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Abstract—This article presents the design and demonstration
of a high-bandwidth antenna-in-package (AiP) module focusing
on low-loss interconnects and Yagi-Uda antenna performance
fabricated on a 100-um low coefficient-of-thermal-expansion
(CTE) glass for the 28-GHz band. It shows the modeling, design,
and characterization of key technology building blocks along
with the process development of advanced 3-D glass packages.
The building blocks include impedance-matched antenna-to-die
signal transitions, Yagi—-Uda antenna, and 3-D active—passive inte-
gration with backside die assembly on 100-um glass substrates.
The design and stack-up optimization of antenna-integrated
millimeter-wave (mm-wave) modules is discussed. Process devel-
opment to achieve high-density interconnects and precise dimen-
sional control in multilayered thin glass-based packages is also
described. The characterization results of the key technol-
ogy building blocks show an insertion loss of 0.021 dB per
through-package via (TPV), leading to the whole-chain loss of
less than 1 dB and a return loss lower than 20 dB. The fabricated
Yagi-Uda antenna features high repeatability of wide bandwidth
due to the process control enabled by glass substrates. The
antenna measurements show a bandwidth of 28.2%, which covers
the entire 28-GHz fifth-generation (5G) frequency bands (n257,
n258, and n261). The flip-chip assembled low-noise amplifier
with 80-um solder balls shows a maximum gain of 20 dB as
desired. The performance of the glass-based package integrated
antennas is benchmarked to other 5G substrate technologies,
such as organic laminates or co-fired ceramic-based substrates.

Index Terms— Antenna-in-package (AiP), fifth-generation
(5G), glass substrate, millimeter wave (mm-wave), packaging.

I. INTRODUCTION
ETEROGENEOUS and 3-D integration of active and
passive components has become the key strategy to
realize high-performance millimeter-wave (mm-wave) systems
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for emerging fifth-generation (5G) mobile communications.
Innovative packaging architectures such as antenna-integrated
modules are sought for all classes of 5G-enabling products,
such as handsets, customer premises equipment, and base
stations. From the system integration point of view, low
interconnect signal losses from chip to antenna coupled with
high-gain high-bandwidth antennas are required to achieve
superior system performance [1], [2]. Advanced packaging
substrates and low-loss thin-film build-up dielectrics, codesign
of actives, passives, antennas, and their 3-D integration in
mm-wave bands, are therefore widely pursued by the indus-
try [3]-[5] and academia [6]—[8].

State-of-the-art packaging technologies in mm-wave mod-
ules include low-temperature co-fired ceramic (LTCC) sub-
strates [9], [10], low-cost printed-circuit board (PCB)
processes, advanced organic substrates [4], [11], and fan-out
wafer-level packages (FOWLP) with epoxy molding com-
pounds [12], [13]. LTCC substrates have advantages, such
as low-loss properties at high frequencies and low moisture
absorption [14]. The limitation of the cost and the diffi-
culty in large-panel scalability of ceramic substrates, however,
led to the prevalence of organic substrates [15]. Although
LTCC substrates provide higher reliability, lower shrinkage,
and smaller feature sizes [16] than multilayered organic sub-
strates, the minimum line-and-space remains 40 um due to
the thick-film co-firing processes. In conventional processes,
copper-clad laminates and prepreg are compressed to form
low-cost multilayered organic substrates [5], [17], [18]. The
main challenge is the limitation of small features (>80 wm)
caused by layer-to-layer alignment inaccuracy and substantive
etching processes. The relatively coarse patterning leads to
an increase in the metal-layer counts. The through-hole vias
are generally more than 200 xm, which hinders miniatur-
ization and high-density packaging. In addition, these sub-
strates cause warpage throughout the fabrication processes,
which results in degraded electrical performance and reliability
issues after the assembly of active and passive components.
The most recent approach utilizes build-up layers on a rigid
core substrate [7], [11]. High-density interconnects in build-up
layers can potentially enable complex signal routing and
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Fig. 1. Comparison of three primary substrate materials used for 5G
mm-wave applications.

reduce the metal-layer counts [19], leading to the thickness
reduction of the entire modules. The elements accommodated
in the package are interconnected with transmission lines,
through-package vias (TPVs), and microvias.

