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Abstract—This paper presents a broadband low-loss fan-
in wafer level ball grid array (WLB) vertical through-mold-
via (TMYV) interconnect that enables highly integrated system-
in-package (SiP) applications beyond 220 GHz. The dedicate
advantage of the proposed approach is to further minimize
the separation between package components (e.g., antenna in
package (AiP)) and on-chip receiver or transmitter chain. To
demonstrate the robustness of the TMYV interconnect design,
the necessity for co-simulation of the integrated circuit (IC)
package and the IC itself during the package-design is shown.
Therefore, an in-depth analysis of the suppression of parasitic
mode oscillation inside silicon is carried out. Furthermore, the
parasitic radiation loss at the TMYV interconnect discontinuity
is given and a verification of the proposed TMV due to high
agreement of simulation and measurement results is demon-
strated. The interconnect has been verified with a measured
10 dB return loss bandwidth of 38 GHz and a de-embedded
insertion loss of less than 2.8 dB at 275 GHz, which enables
a compact low-loss broadband signal transition from active IC
components in the backend-of-line (BEOL) to passive components
in package. Compared to fan-out WLB, the developed fan-
in WLB solution enables higher integration density of active
and passive components with the shortest interconnects for
minimal insertion loss. Thus, the proposed fan-in TMV packaging
provides a very compact, easy-to-assemble and cost-efficient
alternative for SiP designs for future broadband communication
and sensing solutions.

Index Terms—Assembly, fan-in WLB (wafer level ball grid
array), fan-out WLB, heterogeneous system design, interconnect,
signal transition characterization, system-in-package (SiP), wafer
level packaging.

I. INTRODUCTION

HE demand for higher system bandwidth in radar sensing

and communication applications is increasing tremen-
dously due to strong demands regarding higher target reso-
lution [1]-[3] or broadband data transfer [4]-[7]. The trend is
toward higher frequencies to achieve larger system bandwidth.
In particular, for radar sensing applications beyond 220 GHz,
a high range resolution, in combination with high angle
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resolution has various fields of applications, such as high-
precision vibration measurements in industrial scenarios [8],
vital sign detection [9], and non-destructive or biomedical
spectroscopy [3], [10], [11]. The upcoming sub-terahertz com-
munication standard IEEE 802.15.3d in the 300 GHz fre-
quency band provides broadband communication channels for
high data-rate exchange in close-proximity communications or
intra-device links, thus system solutions have to be developed
to utilize this standard [7], [12]. Due to small wavelengths
at frequencies beyond 220 GHz, whole system-on-chip (SoC)
solutions with receiver and transmitter chains, as well as
integrated antennas can be developed [3], [6]. This signifi-
cantly reduces the form factor and cost of the entire system,
enabling the integration of compact and low-cost sensors in
applications such as autonomous vehicles, drones, or chip-to-
chip communication in data centers [2], [4], [13].

A key component of the system’s performance is the design
and integration of antennas on-chip. However, a bulky antenna
has to be integrated into the expensive IC area, while offering
poor radiation efficiency and, thus, low antenna gain due
to the chips’s naturally low substrate height in the BEOL
stackup of the IC processes [14], [15]. This low antenna gain
can be compensated for using dielectric lenses, or localized
backside etching [1], [7], [16]. However, these techniques
require complex system assembly technologies that will in-
crease the system’s costs. A remedy is the SiP approach,
in which relevant passive components, such as filters, DC-
pads, interconnects or antennas, are encapsulated in the IC-
package (see Fig. 1) [17].

A. State of the Art Wafer Level Packaging

A major trend in low-cost, highly integrated RF-packaging
is the use of wafer level packaging to realize SiP solu-
tions [18]-[25]. Infineon introduced the fan-out WLB, which is
referred to embedded wafer level ball grid array (eWLB) [26].
Another fan-out WLB technology, introduced by TSMC, is
called integrated fan-out (INFO) package [27], [28]. On the
one hand, WLB encapsulates the bare die chip and forms
an IC protection. On the other hand, the package serves
as a dielectric carrier for passive structures, such as inter-
connects, filters, or antennas, within the redistribution layer
(RDL) [21], [29]. The thin-film RDL can be machined with
very high accuracy, enabling precise manufacturing of passive
package components [9]. The RDL’s high-frequency suitability
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Fig. 1. Comparison of different wafer level packaging topologies.

