.5×1.1 11 - 5 [2]

'' 43 120 5.5×2.0 15.5 75 4.9 [21]
Series-fed patch antenna on PCB 1×8 123.5 5.7×0.5 13 90 5.7 [43]

End-fire dipole array in metal fixture 1×8 145 3.9×0.8 14.7 70 41.4 [11]
Wafer-level patch arrays with balun: 2×2 139.5 2.26×2.26 11 65 22.2 [13]

'' 2×4 135.9 4.0×2.7 12.7 54 35.5 [14]
'' 2×4 137.7 4.1×2.8 13.7 45.2 32.7 [15]

Wafer-level series-fed dipole array 1×4 110 1.1×2.9 14 79 5.5 This
work'' 1×6 110 1.1×4.4 15.4 77 5.9

'' 4×6 110 2.6×4.7 18.5 74 4.5
Definitions: fc: center frequency. λ0: free-space wavelength at fc. ηant: antenna efficiency. BW: bandwidth.

5.3. Realized Gain
In Fig. 15, the measured and simulated peak gain levels and
pointing angles are depicted between 104 and 116 GHz. The
tolerance range is the cumulative result of a ±1° antenna mis-
placement, the landing position of the probe, and the maximum
variations in the measurement results of the two-antenna method
described in Section 4-C. The range remains within ±1 dB
within 107.5 and 100 GHz, but reaches to ±1.5 dB between 100
and 112.5 GHz.

At respective peak levels of 12.0 and 12.9 dBi for the four-
and six-element, the realized gain values at 110 GHz are sig-
nificantly lower than the simulated values without a probe. As
indicated by the simulations that include the RF-probe, this
can largely be attributed to a mismatch caused by the probe’s
50 Ω interface impedance, ripple induced by the parasitic probe
radiation, and a slightly offset main beam direction due to the
asymmetric GS excitation.

Beyond 110 GHz, the measured peak values start to deviate
from the CST simulations with offsets that cannot be explained
by alignment tolerances alone. Increasing sensitivity to measure-
ment variations, caused by the increasing impedance mismatch
to the 50 Ω probe beyond 110 GHz as shown in Figs. 13c-f, is a
probable cause for the wider deviations around 112.5 GHz seen
in Figs. 14f and 15.

5.4. State-of-the-art comparison
The overview of the reported realized gain performance in Fig. 1
was re-made to focus on the differential designs in Fig. 17. The
performances presented in this work are also included in the
graph and are considered corroborated by the probe-based mea-
surements due to the agreement to within 1 dB with simulations.
They are marked with ‘4’ and ‘6’ in Fig. 17 to denote their
element counts. Note that [11] and [13–15] are differential
radiators but have waveguide-based and single-ended interfaces,
respectively. Nevertheless, they have been included in Fig. 17 to
expand the comparison with more recently published examples.

The aperture dimensions La ×Wa were taken as the antenna
area, which is larger than the radiating dipole structure. Still,
the antennas presented in this work outperform the gain-versus-
area trends of other differential PCB-, chip- and package-based
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(denoting element count) and ‘A’ (array, see Fig. 18).

antennas in the D band. The comparatively high rate of gain
increase with size indicates a scalable and low-loss performance
of the antenna design and the used FOWLP technology. The
only other high-gain AiP design that outperforms the gain-area
ratio is [11], which is a corporate-fed end-fire dipole array in
a metal fixture. This is a promising structure with the possibil-
ity to extend towards a 2-dimensional scanning array, but not
directly implementable as a low-profile PCB-mounted package
as depicted in Fig. 2.

The limited subset of integrated antennas with over 10 dBi
of reported realized gain is listed in more detail in Table 4. The
presented AiP designs outperform the chip- and PCB-based an-
tennas from [42] and [43] in terms of realized gain per unit area.
Notable among the differential AiPs are the 120 GHz 8-element
and 43-element rhombic arrays from [2] and [21], respectively.
These designs are implemented in an embedded wafer level
ball grid array (eWLB) technology, and report 11 and 15.5 dBi
of realized gain respectively. Compared to these designs, the
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multilayer capability offered by the FOWLP technology used
in this work enables a greater degree of design freedom and
positioning of the antenna on top of the overmolded RF IC.