Fig. 1 shows the advantages and disadvantages of each
substrate technology. Organic substrates lead to several fun-
damental challenges in achieving high precision and tolerance
below a few micrometers. These attributes are important
for precise control of impedance of high-frequency circuit
elements [20]. Deviation from the desired dimensions induces
frequency shifts and malfunction of such modules. Glass-based
packaging has been drawing attention as an alternative solu-
tion to address these challenges in antenna-in-package (AiP)
[21], [22] and integrated passive devices (IPDs) [23], [24]
because of its ability to form fine-pitch line and spaces
and through-glass vias (TGVs) [19], [25], [26], dimensional
stability, surface smoothness (<10 nm), robustness against
high temperature and humidity, matched coefficient of thermal
expansion (CTE) with silicon dies, and large-area low-cost
panel-scale processability [27]-[29]. It also features tailorabil-
ity of dielectric constants (Dk) of 3.78-8 ppm/K and loss
tangents (>0.0003) [30]-[32]. CTE can be tailored between
3 and 8 ppm/K depending on the materials used for integrated
circuits (ICs) and PCBs. These parameters provide electrical
and mechanical engineers with more design flexibility [33].
However, one of the evident challenges is the lack of supply
chain readiness.

This article presents the design and demonstration of a
high-bandwidth AiP module focusing on low-loss intercon-
nects from chip to antenna with a 100-um low-CTE glass,
in the 5G mm-wave frequency bands (i.e., n257, n258, and
n261). Section II introduces the stack-up of the package
and key design rules to miniaturize the antenna-integrated
package with low-loss interconnects that are matched to
the designed system impedance. While the development of
redistribution layers (RDLs) on glass is discussed in [7],
Section III focuses on the via-in-via vertical interconnects
and fine-pitch IC assembly that are critical to obtain the
desired electrical performance of package-integrated antennas
and active ICs. In addition to the fundamental characterization
of transmission lines performed in [19], this article shows,
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TABLE I
STACK-UP OF THE FOUR METAL-LAYERED
GLASS-BASED ANTENNA MODULE

M1 [ Antenna patterns, feedlines, transmission lines
15-pm build-up polymer
M2 | Partial ground plane
15-pm build-up polymer
100-pm glass core
15-pm build-up polymer
M3 | Partial ground plane
15-pm build-up polymer
M4 [ Transmission lines, bump pads, power plane

in Section IV, the detailed characterization of low-loss chip-
to-antenna interconnects with transmission lines and TPVs in
the wider frequency band, high-bandwidth Yagi—Uda antennas,
and IC assembly on the fabricated glass substrates. In con-
junction with the comparison of the proposed work with
recent leading-edge reports (see Section V), the conclusions
are compiled in Section VI.

II. DESIGN OF THE STACK-UP OF THE
ANTENNA-INTEGRATED GLASS-BASED
MM-WAVE PACKAGE

This section discusses the design of the four metal-layered
mm-wave modules, including the antenna patterning, die
assembly, signal routing, and power distribution. The stack-up
is shown in Table I. The module design begins with antenna
selection and placement. A well-known dipole Yagi—Uda
antenna with one director and a balun is designed and imple-
mented on the top metal layer (M1) in the test vehicle to
meet the bandwidth that covers 24.25-29.5 GHz. Yagi-Uda
antennas feature a main lobe in the azimuth plane with a single
polarization, while the most radiation of patch antennas directs
in the vertical plane. The selection of antennas depends on
the application of the modules to be implemented. The main
advantages of the dipole Yagi-Uda antenna are the design
simplicity, wide bandwidth, and control of the gain of the
main lobe by changing the number of directors.