was thoroughly investigated and demonstrated in [21], [29].
One key advantage compared to other SiP assemblies is the
short length of the IC-to-RDL interconnect which enables
low parasitic behavior and low-loss signal transition [21].
The state-of-the-art WLB packaging approach eliminates three
major limitations of current millimeter-wave (mmW) system
design compared to other package assemblies. First, it does
not require an interconnect (e.g., a bond-wire) between the IC
and PCB, which is required in the quad flat no lead (QFN)
system assembly in [8], [30], [31], or in a low-temperature co-
fired ceramic (LTCC) packaging, as described in [32], [33]. A
bond-wire interconnect at frequencies beyond 220 GHz results
in impedance mismatch and performance degradation due to
losses [34]. Second, it also eliminates the complex assembly
technology required to mount the IC on the PCB and connect
it to the off-chip antenna substrate [13]. Third, the integration
of the entire system in the eWLB package eliminates the need
for an RF-compatible substrate for low-loss power transfer
from the IC to the antenna, thereby reducing manufacturing
complexity and cost, and in particular avoiding the disad-
vantages of LTCC structures in terms of shrinkage and layer
displacement [2], [13], [35], [36]. Therefore, WLB eliminates
three cost drivers in system application design.

The basic eWLB package assembly is shown in Fig. 1(a).
The RDL metal layer is used to realize passive components.
For eWLB AiP solutions, the ground (GND) metallization on
the PCB acts as a reflector for the electrical field. In this
setup, different antenna structures in the 77 GHz and 140 GHz
frequency range, such as dipoles, patch, vivaldi, or split-
ring resonator-based antennas are demonstrated [21], [36]-
[38]. Moreover, vertical interconnects for stacked package-
on-package (PoP) system applications are shown [22]. As
illustrated in Fig. 1(a), the SiP is connected to the PCB via

solder balls. The RDL antenna performance highly depends
on the distance to GND. A change in height due to process
variations in the assembly has dramatic consequences in terms
of antenna efficiency, matching, and radiation pattern [9]. As
a consequence, a modified eWLB package setup, introduced
in [9], is shown in Fig. 1(b). A second RDL metallization layer
at the bottom of the package forms a reflector plane for antenna
applications. Therefore, the separation between top and bottom
RDL layer can be precisely adjusted. Thus, a shift in solder
ball height will not influence the performance of the packaged
mmW-component. Ring and dipol antennas at 60 GHz, bow-
tie antennas and SiP solutions at 130 GHz and 250 GHz are
demonstrated in with this package setup in [9], [34] and
[2], [35], [39], respectively. However, the modified eWLB
packaging has higher costs due to its additional packaging
assembly procedure. Furthermore, the RDL components are
realized in the fan-out region, so further package miniaturiza-
tion is required to minimize the separation between package
components (e.g., AiP) and receiver or transmitter chain in
order to reduce interconnect losses.

B. Proposed Fan-in Wafer Level Packaging

In this paper, a novel packaging approach that minimize
the separation between package and IC components for SiP
applications beyond 220 GHz is presented. It will result in
the lowest insertion loss and increased system integration
density due to its vertical packaging approach (see Fig. 1(c)).
Within the proposed fan-in packaging, the RDL structures,
such as antennas or transmission lines, are no located beside
the IC but directly above it. The IC itself determines the
overall dimensions of the SiP, and thus, the form-factor is
highly reduced compared to assemblies as shown in Fig. 1(b).
Moreover, the IC serves as the GND layer for the RDL
structures, so only one RDL layer is required, which re-
duces the assembly complexity compared to that shown in
Fig. 1(b). In addition, the chip integration density can be
further increased in this fan-in packaging setup, since non-
RF-sensitive circuits, such as analog-, mixed-signal, or digital
blocks, can be placed underneath the packaging components,
e.g., below the AiP. However, a robust, low-loss, and compact
fan-in TMV signal transition from the BEOL to RDL has to
be developed first before SiP solutions with RDL-integrated
antennas, couplers, or interconnects for chip-to-chip communi-
cation can be realized with the proposed packaging approach.
Therefore, this paper focuses on the transition development,
in-depth simulations in terms of robustness, and metrological
verification, to demonstrate the capability of this packaging
approach.