6. Outlook: Electronically Scanned Array-
Antenna-in-Package

Unlike the fixed-gain rhombic arrays of [2] and [21], the series-
fed elements presented in this work can be configured in a linear
array. This allows further scalability to increase the gain, im-
prove the angular resolution, and enable E-plane beam-steering.
In this array configuration, each series-fed array would be con-
nected to a mm-wave beamforming circuit to provide amplifi-
cation and 360-degree phase control range. Recent examples
of beamforming circuits operating near the frequency range
include [53] and [54].

Without any adjustments to the element design, four six-
element antennas were combined in an array with a half-wavelength
element spacing in the x-direction and a staggered grid, as
shown in Fig. 18. The feed structure and line length Ltl are
not shown but identical to the design in Fig. 3. Based on the
scattering (S)-parameters from full-wave simulations in CST,
depicted in Fig. 19, the isolation between adjacent elements
is expected to be at least 17.2 dB within the 107.5-112.5 GHz
operating bandwidth. The minimum isolation between elements
that are two x-spacings apart is 27 dB, and the outer elements
are isolated by at least 34 dB.

The simulated S-parameters are combined in MATLAB to
produce the active reflection coefficient (ARC) for element m
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using the definition

ARCm(θ0) =
Nant

∑
n=1

Smn
|an|ejϕn

|am|ejϕm
, (4)

where |an| and ϕn are the excitation amplitude and phase of
element n, respectively, and Nant is the total number of driven
antenna elements. The resulting ARC for element 2, assuming
uniform excitation and perfect phase shifts for the given scan
angle θ0, is shown in Fig. 20 for all combinations of scan angle
and operating frequency. The broadside –10 dB bandwidth
spans between 107.5 and 112.5 GHz.

The far-field radiation patterns of the scanning array were
obtained by simultaneous excitation of the four elements in
full-wave simulation, with the required phase settings for a
given scan direction determined at 110 GHz. The results are
depicted in Fig. 21. The achievable scan range is not limited
by the ARC, which would indicate a scan range beyond ±60°
as shown in Fig. 20, but rather by the E-plane radiation pattern
of the elements. The peak-gain scan pattern of the four-by-six
array varies between 18.6 and 17.6 dBi, before dropping off
rapidly beyond ±45° as depicted in Fig. 21. The side-lobe levels
range from –11.5 dB at broadside to –9.5 dB at the furthest scan
angles, which can be reduced through further expansion of the
array and applying amplitude tapering. The cross-polarization
ratio does not exceed 20 dB within the ±45° scan range.

The realized-gain performance of the simulated array was in-
cluded in Table 4 and Fig. 17, and extends the gain-versus-area
trend of this work. Based on the gain-scalability and excel-
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lent scanning performance indicated by this feasibility study,
combined with the possibility of close integration with beam-
forming electronics, the scanning Array-Antenna-in-Package
(AAiP) implementation of the presented design is a promising
future outlook for automotive radars operating in the D-band.

7. Conclusion
The design of a D-band differential reflector-backed dipole
array antenna in a FOWLP technology has been presented. The
four- and six-element series-fed designs operate with a 6%
bandwidth around 110 GHz and serve as proofs of concept of
highly integrated radar components beyond 100 GHz.

Based on a scalability analysis, the designs can be scaled
up to 9 elements for gain enhancement to 16 dBi without a
need for re-tuning the input match for a bandwidth exceeding
107-112 GHz. Within this bandwidth, beam squint will not steer
the beam beyond its half-power level from broadside.

The antennas were characterized through probe-based mea-
surements in a state-of-the-art anechoic measurement chamber.
The influence of the probe on the antenna performance was
determined through full-wave simulations, resulting in improve-
ments in agreement between measurements and simulations of
10 to 15 percent points. The realized gain and beam squint per-
formance were corroborated by measurements as well. The pre-
sented antenna performance represents an advancement over the
limited number of previously published package-based differen-
tial antennas operating at the D-band, demonstrating excellent
gain-over-area performance beyond the state-of-the-art. More-
over, a feasibility study into the expansion of this design into
an E-plane scanning array indicated excellent beam-scanning
performance up to ±45°, and a further scalability of achiev-
able gain beyond what can practically be achieved by a single
series-fed element.

The broadside radiation perpendicular to the PCB plane,
combined with the scalability of the design as highlighted in
Sections III.C and V.D, and the potential to expand towards
a scanning array sets the design apart from other previously
published works in this frequency range. Based on the efficient
scalability and the achievable manufacturing tolerances, the
FOWLP technology is considered a promising candidate to
realize highly integrated front-end modules for the beyond-
100 GHz era of automotive radars.
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