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ABSTRACT

Despite continuous advancements in integrated circuit (IC)
technology, the miniaturization of transistors has reached its
limitations, leading to challenges such as interconnect delays and high
power consumption. To overcome these limitations, advanced
packaging technologies that go beyond conventional semiconductor
processes have emerged as a critical solution. In particular,
optimizing wire—bonding and via structures within the package is
essential for effectively reducing insertion loss and inductance.

In the field of high frequency (RF) circuits, especially in the X—
band (8-12GHz), maximizing signal transmission performance
requires more precise simulation and measurement techniques for
package design. A (differentiated approach from conventional
advanced packaging technologies is necessary, with an emphasis on
structural optimized to the specific characteristics of RF packages.

This thesis studies the performance enhancement of X—band RF
packages through meticulous simulation and modeling of System—in—
Package (SiP) structures. To this aim, 3D electromagnetic (EM)
simulations were conducted to analyze insertion loss and inductance

with high precision. The simulation results were then compared with



measurements, leading to the development of a more accurate
modeling technique. Additionally, a calibration method was applied to
minimize discrepancies between experimental data and simulation
results, ensuring the reliability of the proposed model.

While System—in—Package (SiP) technology provides an effective
approach for integrating heterogeneous semiconductor chips within a
single module, the choice of packaging type is also critical for
ensuring signal integrity and system performance in high frequency
environments. Among various packaging methods, Land—Grid—Array
(LGA) package has gained attention as an ideal solution for RF
circuits due to its structural advantages, including low parasitic
inductance, short interconnection lengths, and high I/O density. In
particular, LGA package facilitates channel to channel path symmetry
and delay matching, making it highly advantageous for maintaining
phase and attenuation alignment in multi—channel transceiver
systems. In this study, a highly integrated LGA package structure
incorporating a 4—channel Multi—functional Chip (MFC) fabricated
using TSMC’s 65nm CMOS process was designed to enhance RF
performance in the X—band. By optimizing routing lengths and
interlayer configurations, the proposed package minimizes variations

in insertion loss, inductance, and group delay among channels,



thereby enabling the phase and attenuation alignment required for
high frequency systems.
To ensure signal integrity at the package level, 3D electromagnetic
(EM) simulations were conducted, and a high precision modeling
methodology was established by comparing simulation results with
experimental measurements. Furthermore, a calibration technique
was applied to minimize discrepancies between simulation and
measurement data, enhancing the reliability of the proposed model.
The modeling and optimization techniques presented in this study
are expected to be applicable not only to the X—band but also to a
broader frequency range in RF package design, which may contribute
to the performance enhancement and commercialization of next

generation high frequency semiconductor packaging technologies.
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Chapter I. Introduction

1.1 Research Background

System—in—Package (SiP) technology integrates multiple
heterogeneous semiconductor chips within a single package, enabling
miniaturization, high integration, and functional diversity. SiP has
been widely adopted in various applications, including high frequency
RF systems, mobile devices, and IoT platforms, due to its ability to
combine different process technologies within a single module [1].
However, in such high frequency environments, maintaining signal
integrity remains a critical challenge, with issues such as insertion
loss, inductance, and parasitic coupling requiring careful
consideration. In parallel, this study also explores Land—Grid—Array
(LGA) package as a separate research focus. LGA packages offer
short interconnection lengths, low parasitic inductance, and high I/O
density, making them highly suitable for high frequency RF systems.
They are particularly advantageous for multi—channel transceiver
systems, where maintaining path symmetry and delay matching
across channels is essential [2]. In this research, a 4 —channel Multi—
functional Chip (MFC) fabricated using TSMC’s 65nm CMOS process

was integrated into LGA package, and its performance was optimized



through 3D EM simulations and experimental validation, effectively
minimizing variations in insertion loss, inductance, and group delay
across channels. In addition to SiP and LGA, various other advanced

packaging technologies are being actively developed.

Ball-Grid—Array (BGA) package 1is another widely used
technology, particularly for applications requiring high pin counts and
robust mechanical stability. BGA packages provide better heat
dissipation and electrical performance compared to traditional leaded
packages, making them suitable for processors, memory modules,
and RF components. BGA packages can be classified based on the die
to substrate bonding method, such as wire—bonded BGA and flip—
chip BGA. Compared to wire—bonded BGA, Flip—Chip BGA enhances
signal integrity and reduces parasitic inductance by flipping the die
and connecting it directly to the substrate using solder bumps, which
shortens the signal path and improves high frequency performance
[3]. Figure 1.1—1 shows a cross—sectional vies of BGA package

which is classified based on the die to substrate bonding method.
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Figure 1.1-1 Cross-sectional view of BGA(Ball Grid Array) package ; (a) Wire-
bonded BGA, (b) Flip-chip BGA