This paper is organized as follows. In Section II, the layer
stackup of the proposed packaging approach is shown. The
assembly and the manufacturing process are presented in
Section III. Section IV focuses on the optimization of the
interconnect in terms of its robustness, parasitic radiation,
and suppression of mutual coupling. The measurement setup
and the comparison of simulated and measured results are
discussed in Section V. This paper is concluded in Section VI.
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II. FAN-IN PACKAGE LAYER STACKUP

Fig. 2 shows the BEOL layer stackup of the Infineon SiGe
BiCMOS B11HFC technology, including the fan-in through-
mold-via (TMV) interconnect. The BEOL consists of six
copper layers and an aluminum layer on top, resulting in a
total height of about 9.5 um. A copper pillar is plated on top of
BEOL, which is encapsulated in the mold compound (MC). In
contrast to existing packaging interconnects, the copper pillar
is not conical, but cylindrical, and forms the interconnection
between BEOL and package topside. The process chain for
the manufacturing of the pillars is described in Section III.

The diameter of the TMV, dpmy, is 50 um and the height,
hmy, is 40 pum, resulting in an aspect ratio of 1:1.2. Compared
to existing TMVs in [22] or in [40] the diameter dmyy was
reduced significantly from 150 ym to 50 um. This aspect ratio
optimization was necessary to make the TMV suitable for
high performing sub-THz SiP applications. The selection of
the TMV height and diameter resulting from the aspect ratio,
has been studied in detail in 3D-EM simulations. On the
one hand, the achieved height hpvy = 40um is sufficient
for the implementation of fan-in antennas with high radiation
efficiency, on the other hand, the resulting diameter of the
TMYV, due to the underlying aspect ratio, is still small enough
to keep the parasitic effects low. This is a trade-off between
RF performance and manufacturability. On top of the MC, the
RDL is made of copper with a conductor height of 8 ym and is
used for structuring transmission lines, contact pads, couplers,
interconnects, or antennas-in-package (AiP). The MC serves
as a dielectric layer between RDL and BEOL.

The proposed package stackup is particularly advantageous
for the performance of AiPs due to the increased separation of
antenna and the GND, which maximizes the antenna’s match-
ing bandwidth, radiation efficiency, and antenna gain [41],
compared to those with on-chip antennas (AoCs), as shown
in Fig. 3. Both the realized antenna gain and the matching
bandwidth are increased. The proposed packaging achieves a
matching bandwidth of 20 GHz and an antenna gain of around
5dBi compared to 3 GHz and 1.2 dBi with AoC.

To validate the TMV transition for further AiP applications,
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Fig. 2. Layer stackup of the BEOL process and the fan-in TMV interconnect
with RDL transmission line on top of the MC-package (not to scale).
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the following layer stackup is used. The catchpad for the
TMYV implemented on the AlPad layer has a diameter dcachpad
of 60um (see Fig. 2). To ensure sufficient margin in the
package assembly procedure, dcachpad has to be larger than
the pillar diameter dryy. The microstrip line (MSL) in BEOL
is made by metal layer M6 (signal) and M4 (GND) forming
an impedance of 50(2. Underneath the catchpad, the GND
layer has been reduced from M4 to MI to decrease the
capacitance between the two metal layers (see detailed analysis
in Section IV).

ITII. ASSEMBLY OF THE FAN-IN WAFER LEVEL
PACKAGE

The process and manufacturing chain of the TMV inter-
connect are shown in Fig. 4. Within this figure, a distinction
is made between the wafer level, where the entire wafer is
processed, and the unit level, after mechanical dicing and
separation of the packaged ICs. The TMV is made of copper
via spin-coat resist, structuring, and electroplating. The TMV
height is defined by the electric current density, the chip
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Fig. 4. Process chain of the fan-in TMV interconnect packaging.
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Fig. 5. Scanning electron microscopy of the copper pillar after plating.

area where the plating is to be performed, and the plating
duration (the second step in Fig. 4). The shape of the TMV
is not conical but that of a cylindrical copper pillar and is
defined by the shape of the photoresist. This allows for uniform
thickness of the copper pillars, as shown in Fig. 5. Moreover,
copper pillars enable a finer pitch than solder ball interconnects
do, which allow for higher interconnect density. After pillar
plating, the wafer diameter is reduced by mechanical wafer
edge sawing (third step) and afterwards the silicon wafer is
overmolded using a compression mold process (fourth step).
The copper pillars are exposed by back-grinding, and the
desired MC thickness is determined (fifth step). The trans-
mission structures on top of the MC are realized within the
RDL layer made of copper (sixth step). Therefore, BEOL is
connected to RDL with the TMV interconnect for fan-in WLB
SiP applications. The edge of the IC is the same as the edge
of the package after mechanical dicing (seventh step) of the
wafer and separation of the wafer to single packaged chips.
The cross-section of the assembled TMV structures is shown
in Fig. 6.