In this test vehicle, the dipole Yagi—Uda antenna is fed by
a microstrip line transitioned from a ground-backed coplanar
waveguide (GCPW). Coplanar waveguide (CPW) or GCPW
signal routing is more common for multilayered package
than microstrip lines or striplines because of their inherent
shielding features and minimal crosstalk with other nearby
transmission lines or components. Electromagnetic waves are
tightly confined between the signal paths and the adjacent
ground planes, which prevents antenna radiation from being
interrupted and degraded. The GCPW approach also enables
designers to control and achieve a wide variety of impedance
simply by adjusting the spacing between the grounds and the
signal line without changing the thickness of the dielectric.
The partial ground plane in M2 is incorporated for the GCPW
signal distribution. In mm-wave frequencies (20 GHz and
above), dielectric loss in multilayered signal routing dominates
the package loss budget, resulting in high demand for low-
loss-tangent (tan o) dielectric materials to maintain the signal
integrity and mitigate signal losses in the package.
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The partial ground plane placed in M2 is interconnected
with the ground plane in M3, which serves as a ground plane
for the Yagi—-Uda antenna and GCPW signal traces in the
M4 layer. The GCPW formed in M4 interconnects with TPV
as a feed line of the Yagi—Uda antenna. The signal TPVs
are surrounded by two grounded TPVs, where the impedance
of TPVs is controlled by changing the pitch between the
signal and ground TPVs. The impedance control in TPVs is
critical to achieve impedance matching and high bandwidths
of package-integrated antennas. Specifically, the GCPW alone
[see Fig. 5(a)] is designed to be slightly capacitive and less
resistive than the target impedance since TPVs usually add
more resistance and inductive reactance [see Fig. 5(b)]. The
characteristic impedance of the GCPW is therefore designed
to be (46 — j0.44) Q. The designed GCPW consists of a
signal width of 27 um and a space of 44 ym with a 15-um
build-up dielectric (ABF GL102: Dk = 3.3 and Df = 0.0044 at
5.8 GHz).

The landing pads on the package-side interconnecting dies
and discrete passive components (e.g., bypass capacitors) are
designed to have a diameter of 120 um, whereas the solder
ball size is approximately 80 xm and the pitch is 200 xm. The
dies and passives are flip-chipped underneath the M4 layer to
hinder those assembled components from interfering with the
Yagi—Uda antenna and to effectively miniaturize the package,
as shown in Fig. 4. Direct current (dc) voltage with a bias
of 5 V is supplied from the M4 layer, while bypass capacitors
of 0.1 uF and 100 pF are mounted no farther than 0.7 mm from
the low-noise amplifier (LNA) to short alternating-current (ac)
signals to ground producing clean and pure dc signal.

III. PROCESS DEVELOPMENT

This section discusses the development of the process and
chip assembly methodology that forms circuitry and provides
high-density low-loss interconnects and high precision of
RDLs on a package core substrate.

Thin alkali-free boro-aluminosilicate glass core substrates
with vias predrilled by AGC Inc. (formerly Asahi Glass
Company, Ltd.) are employed for the test vehicles. The TGVs
were designed to have a diameter of 80 um. The 6-in
square panels with 100-um thickness are used for the process
demonstration. This technology is compatible with large-area
panel-level packaging, which is widely being commercialized
recently [34], [35]. It potentially allows obtaining 4.54 times
more coupons on a panel with 500 mm x 500 mm, which also
lowers the cost compared with a traditional 12-in round wafer
used for fan-out wafer-level packaging. Appropriate handling
procedures are critical for glass substrate fabrication processes
in order to address the brittleness and fragility of ultrathin
glass. The lamination of thin dielectric films is the key to
compensate for the brittleness of thin glass substrates. The
dielectric properties are listed in Table II. Notably, the adhe-
sion of dielectric materials for build-up layers to copper metal
patterns and glass substrates is improved compared with the
test vehicles in [7] and [19]. The fabrication process of the
high-density interconnects formed in RDLs is summarized
in Fig. 2 and discussed in [7] and [36] with more details.

MATERIAL PROPERTIES UTILIZED IN THE 3-D GLASS-BASED

TABLE II

ANTENNA MODULE
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Materials Glass core Build-up dielectric
Dk 5.4 33

Df 0.006 @ 28 GHz | 0.0044 @ 10 GHz
CTE (ppm/K) 3.8 49
Thickness (um) 100 15

7. Solder resist lamination and ENIG
surface finish

=
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Fig. 2. Fabrication process of highly integrated mm-wave packages with
the via-in-via process, RDL formation, and the assembly of ICs and passive
components.