Recently, Wafer—Level Packaging (WLP) is classified into 2.5D
and 3D packaging depending on the method of interconnection
between chips. Figure 1.1—2 shows a Classification of Wafer—Level
Packaging(WLP) [4]. In 2.5D packaging, chips are arranged

horizontally, and the interconnections are established through



Redistribution Layer (RDL) and Through Silicon Via (TSV) within an
interposer. Various types of interposers are used in this structure,
including silicon interposers, organic dielectric based interposers,
and glass based interposers. In contrast, 3D packaging stacks chips
vertically, directly connecting them without the use of an interposer.
Traditionally, ¢ bumps have been used for vertical interconnection,
but more recently, Cu—Cu hybrid bonding has emerged as a
promising alternative, offering lower contact resistance and higher
alignment precision. 2.5D and 3D packaging stack or arrange chips
on an Iinterposer significantly improving bandwidth and reducing
delay, which are critical for data centers and Al systems [5].

These advanced packaging technologies play a vital role In
enhancing the performance, integration, and scalability of modern
electronic systems. In this thesis, SiP and LGA package are each
independently studied, focusing on structural optimization and

performance enhancement for high frequency RF applications.
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1.2 Thesis Organization

In Chapter 2, the detailed implementation of the SiP QFN package
structure 1s introduced. It explains the package level integration
strategy, the composition of substrate, via, and bonding techniques,
and discusses key structural elements such as the cavity substrate,
wire bonding, and coaxial vias with emphasis on signal integrity.
Additionally, methodologies for improving simulation accuracy, such
as modeling surface roughness, SMA connectors, and applying
realistic physical parameters to align simulations with measurements,
are also covered in this chapter.

Chapter 3 compares simulation and measurement results. Both bare
chip and integrated structures are analyzed, and the consistency
between S—parameters, large—signal simulation results, and
reliability assessments is evaluated.

Chapter 4 presents the design and optimization of the LGA package.
It focuses on minimizing parasitic inductance, ensuring channel to
channel path symmetry, and achieving delay matching for multi—
channel RF systems. The performance of the proposed LGA design
1s evaluated through 3D EM simulations and experimental validation.

Chapter 5 concludes the thesis and suggests future research

directions.



Chapter II. Design of X—band SiP QFN Package
2.1 QFN Package for X—band Transceiver

In general, System—in—Package (SiP) architectures offer greater
design flexibility than System—on—Chip (SoC) in low frequency
applications [6]. This is because multiple functional blocks
implemented using different semiconductor processes can be
integrated into a single package, thereby reducing development time
and overall cost. The X—band transceiver proposed in this study also
adopts a highly integrated single package structure, characterized by
the integration of three heterogeneous semiconductor chips: a GaN
based SPDT switch, high power amplifier, and a GaAs based low
noise amplifier. Unlike SiP designs for low frequency applications,
however, high frequency package design is more sensitive to
parasitic effects, signal coupling, and insertion loss. For this reason,
this study adopts the QFN (Quad Flat No Lead) package among
various SiP packaging methods. QFN is a compact, flat type package
without leads extending from its sides and features a structure in
which the chip is directly bonded to the substrate. It was developed
in the late 1990s in response to the growing demand for

miniaturization and high integration. Thanks to its low profile,



excellent thermal dissipation, and low parasitic inductance, QFN has
been increasingly used in various high frequency applications.
Moreover, because of its short chip to substrate interconnect length
and planar structure, QFN is well suited for maintaining low insertion
loss even in high frequency bands [7].

2.1.1 Substrate Structure and Multi—Layer Configuration

In high density integration environment, it is physically impossible
to implement RF signal lines, DC bias lines, and GND planes
simultaneously using a single metal layer. Moreover, increased
pattern density and signal coupling may lead to degradation in
electromagnetic performance [8]. Therefore, multi—layer structure
consisting of 4 metal layers was designed, with each layer clearly
defined according to its electrical function.

2.1.1.1 Characteristics of Metal Layers

The bottommost layer, ‘Metal 1’, serves as the reference ground
for the CPWG (Coplanar Waveguide with Ground) based RF signal
lines implemented in the upper layers. This layer also functions as
the soldering interface that connects the package to the external PCB,
featuring an OSP (Organic Solderability Preservative) surface
treatment. It provides a low impedance ground path while ensuring

mechanical stability.



‘Metal 1’ is connected to the upper layers through vias, effectively
forming the return current path. Figure 2.1—1 shows a 3D—EM model
based on HFSS, designed using the structure of ‘Metal 1’, and is used
to verify the current distribution and shielding effectiveness of the

ground plane.

(a) (b)

Figure 2.1-1 3D-EM Model Using HFSS (‘Metal 1) ; (a) 3D view of ‘Metal 1”,
(b) Top views of ‘Metal 1°

The two holes located at the center of the ‘Metal 1" are designated
for thermal design and indicate the placement of Cu coins. These Cu
coins must be connected from the bottom surface of the lowest layer
up to the ‘Metal 3’, where the chip is mounted.