IV. DESIGN AND OPTIMIZATION OF A LOW-LOSS
AND ROBUST FAN-IN TMV INTERCONNECT

A. Silicon Shielding in the BEOL Stackup

In this section, a detailed analysis of the robustness, par-
asitic radiation, and cross-coupling between adjacent TMV
interconnects is presented. As illustrated in Fig. 2, the silicon

Fig. 6. Microscope cross-section of assembled and packaged TMV intercon-
nects.

metal grid (M1)

Fig. 7. Cross-section of the TMV interconnect with catchpad and metal grid
for silicon shielding (all dielectric layers are transparent).

is shielded by a metal grid on M1 layer. This is counter-
intuitive at first, since the small separation of the catchpad
on AlPad layer and GND on M1 causes a high parasitic
capacitance Ceachpad (see Fig. 7), which reduces the achievable
bandwidth performance. Without the metal grid on M1 below
the catchpad, part of the electric field couples into the silicon
through the open metal M1 below the catchpad. The coupling
through the M1 apertures is illustrated in Fig. 8 in the cross-
section of the back-to-back (b-t-b) simulation model. B-t-b
refers to the double transition from the RDL via TMV to
the BEOL via TMV to the RDL. A part of the transmitted
power is lost during the transition from RDL layer to the
BEOL and vice versa. At frequencies beyond 220 GHz, the
guided wavelength Aguigeq With relative permittivity e, = 11.9
within the semi conducting silicon is below 400 um. The signal
coupling into the silicon excites parasitic modes inside the
silicon substrate. The boundary conditions are defined by the
metallic and dielectric boundaries at the respective silicon
interfaces. A metallic boundary is formed at the bottom of
the silicon due to a metallic chuck in on-wafer measurements
or metallized PCB of the carrier board (see Fig. 8). In either
case, it is important to provide a conductive layer below the
IC that connects a sufficient heat sink directly to the chip
to reduce heat generation due to power dissipation within
the IC. On top of the silicon is the BEOL, with several
metallization layers (see Fig. 2) that represent a metallic
boundary condition for the excitation of the parasitic modes in

.| signal path
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Fig. 8. Parasitic box mode excitation inside silicon due to missing metal M1
shielding below the catchpad (cross-section of the btb simulation).
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the positive z-direction (see Fig. 8). The lateral boundaries are
defined as a permittivity discontinuity from silicon (¢, = 11.9)
to air (¢, ~1). Due to the prevailing boundary conditions,
parasitic modes as parallel plate modes (PPM), surface waves,
and box modes can be excited within the silicon. Contrary
to other modes, the TMy has no cutoff frequency, allowing
the mode to propagate at 0 GHz. Moreover, the silicon width,
height and length determine the number and types of parasitic
modes inside the silicon. The cutoff frequency of PPM, such
as TMppm,, and TEppy 5, is given in [42]
n

2. tsi RV HOEOEY
The cutoff frequency of TMppm,1 and TEppy,1 with a silicon
thickness tg; of 185 um and e, of 11.9 is equal to 235 GHz.
In addition, in chip areas without solid metal layer in the
BEOL, dielectric slab modes (DSMs) can propagate in the
silicon. The cutoff frequency of the TM DSMs is given in [42]

J™enst.e = fTEppun = ,n=1,2,3,.... (1)

n-co
2-tg-+ver—1
with the speed of light in vacuum cg. In the frequency band of
interest, TMpsm,0 and TMpgwm,1 can propagate beyond 0 GHz

and 246 GHz, respectively. The cutoff frequency of the TE
dielectric slab modes is defined by [42]

f _ (@2n—-1)-c
CTEpsm,n 4 . tg - \/Erj

Within the frequency band of interest TEpsyv,; mode can
propagate beyond 123 GHz. Overall, several parasitic modes
can propagate inside the silicon within the frequency band of
interest [41], [43], [44]. The application of through-silicon-
vias as a via-fence to suppress substrate modes is unsuitable
because of additional manufacturing, assembly complexity
and costs. Moreover, due to TM,, silicon thinning is inef-
fective [42]. The excitation of parasitic modes inside silicon
is unfavorable for the following reasons.