Upon the completion of multilayer fabrication on a glass
core laminated with thin-film dielectric, solder-resist films
provided by Taiyo Ink. are laminated on both sides of the
package substrate to prevent the outermost surface from
being oxidized or damaged. This process is also shown
in Fig. 2. We designed solder-mask-defined (SMD) chip-
to-package interconnects, which effectively reduces the size
of the copper pad that the component is soldered to. To pre-
vent oxidation of copper traces and pads and suppress
intermetallics formation, a thin layer of electroless-nickel
immersion gold (ENIG) is deposited, followed by the place-
ment solder balls with a diameter of 80 xm approximately on
80-um pads with a pitch of 200 gm. The gallium-arsenide
(GaAs)-based dies are assembled with a flip-chip mounter,
whereas several passive components, such as bypass capaci-
tors, are surface-mounted with solder paste. The solder balls
and solder paste are reflowed altogether at the end of the
fabrication. The cross-sectional images with TPVs and dies
assembled are shown in Fig. 3, while the top-view inspection
is performed through an X-ray microscope and the image is
shown in Fig. 4.

IV. CHARACTERIZATION OF KEY BUILDING BLOCKS

To characterize the fabricated four-metal-layer test vehicles
on glass substrates, high-frequency measurements of trans-
mission lines, and TPVs as interconnects, package-integrated
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Fig. 3. Microscope cross-sectional images of fabricated panel with the four
RDLs. (a) TPVs, microvias. (b) Assembled LNA using 80-xm solder balls.

Antenna patterned
on topside

IC assembled on backside

Fig. 4. X-ray inspection of the test vehicle that integrates a Yagi—Uda
antenna, impedance-matched interconnects, TPVs, and an assembled LNA.

Yagi-Uda antenna, and a flip-chip-assembled LNA are per-
formed through a vector network analyzer (VNA) that is
calibrated up to 40 GHz.

A. Characterization of Low-Loss Interconnects

While the copper thickness is 8 #m in all the layers of this
package, the width and space of the designed GCPW were
27 and 44 um, respectively. However, the photomask for litho-
graphy was designed differently, considering overetching of
metal patterns. As the semiadditive patterning (SAP) process
overetch approximately 0.5-1 um, the width and space were
29 and 42 um on the photomask, respectively. As designed
from the electrical and process standpoints, the fabricated
GCPW showed the precise linewidth and space, which are
273 and 43.3 pum, respectively, as shown in Fig. 5(a).
Based on the fabricated interconnect structures (see Fig. 6),
S-parameters were measured to quantify the signal losses
induced by the interconnects between the antenna and IC. The
interconnects include 2-mm GCPW and two TPVs (see Fig. 5).
The S-parameters for the structures with and without TPVs
are plotted in Fig. 7. As discussed in Section II, GCPWs are
formed in M1 and M4 with TPVs interconnected.

While the article [19] shows the insertion loss of
transmission lines on a 100-um glass substrate in the
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(a) 2-mm GCPW (b) 0.5-mm GCPW + TPV
+1-mm GCPW + TPV

, +0.5-mm GCPW

P1 P2l p1 P2

Fig. 5. Design and stack-up of several interconnects used in this test vehicle.
(a) Transmission line. (b) Transmission lines with TPVs.

(c) Cross-section view

GCPW line width: 27.3 ym
GCPW gap: 43.3 um

jLRV/diameter: 51 ym
[Pad[diameter: 71 ym

Fig. 6. Package-level interconnects. (a) Top view of GCPW. (b) Transition
from GCPW to TPV. (c) Cross-sectional view of TPV connecting M1, M2,
and M3 altogether.
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Fig. 7. Measured S-parameters of the glass-package interconnects with and
without TPVs.

narrowbands (26-30 GHz) and poor impedance matching
with rippled frequency responses, the characterization results
in this article present the impedance-matched GCPWs
and TPVs to the 50-Q system, leading to low voltage
standing-wave ratio (VSWR) in the target frequency range
(24.25-29.5 GHz). In addition to the pad-to-via impedance
continuity, the impedance of TPVs is adjusted by manipulating
the diameter (50 wm) and the pitch (200 gm). In addition
to the low insertion loss, the results (see Fig. 7) indicate the
return losses of higher than 20 dB in the whole frequency band
of interest (22-30 GHz). The Smith chart (see Fig. 8) also
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Fig. 8. Smith chart showing return losses from GCPW and the chain of
GCPW with two TPVs in the frequency range from 22 to 30 GHz.

shows the well-matched input impedance for both the GCPW
line and the chain of GCPW and TPVs. While the real parts
of their input impedance are close to 50 Q, the reactance of
the structure with TPVs is 7.04 Q higher in measurements,
which is attributed to the inductive parasitics from TPVs [37].
However, the design with consideration of the inductive effect
assisted the impedance of the chain with TPVs to match 50 Q,
resulting in the low return loss higher than 20 dB in the entire
frequency range of interest.

