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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.
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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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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 simpli ed layout
design due to the virtual ground, lower signal distortion, sup-
pression of interference signals and common-mode noise, and
better power ef ciency 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 nd in published
literature as illustrated by their limited representation in Fig. 1.
The presented series-fed antenna arrays demonstrate excel-

lent radiation ef ciencies 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
Figure 1: Overview of reported realized gain performances of T ) :
art, achieving a better gain-to-surface ratio than the severely

D-band PCB, package and chip-based antennas from literature:. X S . o
Adapted from ?6] anc?expandegwith recent works:13]. Al imited number of high-gain differential AiPs in the D band

: . ) ; found in the literature.
differential designs are outlinedgldenotes the center A i . fthi ted at the 2025
frequency free-space wavelength. n earlier version of this paper was presented at the

19" 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-

In_Fig._ L, r:)ased fonha review dstud3|/_ prsser!ted in [6], f'ﬂons. Firstly, an in-depth examination of the gain, ef ciency
OVETVIEW 1S shown of the reporte realized gain-area pertofy,y pandwidth scalability of the series-fed array has been per-
mances of antennas integrated on printed circuit board (PC

. X i rmed. This analysis is presented in Section 3-C. Secondly,
in-package, and on-chip. Although Antenna-on-Chip (AoC he realized gain performance and beam offset of the measured

designs offer the highest level of antenna-circuit integratio ntennas are examined, with the results shown in Section 5-C.

high manufacturing resolution;, and micrometer-level t°|eﬁ=hi dly, a new array con guration is examined as a feasibility
ances, advanced post-processing techniques are often requig y in Section 6, showing the potential for further improved

to aCh'eR//le acceptart:le radllatt)l_cl?n effcz\erémes z_s ﬂesc.”b;d n t';cb%\in and angular resolution as well as electronic scanning in
review. oreover, t € scala llity of AoCs to high-gain desigNg, 4t 10 earlier D-band AiPs [2,21]. Moreover, this expanded
is limited by expensive surface area of mm-wave IC technolo-

ies. Onl I ber of AoCs in Fia. 1 d e?ﬁfrsion contains a more detailed description of the mm-wave
gies. ©nly a smafl NUMDer ot A0LS In F1g. L exceed a SqUarge g rement setups including the anechoic chamber and the
wavelength in size, roughly translating to 4 rhof dedicated

. . .~ limitations of probe measurements. It also provides a more in-
chip area at D-band. As a result, the design spaceldf dBi P P

. . ; . depth analysis of the simulated and measured performance, and
and | 2-sized integrated antennas at D-band is dominated P Y P

bFYresents measured impedances, far- eld patterns, and trueness

AIP designs, as illustrated in Fig. 1. In [6], AiPs based on int results in Section 5 which were previously omitted for brevity.

grated supstratt_as, .IOW.' temperature co- red ceramics (LTCC), The realized antennas were characterized using probe-based
and organic redistribution layer (RDL) tech_nologles WEre CONs, er-the-air (OTA) measurement techniques. A state-of-the-art
C|Uded. o outperform P(_:_B-based and on-chip antennas in temr}]sm—wave anechoic chamber, previously developed in-house at
of ef ciency anq scalability. ) ] __ TUle, was used in this process [22]. The measurement proce-

Mgnufacturmg tech_nologles are pivotal for the r_eallza}tloraure and the effects of the RF-probe on the measured radiation
of ef cient mm-wave AiPs. Tolerances need to be tight givemyaiterns are described in more detail in Section 4. The measure-
the small antenna dimensions, and both electrical and mechagian results are presented and discussed in Section 5 including

cal material properties must be well-characterized to mitigatg comparison against state-of-the-art examples, and Section 7
frequency offsets and deformities. In this work a fan-out wafeisgncludes this paper.

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 re ector- ] ] )
backed dipole arrays, which were designed and characterizEigure 2: Concept illustration of a FOWLP-based AiP
as part of the Eindhoven University of Technology (TU/e) goaldntégrated with an RF IC as a single module, based on [17].
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Table 1: Typical manufacturing parameters and tolerances Table 2: Antenna requirements with links to radar performance
without optimization for direct metallization on encapsulants

Speci cation Requirement Radar performance
Dimension Value [ m] Tolerance [ m] Element x-dimension %I 0 Prevent grating lobes
Substrate thickness 250 10 Element gain 15 dBi Operating range
Copper thickness 10 2 E-plane HPBW 70° Scan range
Via placement 25 H-plane HPBW 12° Angular resolution
Etching accuracy: traces 25 10 Bandwidth 5% Range resolution

Etching accuracy: gaps 50 10

tions in Dassault Sysmes' CST Studio Suite (CST) [25].
2. Fan-out Wafer Level Package Technology