First, the transmission behavior of the TMV interconnect
is disturbed by frequency-depending transmission dips (see
Fig. 9). To investigate this effect, a b-t-b simulation was

JTMpsui, = ,n=01,2,.. )

,n=1,23, ... 3)

couple path

=
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Fig. 10. Topview of the parasitic box mode oscillation inside silicon with
parasitic couple path and disturbing lateral radiation on silicon edge due to
excitation of transmission structure 1.

created without the M1 shield below the catchpad and the
transmission behavior was observed when changing the silicon
geometries width wy;, length [, and height ¢y, as shown in
the inset of Fig. 9. In this study, lateral dimensions, ws; and
ls; were varied between 300 ym and 1500 pm, and the silicon
thickness ¢s between 100 pgm and 300 gm. The transmission
behaviors of four arbitrary resulting geometry variants of the
underlying investigation are shown in Fig. 9. The transmission
locally decreases due to the excitation of parasitic modes in
silicon, depending on the actual silicon geometry. Thus, a part
of the transferred power is lost. Moreover, the transmission
dips depend on the lateral (wy, l5j) and vertical (t) silicon
geometry and on the relative localization of the TMV signal
transition on the total chip area. If one of these geometries
changes, the transmission magnitude |sy;| also varies. There-
fore, a robust transition without dependency on the silicon
geometry and dimension cannot be guaranteed, but it would
vary from application to application. Furthermore, during the
assembly of the IC to the carrier board, the lateral rise of the
conductive adhesive at the substrate edge would change the
oscillation properties in the silicon. The lateral boundary will
partially change from a dielectric condition to a conductive
condition. This will influence the oscillation of parasitic modes
in the silicon. As a result, the transmission properties will
vary from sample to sample, and therefore, a stable condition
cannot be guaranteed.

Second, mutual coupling between adjacent structures (e.g.,
antenna elements or transmission lines) occurs through silicon
due to oscillating parasitic modes. This phenomenon is illus-
trated in the top view of the cross-section with two b-t-b TMV
interconnects on one silicon bare die in Fig. 10. The oscillation
of parasitic modes inside the silicon due to the excitation
of transmission structure 1 is clearly visible. Moreover, the
parasitic coupling of signal into transmission structure 2 is
apparent. Depending on the silicon dimension, various minima
and maxima of the electrical field occur, and the parasitic
coupling between the two structures varies (see Fig. 11).
Especially for antenna array designs with an element spacing
of \o/2, strong coupling through silicon will arise. Therefore,
no robust interconnect design is possible without silicon
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Fig. 11. Silicon geometry depended mutual coupling due to excitation of box
modes inside silicon (w/o M1 shield) and significant suppression of mutual
coupling (with M1 shield). Geometry definition see inset in Fig. 9.

shielding. The mutual coupling between adjacent package
transitions can be significantly suppressed to below —40dB
by introducing a metal grid on metal M1 underneath the
catchpad (see Fig. 11).

Third, the parasitic modes will partially radiate at the
lateral boundary from silicon to air, resulting in an unwanted
parasitic side radiation. This phenomenon is also visible on
the right and on upper side in Fig. 10. The parasitic side
radiation will interfere with the main radiators in the RDL
layer and will cause unwanted antenna-pattern distortions [44].
Moreover, nearby IC components in heterogeneous system
architectures can also be disturbed by unwanted parasitic chip-
to-chip coupling.

In summary, the described phenomena do not represent
robust conditions for the design of the TMV interconnect.
The aim of this work is to develop a TMV interconnect with
minimum parasitic radiation and, most importantly, with a
signal transmission that is independent of the silicon geometry
and the position of the structure in the chip area. Therefore,
a metal grid on M1 was applied below the catchpad. The
metal grid was applied due to DRC reasons (see Fig. 7). The
openings in the metal grid are much smaller than Agyiged /100
at 300 GHz, so neither electrical field can be transmitted in
silicon, nor the losses due to the grid structuring increase. The
silicon shield was realized in M1 instead of M4 to increase
the distance between catchpad and GND layer in order to
minimize the parasitic capacitance Ceachpaa (see Fig. 7). The
penetration depth of the EM field due to the skin effect is
less than 0.16 um beyond 260 GHz due to the conductivity
of M1. The metal M1 is thicker than the skin depth. The EM
field decreases exponentially in metal and is attenuated to such
an extent that there are no significant EM field components
below M1. As a result, silicon is almost completely shielded
from BEOL structures by the M1 shield and no parasitic mode
resonance excitation occurs within silicon. The optimized
matching of the TMV interconnect will be described in detail
in the following subsection.

all dielectric layers
are transparent

impedance
matching

Fig. 12. TMV interconnect with impedance matching circuit in BEOL.