The measured insertion loss of GCPW with solder resist
without TPVs was 0.216 dB/mm at 28 GHz. The simulated
insertion loss of GCPW alone is 0.119 dB/mm without the
solder resist. The addition of solder resist leads to the sim-
ulated insertion loss of 0.178 dB/mm at 28 GHz. This 50%
increase is mainly attributed to the loss tangent of solder resist
(Df = 0.02 at 1 GHz). Thus, it is critical to design circuitry in
outermost layers considering the properties of a solder mask.
The evident signal loss due to solder resist leads to a demand
for low-loss solder resist for mm-wave applications.

Based on the measured GCPW insertion loss, the insertion
loss caused by TPVs was measured by subtracting the insertion
loss of the chain [see Fig. 5(b)] from GCPW [see Fig. 5(a)],
in which the length of the GCPW is kept identical. The mea-
sured TPV loss was 0.021 dB/TPV. The controlled diameters
of landing pads and antipads [see Fig. 6(b)] also affect the
signal transition from the electromagnetic-wave standpoint.
Compared with traditional through-hole vias in multilayered
organic substrates, where comparatively large vias (>500 pm)
are drilled mechanically, TGVs with the via-in-via process are
beneficial in achieving small dimensions (i.e., diameters and
pitches) with better control for high-density interconnects and
managing signal integrity.

The via-in-via process in glass substrates connects multiple
layers without the need for rerouting signal traces in-plane
and vertically connecting RDLs with blind vias. The TPV
in Fig. 6(c) interconnects the top metal layer (M1) to feed
antennas and the second bottom layer (M3) directly. This
advantage offers space reduction for signal routing, seam-
less impedance continuity, and design flexibility to radio
frequency (RF) designers. Glass substrate technology offers
highly accurate layer-to-layer alignment, which enables the
pad size closer to the diameter of vias. The small via pads
and spacing lead to low parasitic capacitance between via
pads in multiple layers and low impedance discontinuity.
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TABLE III
PARAMETERS USED FOR THE ANTENNA DESIGN
Parameters Values Parameters Values
Want 180 pm Whal 180 pm
ddir 1.18 mm lbal 0.82 mm
dond 1.09 mm Want 220 pm
Seps 50 pm Lant 2.2 mm
Weps 180 pm Want 180 pm

- <« W

cps

I’bal  Weal
t

= — Wy

Fig. 9. Fabricated package-integrated Yagi-Uda antenna. (a) Overview with
key parameters. (b) Top overview of the antenna. (b) Diced Yagi-Uda antenna
element assembled with a 2.92-mm end launch connector. (¢) Trimetric view.

z

Fig. 10. Designed wideband package-integrated Yagi—Uda antenna. (a) 3-D
overview of the antenna. (b) Simulated radiation pattern.

The fabricated test vehicle, as shown in Fig. 6(b), shows the
margin of 10 xm on either side of TPVs.

B. Characterization of Yagi—Uda Antenna on Glass

The designed Yagi-Uda antenna is shown in Fig. 9(a)
with the detailed parameters of the antenna, which are
listed in Table III with values. While the fabricated antenna
is shown in Fig. 9(b) and (c), the 3-D view for simu-
lations is shown in Fig. 10(a) with the radiation pattern
in Fig. 10(b). To characterize the fabricated Yagi—Uda antenna
that is patterned on thin-film dielectric (M1) laminated onto
the glass core, the panels were first singulated utilizing an
automatic dicing machine (Disco Corporation), and a 2.92-mm
end-launch connector was mounted onto the feed line con-
nected to a Yagi-Uda antenna patterned on the top layer of
the package, as shown in Fig. 9. Fig. 11 shows the in-plane (E)
and out-of-plane (H) radiation patterns of the single-polarized