FOWLP integrates multiple ICs by wafer-level encapsulatiors-1. Requirements

forming a recon gured wafer. A redistribution layer is then used® fan-shaped element pattern with a high broadside gain is
to connect the ICs. The active area of the package extends Benerally desired for automotive radar array applications. This
yond the dies, facilitating an increased number of interconnecgables a wide scan range in the azimuth plane, whilst focusing
and embedded passive components [23]. the radiated power in elevation, where a much narrower eld of

Fraunhofer 1ZM has developed a technique to stack multiplgiew is required. Typically, the required bandwidth is limited to
metallized mold layers, to realize advanced RDLs, electromagtound 5% of the center frequency, or 4 GHz at 79 GHz [26].
netic shielding, and multilayer antennas that are located directly Hence, as a proof of concept design, a high-gain fan-shaped
above the RF IC and the encapsulant to reduce the module sgiément pattern and relative bandwidth of 5% were taken as
face area, as illustrated in Fig. 2. The sputter-coated and el¢ae principal design requirements for an automotive radar sys-
troplated metallization layers are connected with laser-drilletem beyond 100 GHz, as listed in Table 2. Series-fed antenna
through-mold vias or slots. The technology and manufacturingtructures are typically capable of meeting both requirements,
steps are described in detail in [17]. An overview of typicamaking them a popular choice in contemporary automotive
manufacturing parameters for direct metallization on the efiddar systems and also interesting options for D-band appli-
capsulant, including design rules and tolerances, is provided figitions [4, 7]. Although a 145 GHz design would have been
Table 1. The minimum allowed trace widths and gaps are leg¥eferred to align with the allocated radar band, the choice
than half the size of conventional PCB technologies, enablingf 110 GHz as center frequency was based on the available
the design of compact differential lines and antennas. laboratory equipment.

In this work, only a single mold layer with bottom- and ~ The antenna was speci ed to interface with mm-wave radar
top-side metallization is considered to realize a passive demdgircuits in development at TU/e with a standard differential
strator without an active chip. In Fig. 2, this is indicated asmpedance of 108V, eliminating the need for a lossy impedance
*Mold 2'. The vertical interconnect to feed the antenna is notransformer and balun between AiP and IC.
considered to facilitate probe measurements. The antenna sam-
ples were manufactured alongside a variety of other samp82. Design
structures, including mm-wave antennas and material charag-around 17% of a guided wavelength at 110 GHz, the predeter-
terization structures that are part of ongoing research. Thisined substrate thickness of 25t was considered too thick
predetermined the outer dimensions of 2% mn? and sub- for a microstrip-based antenna, helping with wide-band perfor-
strate thickness of 250 m. mance but reducing ef ciency. Instead, the starting point of the

All designs are produced on compression-molded circulgsroposed AiP was a scaled version of the dipole antenna pre-
resin wafers of 200 mm diameter, resulting in a total of 4Gented in [27], where the bottom metalization acts as a re ector
samples per wafer. The resin, which was characterized betwegrstead of a ground plane.

60 and 90 GHz using a Fabngemt open resonator at TU/e,
has a dielectric constaet of 3.6 and a loss tangenta d)

of 0.0055 with a precision of 3% [24]. The substrate surface
roughness can be in uenced by the molding process and by
post-processing, e.g. grinding and polishing. A total of six
wafers with three sets of copper roughness pro les 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 0.5 at the antenna side

were considered for this work. . . . . .
Figure 3: lllustration of the AiP simulation model, with the

_ o indicated variables representing the dimensions listed in
3. Design and Realization Table 3. The antennas are centered on a 2Bahick substrate

This section describes the design of the antenna elements, Which extends to 25 25 mm in all designs and models. A
cluding the expected performance based on full-wave simult ecting metal plane covers the entire bottom of the substrate.
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Table 3: Antenna dimensions corresponding to Fig. 3

Dimension Symbol Value [ m]

Dipole length (x-dimension) de 1765

Dipole width (y-dimension) W 150

Dipole element spacing df 1865

Transmission line length il 2000

Transmission line conductor width (W 100

Transmission line conductor gap S 70

Input aperture length iL 2100

Input aperture width w 500

Aperture width Y 3000 Figure 5: Simulated input re ection coef cients for 1 to 10
Aperture length (4 elements) ad- 8000 dipole elements, projected on a Smith chart (center is 100 W)
Aperture length (6 elements) ab- 12000 between 107 and 112 GHz.

Fence via spacing e 310 400

Fence via diameter v 150

Fence via annular ring AR 125 radiation, which was veri ed using simulations in CST.