B. Optimization of Impedance-Controlled TMV Matching

Due to the silicon shielding with a metal grid in M1, as
described in detail in section IV-A, a capacitance Coachpad
between the catchpad (AlPad) and the metal M1 layer occurs,
and, thus, the arising impedance mismatch due to Ccaichpad
has to be compensated for. The simulation model of the
single-ended TMV interconnect is shown in Fig. 12. Both the
Ground-Signal-Ground (GSG) pads in RDL and the MSL with
signal on M6 and GND on M4 are stimulated by waveguide
ports within the frequency domain solver in CST Microwave
Studio [45]. The Ceachpad is compensated for by a matching
stub on M6 with GND on M4. The optimization goal of
the impedance matching involves a trade-off between the
following three requirements.

First, the matching circuit should be very compact, resulting
in a low chip area consumption. Second, the matching should
be broadband enough to provide sufficient bandwidth for
wideband system applications. Third, the insertion loss and the
parasitic radiation of the interconnect itself should be as low
as possible for efficient power transfer into the package. Due
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Fig. 13. Simulated S-parameters of the single ended TMV interconnect.
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TABLE I
DIMENSIONS OF BEOL TRANSMISSION ELEMENTS.

parameter | Wmsi  lmatch Wetub lswb  deatchpad
dimension | 5pym  34.5pm  10.6pm  80pum 60 pm
50
—6—metal loss
X 401 =-6-= dielectric loss
R= radiated power
230
2
=
o 20F
z
o
10
0 L Al
220 240 260 280 300 320
Frequency in GHz

Fig. 14. Power dissipation over frequency. Parasitic radiation of the proposed
TMV interconnect is negligible compared to metal and dielectric losses.

to its compactness, a matching stub was utilized to achieve an
impedance-controlled signal transition. The frequency range in
simulation is from 220 GHz to 325 GHz, which corresponds to
the waveguide band WRO03. The center frequency is 280 GHz
to ensure sufficient measurement bandwidth for characteriza-
tion in both directions in the upper half of the WRO03 frequency
band. The single ended scattering parameters of the optimized
TMYV are shown in Fig. 13. The return loss is above 10dB
from 260 GHz to 305 GHz resulting in a matching bandwidth
of 45GHz, which is sufficient for broadband sensing and

all dielectric layers transparent

catchpads
(AlPad)

catchpads
(AlPad)

Fig. 15. (a) B-t-b simulation model. (b) Microscope image of the bare die
BEOL with pads for TMV pillars. (c) Packaged IC with GSG pads in RDL.

via footprint

-

-—

63.4 um

96.1 pm 24.6 pm

Fig. 16. Microscope image of the RDL GSG pads with measured dimensions.

communication applications. An insertion loss of lower than
1.4dB indicates an efficient signal transition from BEOL to
RDL.

C. Study of Parasitic Radiation

A major part of the optimization was an analysis of the
parasitic radiation of the TMV interconnect. Therefore, a
b-t-b simulation setup identical to the later manufactured
structure was analyzed. In Fig. 14, the power loss profile
of metallic and and parasitic radiation of the b-t-b model
is plotted. The metallic loss is the main loss phenomenon
due to skin effect and the finite conductivity. The dielectric
loss is relevant with a maximum of 22 % beyond 300 GHz.
The parasitic radiated power is below 2.5% over the entire
frequency band of interest and, therefore, negligible compared
to the other losses. Consequently, the proposed interconnect
enables an efficient, impedance-controlled signal transition
without parasitic distortions or radiation. The b-t-b simulation
model, the manufactured bare die, and the packaged assembly
is shown in Fig. 15. The reference plane in the simulation
setup is signified by the dotted line (Fig. 15(a)). The signal
path of the b-t-b setup for simulation and measurement setup
is highlighted. In Fig. 15(b) the microstrip transmission line
in BEOL and the passivation opening for processing the TMV
pillars are visible on the bare die. In Fig. 15(c), the packaged
IC with the RDL GSG pads is shown. The TMV interconnects
in the b-t-b setup are spaced sufficiently far apart for less
coupling between the GSG probes during the measurement
and for actual measurable transmission characterization from
RDL to BEOL.