WATANABE et al.: ULTRATHIN ANTENNA-INTEGRATED GLASS-BASED mm-WAVE PACKAGE WITH TGVs

E-Plane (25 GHz)

E-Plane (28 GHz)

1052 99" 750

057 5o 75° 1057 ggr 75°

H-Plane (25 GHz) H-Plane (28 GHz)

50

~60° 1207
= = = Simulations
Measurements

-105° g -75°

Fig. 11.  Simulated (red line) and measured (blue line) in-plane (E) and
(H) radiation patterns with normalized gains. The director of the Yagi—Uda
antenna is placed in the direction of & = 90° and ¢ = 0°.
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Fig. 12. Measured return loss of three antennas fabricated in the four-metal
layered test vehicle to validate the consistency of frequency responses of the
antennas across the glass panel.

Yagi-Uda antenna, with a comparison between the simula-
tions and measurements. The main lobe is more directive
in the E-plane because of the linear-polarization feature of
the antenna, whereas the radiation patterns in the H-plane is
wide-angled. The radiation patterns in the E- and H -planes
show good consistency at 25 and 28 GHz. It is critical for
antennas to show similar radiation patterns throughout the
frequency band of interest for versatile usage of those antennas
in electronic devices.

The simulated and measured return losses of patterned
Yagi-Uda antennas are plotted in Fig. 12. The Yagi-Uda
antenna is designed to have a double resonance to increase
the bandwidth. One null at 22.3 GHz comes from the dipole,
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Fig. 13. Realized gain of the fabricated antenna in the direction of § = 90°
and ¢ = 180°.

whereas the other null at 27.1 GHz results from the
quarter-wave transformer. This double resonance provided the
10-dB return losses in the frequency range, 21.9-29.8 GHz,
with a center frequency of 25.85 GHz. This indicates that
the Yagi—Uda antennas fabricated on a 100-ym glass sub-
strate cover the entire frequency band of interest used for
28-GHz-based 5G communications (24.25-29.5 GHz). The
fractional bandwidth is 28.2% around 28 GHz, supporting
the key frequency spectra (n257, n258, and n261) in the
Frequency Range 2. Notably, the three Yagi—-Uda antennas
randomly selected from the fabricated glass panel show high
repeatability of return loss. This high repeatability results from
the high precision of fabrication enabled by the dimensional
stability, thickness control, and surface flatness of glass sub-
strates. The observed deviation in the smallest feature, 25 ym,
was less than 2 gm with a high accuracy of the layer-to-layer
alignment.

The realized gain is measured using a standardized octave
horn antenna, which shows a realized gain of 20 dBi and
covers a frequency range of 18-40 GHz. The measured
realized gain of the fabricated package-integrate Yagi—Uda
antenna is plotted in Fig. 13. The result showed a good
model-to-hardware correlation and a realized gain higher than
3.44 dBi in the targeted frequency bands.

C. Characterization of Flip-Chip-Assembled LNA

In RF receiving architectures, signals from antenna arrays
are delivered to LNAs to amplify the very low-power signals
that are received from the antenna. Package-level interconnec-
tions assist ICs and packages to communicate with each other
to external interfaces. In order to address the trend toward
high-frequency networks, a higher number of input and output
(I/0) are entailed to enable complex beamforming, higher data
rate, and faster signal processing. Advances in IC design with
system-on-chip (SoC) technology along with ultrashort die-
to-package interconnections with low signal losses are required
to realize the high-frequency modules. Solder ball technology
is often utilized as the mainstream option for RF packages
due to its cost effectiveness and the self-alignment feature
during reflow assembly. Although the copper-post interconnec-
tion solutions that are mainly employed for high-performance
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TABLE IV
COMPARISON BETWEEN THIS WORK AND THE PREVIOUS RELATED WORK

‘Work Substrate Frequency (GHz) FBW (%)  Gain (dBi) Size (Ao) Thickness (o) Pattern Antenna