3.3. Design scalability
The resulting design is presented in Fig. 3. A total of Si)gased on the interface impedances depicted in Fig. 4, an approx-

re ector-backed dipole elements are placed in series, with thg'ate 10 dB match is already achieved from three parallel
length and width of the elements tuned in CST to achieve %Iements and more. A series of design varlgtlons has been
100Wmatch at the center frequency O GHz. The dipoles simulated, where the number of elements varies from 1 to 10
are approximately one guided wavelenbgHong, exceeding and onlyL, is adjusted in millimeter increments to maintain a
the half-wavelength element size requirement speci ed in T#Pace between the antenna and the fence. From the simulated

ble 2. However, this can be remedied by using a staggered arrgput ré ection coef cients mapped to the Smith chartin Fig. 5,
grid as will be demonstrated in Section 5-D. 10 dB matches are achieved with element counts between 3

The spacing of the elemerdg, at approximately one guided and 9, with bandwidths of the order of at least 5 GHz.

wavelength ensures that all elements radiate in phase at the cen—Bty Tatgretof the senf_s-fele(_j, an mcr_ease_d nun;ber of ele'
ter frequency, as illustrated in Fig. 4. A variety of visuallymen S leads 1o a proportiona’ Increase in gain, a decrease in

L . : -plane half-power beamwidth, and a reduction in achievable
similar designs operating at 28 GHz was presented by H. Waﬁap . . o .
et al in [28-30], although as a key difference it should be note ndwidth [31]. Fig. 6 depicts this increase of peak realized

that these earlier designs radiate towards end re due to tl%am ve;s/\lljs Ehe ?uThbetr of glen;etntj,danq ther_lt_ekf‘ore ;het.aper—
critically different re ector plane design. Radiation parallel to L]ire. are ; é‘ orthe efn sm;late 71?;'%”?' € rf Iaollolno
the board is generally undesired for PCB-mounted AiPs. Iff} C1ENCY Nrag dECTEASES TrOM S 10 o between -~ an

this work, the re ecting metal below the antenna results in ﬁlements, as the transmission line losses increase with the num-

broadside beam perpendicular to the board surface, which gr.of elementg.hra_d should no.t be co_nfusgd with ap(_arture
more suitable for a at-panel array. ef ciency h_a, whlgh links the.reahzed gaif; with the physical
The antenna array is enclosed by a fence of '[hrough—moﬁljperture dimensionyfs [32]:

vias to prevent the leaky wave contribution in the resin substrate

from reZChing the edgeyof the sample and causing spurious edge Gr=hrdl G %D = 4|Fh2°e = a r:a?phys (1)

radiation. This fence was placed suf ciently far from the dipoles 0 0

for the drilling tolerances to be negligible on the matching an@ and D denote the antenna input re ection and directivity,
respectively, andlg is the free-space wavelength. As can be in-

Figure 4: Circuit model to illustrate the working principle of

the presented antenna. The dipole elements are representedrigure 6: Simulated peak realized gain values and radiation
lossy resonant circuits. Intermediate interface impedances aef ciencies for 1 to 10 elements, versus areg (W 5) in

given for the 6-element design at 110 GHz. wavelengths at 110 GHz.
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Figure 7: H-plane cuts of simulated realized-gain far eld

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,. No further matching or tuning was
performed or required. The nal antenna dimensions as depicted
in Fig. 3 are listed in Table 3.

3.4. Simulated performance

The simulated input re ection coef cients 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

patterns of 6-element (a) and 10-element (b) designs, depicti%ge combinations of all extreme tolerance values. Based on

the frequency squint effect between 104 and 116 GHz.

nominal performance, the four- and six-element designs are
expected to achieve10 dB input re ection bandwidths of 6
and 6.5 GHz or 5.5% and 5.9%, respectively, achieving the

terpreted from Fig. 1, the effective aperture afga@an exceed 5o, requirement with a margin. Variations due to tolerances
Aphys resulting in &n, of larger than unity. In particular, this can i gicate a possible shift in operating frequency limited to around
be the case for small antennas, thin wire antennas, and scenario§ 5 GHz. or 0.5%. A bow-tie-shaped element could be

where structures near the antenna contribute to gain enhanggssen instead of the straight dipole to achieve a slightly wider

ment [32]. For higher-gain designs, an increastgrend that

bandwidth, although this was not considered as the speci ed

approximates the idedb Aghys=I o-line indicates ef cient gain  panqwidth requirement was already met.

scalability with limited decrease of radiation ef ciency.