D. Structuring of the Redistribution Layer

To characterize the proposed TMV interconnect, transmis-
sion lines and GSG pads are designed in RDL. The GSG
pads, especially the GND pads, have to be designed small
and compact to prevent excitation of parasitic resonances in
the GSG pads [43]. The manufactured RDL structures with
the measured geometries can be seen in Fig. 16. A 50}
coplanar waveguide (CPW) interface is realized to keep the
insertion loss at the RF probe scratch low and, thus, to keep
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the measurement sensitivity high. The dimensions of the signal
pad and the gap to the GND pads is a compromise between
electrical performance and processability within the package
assembly. Moreover, the reference plane after calibration (see
details in Section V), the via footprint, and the scratch marks
are illustrated in Fig. 16.

V. MEASUREMENT CHARACTERIZATION OF THE
FAN-IN TMV INTERCONNECT

A. Measurement Setup

The TMV interconnect was characterized in the frequency
band from 220 GHz to 325 GHz with a PNA-X vector network
analyzer (VNA) and frequency extenders (R&S ZVA-Z325).
The packaged assembly was contacted with Infinity GSG
probes (WRO03). Due to space constraints, a calibration kit
could not be included on the packaged IC. Therefore, the
measurement setup was calibrated with a TRL calibration
on an impedance standard substrate (ISS 138-357). After
the calibration, the measurement reference plane is located
on the RF probe tip (see Fig. 16). The measurement setup,
including the network analyzer, the frequency extenders, the
GSG probes, and the wafer prober with the microscope is
illustrated in Fig. 17.

B. Measurement Characterization of the Interconnect

The comparison of the initial simulated and measured
reflection magnitudes of the b-t-b signal transition is shown
in Fig. 18. A frequency shift of 15.3 GHz occurs between
the center frequency of simulation and measurement, which
corresponds to a relative deviation of 5.3%. A similar fre-
quency deviation is observable in the comparison of simulated
and measured transmission magnitude in Fig. 19, wherein
the maximal transmission (see red ellipses) is at 275 GHz in
measurement and around 292 GHz in simulation. This results
in a relative deviation of 6.2%. Moreover, the transmission
response over frequency differs between simulation and mea-
surement. Furthermore, losses were not captured accurately

frequency extender
220 - 325 GHz |
<=

frequency exfender
| 220-325GHz

Fig. 17. On-wafer measurement setup for TMV interconnect characterization.
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Fig. 18. Comparison of the measured reflection magnitude of the b-t-b

assembly with the initial and adjusted simulation model (including the laser
scanning microscope results).
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-15
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Fig. 19. Comparison of the measured transmission magnitude of the b-t-b
assembly with the initial and adjusted simulation model (including the laser
scanning microscope results).

enough in the simulation, resulting in a difference of 3 dB be-
tween the maxima of simulation and measurement. Regardless
of the differences between simulation and measurement, the
overall systems’s functionality is well proven with the present
results. However, further analysis is required to investigate the
impacts and variances between both results, which is discussed
in detail in the following subsection.

C. Optical and Electrical Examination of the Package

For a deeper comprehension of the differences between
simulation and measurement results, different effects were
investigated. The RDL geometries, the arrangement of TMV
to RDL structures, the MC thickness and the dielectric prop-
erties of the MC were studied in detail. The height profile
measurement of the packaged samples with respect to man-
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ufacturing variations were measured with a laser scanning
microscope from Keyence. The dimensions, such as widths,
lengths, gaps and the metal heights of the RDL structures were
inspected. Moreover, the surface roughness was considered.
The measured average arithmetic of the RDL structures is
(0.20340.025)um. The dielectric properties of the MC have a
crucial impact on the design of the TMV signal transition and
on other in-package components, such as filters and antennas.
Therefore, the used MC material was analyzed in detail
in [46], [47] by a waveguide-based material characterization
techniques. With this technique, the relative permittivity €, and
the dielectric loss tangent tan(d) can be extracted directly
in the frequency band of interest around 300 GHz. In this
study an ¢, = 3.51 and tan(d) = 0.0083 for frequencies close
to 300 GHz were extracted and included in the modified re-
simulation (see Section V-D).