[38] PCB 27.1 - 29.75 9.3 5.7 0.45 x 0.45 0.045 Azimuth Yagi-Uda

[39] PCB 24.5 - 31.72 25.7 4.5 0.82 x 1.98 0.056 Azimuth  SIW dipole

[40] LTCC 26.3 — 29.79 124 3.1 0.18 x 0.18 0.090 Elevation Patch

[15] Multi-layer organic 30 — 30.8 2.6 4.9 0.6 x 0.6 0.082 Elevation Patch

[41] Glass 47.2 - 67 33 3.5 0.82 x 1 0.060 Azimuth Taper-slot
This work  Glass with build-up 21.9 - 29.8 28.2 4.8 0.34 x 0.40 0.028 Azimuth Yagi-Uda

Bypass -

capacitors

Fig. 14. 3-D view of the backside of the package (left) and X-ray inspection
of solder balls mounted on SMD pads (right).
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Fig. 15. Forward insertion loss, S71, of the flip-chip-assembled LNA with

bypass capacitors surface-mounted nearby. Inset: voltage and current supplied
to the packed LNA.

computing provide low signal losses due to the higher conduc-
tivity of copper than that of solder, the approach is considered
cost ineffective and impractical for RF packages. In this test
vehicle, flip-chip interconnection is demonstrated with solder
balls with a diameter of 80 um, whereas the pitch of SMD
pads is 200 um, which gives enough space to prevent solder
balls from shorting. In order to show short and fine-pitch
interconnections using solder balls with low insertion loss,
the assembly of LNA and bypass capacitors is performed
with solder reflow assembly, also known as controlled collapse
chip connections (C4). The assembled LNA is a product
from Analog Devices [42], which covers the frequency range
of 24-40 GHz.

Optical micrographs of the flip-chip assembled LNAs are
shown in Fig. 14. State-of-the-art RF packages employ a pitch
of 200-300 um with a solder ball diameter of approximately
80—-100 xm [4], [14]. The measured forward voltage gain, S»1,
is plotted in Fig. 15 with intended voltage (5 V) and current
(0.065-0.07 A) supplied to the packed LNA, as shown in

the inset of Fig. 15. The measured result showed positive
gains in the entire frequency band of interest. Especially at
around 28 GHz, the gain is observed to be higher than 10 and
20 dB at maximum. The LNA, which was flip-chip mounted
on the glass-based package, is originally designed by the
manufacturer to be wire bonded, where the LNA is faced up.
The selection of LNAs designed for flip-chip modules could
provide flat gain across the whole band of interest. It is, there-
fore, reiterated that the codesign of integrated ICs, antennas,
and packaging is critical to obtain optimal performance in
front-end modules.

V. COMPARISON

The comparisons between the proposed work and the
previously reported articles are summarized in Table IV.
The parameters associated with the antenna performance are
based on a single antenna element. Key substrate technologies
(PCB, LTCC, multilayered organic, and glass) with integrated
antenna operating at 5G frequency bands are benchmarked
for the comparison. As shown in Table IV, the proposed
work covers the important frequency bands around 28 GHz
(n257, n258, and n261) with the thinnest substrate (100 xm).
The relative thickness in the proposed work shown in the
table includes the thickness of assembled die (100 xm),
the height of the solder resist and multilayers formed on
the core substrate, and bump height (50 xm), which results
in 300 um in total (0.0281y at 28 GHz). The proposed work
also demonstrated horizontal and vertical interconnects with
solder resist patterned for IC assembly.

VI. CONCLUSION

This article presents heterogeneous integration of AiP, seam-
less or low-loss antenna-to-receiver signal transitions, and
flip-chip assembly on panel-scale ultrathin glass substrates,
in the 28-GHz band for high-speed 5G communication stan-
dards. The key benefits of glass core, such as dimensional
stability, thickness control, unique laminated glass stack-up,
and via-in-via processes, result in process stability and design
flexibility for system design. Module-level characterization
results highlight the low interconnect signal losses with a TPV
loss of 0.021 dB/TPV at 28 GHz. The Yagi-Uda antenna
fabricated on glass substrates showed a center frequency
of 25.85 GHz with a fractional bandwidth of 28.2%, which
covers the 28-GHz 5G frequency bands of interest. The
antenna also featured a wide-angle main lobe at the target fre-
quency range, implying good coverage of signal transmission
and reception. Overall, this article reports package-integrated
antenna, feedlines, low-loss interconnects, and assembly of
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active ICs and discrete passive components implemented with
100-um glass-substrate technology.
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