The bandwidth reduction with element count is not nec-

essarily related to the input re ection coef cient. 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-

Figure 8: Simulated input re ection coef cients of the

Figure 9: Simulated realized-gain far eld patterns of the
four-element (a) and six-element (b) designs at 110 GHz, with

four-element (a) and six-element (b) designs, with the rangedhe ranges indicating maximum variations due to

indicating maximum variations due to manufacturing
tolerances. Reference impedance: 100 W.

manufacturing tolerances. The cross- polarized (X-pol)
component in the H-plane does not exceed 35 dBi.
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The simulated far- eld patterns of the four- and six-elementunder-etching at the edges of the wafer. As a result, a total of six
antennas are depicted in Fig. 9. The nominal designs are daur-element and seven six-element samples were successfully
pected to reach realized gain levels of 14 and 15.4 dBi at thealized out of eight designed samples each. The three failed
center frequency, with indicated radiation ef ciencies of 79%antenna samples were all caused by shorts and were located at
and 77%, respectively. This matches the expected gain dike edge of the wafer.
ference of 1.4 dB based on the antenna dimensions, which After manufacturing, the etching tolerances were observed
indicates that the antenna scales ef ciently. The four-elemernt be slightly higher than expected at a maximum variation of
AIiP achieves a peak side lobe level (SLL) 010.7 dB, andthe 20 m. The thickness of the real resin substrate was measured
six-element design 12.1 dB. to be within a 225 to 250 m range. These values are slightly

Both antennas are expected to achieve a wide azimuthal eldutside of the ranges considered in the design process, but will
of view thanks to theiE-plane half-power beamwidth (HPBW) be taken into account in the discussion of measurement results.
of around 70°. In elevation, denoting thkplane, the main It should be noted that manufacturing was done on a multi-
beam is focused to a HPBWs of 14.4° and 10.1° for the fouproject wafer without optimization to speci ¢ designs, which
and six-element design, respectively. Frequency scanningdsuld be improved to achieve better tolerances and yield.
limited to around 4° for both designs within the 107-113 GHz
operating bandwidth, with the beams scanning away from th¢. Measurements
feed for increasing frequency. )

For both designs, the main beam at 110 GHz does not va:}rl- Far- eld patterns: mm-Wave anechoic chamber
signi cantly due to the simulated manufacturing toleranced{€Y t0 the measurement campaign of the presented D-band
However, the largest side lobe, which is radiated away from th@ntenna samples is the novel mm-wave anechoic chamber that
feed, can vary by several decibels. was developed in-house at TU/e [22]. Equipped with a _KeyS|ght

A ve-element series-fed patch antenna design in a similayector network analyzer (VNA), the compact and mobile setup
FOWLP technology was presented in [7]. In addition to thd1as an inside diameter of 1.10 m correspondmg.to approxi-
bene ts of using a differential-style antenna, as mentioned iffately 400 wavelengths at 110 GHz. The chamber is a Faraday
the previous sections, a performance comparison can be me9€ covered with absorbers to keep outside interference at a
between the two designs. A similar simulated0 dB band- Mnimum.. _
width of 5.7% around 140 GHz is reported, and a measured AS ShowninFig. 11, the antenna under test (AUT) is placed
result of approximately 7.3% around 137 GHz. However, in [7]00 @ Pedestal in the center of the compact spherical chamber.
a beam offset from the broadside and a signi cantly lower peaﬁ rail-based refergnce antenna, in th'IS case a pre-characterized
realized gain of 12.5 dBi are reported, which can be attributed t/R-8 standard gain horn by Flann Microwave, can scan around

the approximate half-wavelength element spacing of the desidh® AUT to create a far- eld pattern cut along theaxis be-
ween 125° [33,34]. Moreover, the entire spherical chamber

3.5 Realization can rotate 180° along tHe-axis to characterize an entire three-

Fig. 10 shows the front- and backsides of a realized six-elemefl{mensional pattern. The reference antenna can move in the ra-
sample, showing the backside RMS copper roughness that wdial direction, and rotate to measure co- and cross-polarization.
measured to be 2.6m. The average thickness of the realized 1€ Mm-wave anechoic chamber is equipped with a planar
copper layer before the surface nish is 12./ with a peak translatl(_)n table that can move the center pedestal by up to
standard deviation of 0.82m. The copper thickness tended to190 MM in thex- andy-directions for planar near- eld scans. In

increase radially from the center of the wafer, leading to slighddition, the translation table is equipped with a probe station
allowing for up to 25 mm of precise movement on they-

andz-axes. In this case, the AUT is placed on a second, rigid

Figure 10: Realized samples of the six-element design. Sample

size is 25 25 mn?. The top-side metalization (shown right)

features a considerably lower copper roughness than the bottom

side (left). The structures in the corners are Thru-Re ect-Ling=igure 11: An overview of the millimeter-wave anechoic
(TRL) standards that are not considered in this work. chamber (Half-open for illustration purposes).
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