Another main contributor to the occurring deviation between
measurement and simulation result is the thickness of the MC,
which defines the separation of RDL and BEOL. The thickness
measurement tyc was carried out at the cross-section of the
packaged sample (see Fig. 6). In the assembly process, an
MC thickness of 34-36 um instead of the specified 40 pum
was achieved. The results of the optical inspection, such as
measured RDL geometries, surface roughness, metallization,
MC thickness, and MC dielectric properties are considered in
the modified simulation model. The most critical parameters
for the initial and modified simulation are summarized in
Tab. II.

D. Comparison of Results with Modified Simulation Model

The reflection magnitudes of the modified simulation and
measurement are in high agreement with a center frequency
offset of 7.4 GHz, which corresponds to a relative deviation of
less than 2.6 % (see Fig. 18). Moreover, the measured 10 dB
matching bandwidth of the b-t-b transition is 38 GHz, which is
in high agreement with the simulation, and broadband enough
for wideband SiP applications [12]. In Fig. 19, the trans-
mission magnitude of the re-simulation and measurement is
shown. The frequency-dependent transmission characteristics
of simulation and measurement are in better agreement than
in the initial comparison. The maximum in transmission of the
modified simulation is around 285 GHz, which minimizes the
initial frequency deviation to 3.6 %. Moreover, by appropri-
ately modeling the dielectric losses in the simulation through
the performed MC characterization, the differences between
maximum levels of measured and simulated insertion losses
could be reduced to less than 2.4 dB. The minimum measured
insertion loss of the b-t-b assembly is 5.7dB at frequencies

TABLE I
COMPARISON OF INITIAL AND MODIFIED SIMULATION PARAMETERS.

Parameter tyme ermc tan(d)mc  Rg rms, RDL
Initial dimension 40 um 3 0.005 0 pm
Modified dimension | 34pm  3.51 0.0083 0.203 pm

around 275 GHz. In the frequency range from 245 GHz to
290 GHz the transmission coefficient drops by 1 dB compared
to the measured maximum. This enables an efficient ultra-
broadband signal transition from package to IC and vice versa
over a bandwidth of 45 GHz. The measurement includes the
losses of two TMV interconnects, and the losses of the MSL
between both interconnects within the b-t-b assembly (see
Fig. 15). Thus, the single TMV interconnect has a minimal
insertion loss below 2.8 dB at 275 GHz. The current research
involves the characterization of microstrip line MSL losses
in the BEOL at frequencies beyond 220 GHz in order to de-
embed the insertion loss of MSLs in future measurements.

By re-simulating the setup using the actual assembly di-
mensions and heights obtained by laser scanning and consid-
ering the results of the material characterization, the initial
differences between simulation and measurement were sig-
nificantly reduced. This good correspondence strengthens the
proof of functionality of the TMV interconnect functionality.
Furthermore, it is shown that it is feasible to capture process
deviations and to accurately model them in the simulation
setup. This enables the identification of critical performance
parameters (e.g., MC thickness) for targeted optimization in
further production cycles.

VI. CONCLUSION AND OUTLOOK

This paper presents a TMV interconnect from BEOL to
fan-in WLB package with measured matching bandwidth of
38 GHz and a measured de-embedded insertion loss of less
than 2.8dB per TMV interconnect at 275 GHz. Compared
to other SiP assemblies, this work uses a fan-in instead of
a fan-out WLB, which enables vertical rather than lateral
integration of passive package structures on top of BEOL.
The compact connection of active and passive components
results in a smaller form factor for the entire SiP, lower
insertion loss per interconnection, and improved overall system
performance. The proposed TMV interconnect is independent
of wafer geometries, such as thickness, width, and length, and
has minimal parasitic radiation at the interconnect transition.
The high agreement of simulation and measurement verifies
the functionality of this robust and impedance-controlled TMV
interconnect for future broadband communication and sensing
SiP applications and enables also chip-to-chip interconnections
for 3D heterogeneous system design.

In future work, the copper pillar diameter could be further
reduced, to achieve a more compact catchpad, lower capacity,
and, thus, to minimize the insertion loss of the interconnect.
Moreover, by further minimizing the TMV dimensions, the
impedance matching bandwidth would be increased. In addi-
tion, silicon LBE could be used underneath the catchpad to
reduce the capacity of the catchpad, although the manufactur-
ing complexity will increase.
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