The second layer, ‘Metal 2’ is responsible for routing the bias

supply lines such as VDD, VGG, and VC for the GaN based SPDT



switch, high power amplifier, and GaAs based low noise amplifier

To minimize interference with RF signal lines, this layer is designed
to carry only bias currents independently, and it is configured
together with appropriate decoupling capacitors and ground
structures. This design minimizes DC noise and coupling effects
between DC and RF signals, thereby ensuring the linearity and
stability of the overall system.

Figure 2.1—2 shows a 3D—EM model based on HFSS, designed
using the structure of ‘Metal 2’, which was used to evaluate coupling

with adjacent layers and to ensure power integrity.

(a) (b)

Figure 2.1-2 3D-EM Model Using HFSS (‘Metal 2°) ; (a) 3D view of ‘Metal 2°,
(b) Top views of ‘Metal 2’

VC bias for the TX path of the SPDT, VDD bias for the HPA, VGG

bias for the LNA are all routed through ‘Metal 2'. These bias lines

10



are positioned close to the corresponding pads of each chip to
minimize wire—bonding distance, and they are connected through
vias to ‘Metal 4’, where the chips are mounted, in order to supply the
required bias voltages.

The semicircular holes located RF ports are designed to serve as
ground paths for forming coaxial vias. These semicircular openings
enable the implementation of symmetrical ground connections
surrounding the central signal via, thereby forming a coaxial
structure. This configuration helps ensure signal integrity by
providing a low inductance return path and effective electromagnetic
shielding, especially critical at RF interfaces.

The third layer, ‘Metal 3" serves as an intermediate ground plane
for the upper RF routing layer, ‘Metal 4’. This layer provides the
return path for CPWG signal lines while also acting as a shielding
layer between RF signals and DC bias lines, thereby suppressing
interlayer electromagnetic interference.

In multi—layer substrate structures, parasitic coupling through the
substrate can occur, and Metal 3 plays a key role in mitigating such
parasitic effects by confining electromagnetic energy locally. This
contributes to the stability of the system’s RF performance.

Figure 2.1—3 shows a 3D—EM model based on HFSS, designed

11



using the structure of ‘Metal 3’, which was used to optimize for

ground coverage and via density.

(2) (b)

Figure 2.1-3 3D-EM Model Using HFSS (‘Metal 3°) ; (a) 3D view of ‘Metal 3°,
(b) Top views of ‘Metal 3°

The topmost layer, ‘Metal 4’ is the primary layer where RF signal
routing is implemented, and it includes bonding pads for wire
connections between the package board and the chips.

To ensure reliable wire bonding, ENEPIG (Electroless Nickel
Electroless Palladium Immersion Gold) surface finish is applied to the
bonding pads. This surface treatment provides excellent bond—ability
and corrosion resistance, while maintaining electrical performance
suitable for high frequency applications [9].

This layer connects the RF signal pads of the GaN/GaAs chips to

the corresponding package side pads, and each signal is routed to

12



external lead pads for interfacing with the system.

The signal traces on this layer are designed to maintain a 50Q
impedance, with optimized trace width, spacing, and routing paths to
minimize insertion loss. Additionally, the positions of the bonding
pads and wire lengths were carefully considered to suppress
resonances within the package.

Figure 2.1—4 shows a 3D—EM model based on HFSS, designed
using the structure of ‘Metal 4’, which was used to evaluate the
adequacy of the signal line structure, pad layout, and surrounding

ground configuration.

(a) (b)

Figure 2.1-4 3D-EM Model Using HFSS (‘Metal 4°) ; (a) 3D view of ‘Metal 4°,
(b) Top views of ‘Metal 4°

The RF port region is routed starting from the rounded section

designed for coaxial vias, extending toward the chip pads to ensure

13



a short and efficient signal path. Around the RF signal lines, tuning
pads are strategically placed near the bonding area, utilizing open
stubs to form capacitive elements that allow for fine impedance
adjustment. At the center, a hole is reserved for chip mounting. To
accommodate potential epoxy overflow during the assembly process,
the design secures 120um clearance between the chip and the wall,
ensuring both mechanical reliability and ease of manufacturing [10].

2.1.1.2 Introduction of Cavity Substrate & Cu Coin

In this study, to effectively address the thermal issues associated
with high power GaN based chips, 200um thickness of Cu coin was
designed to extend from the bottom metal layer, ‘Metal 1’ to the chip
mounted metal layer, ‘Metal 3’, thereby securing a direct heat
conduction path. This structure minimizes the thermal resistance
between the chip and the heatsink, enabling stable thermal
management even during high power operation [11]. Figure 2.1-5

shows the cross—sectional view of the designed package.

14



Plastic Cap
Air Cavity

= S
e

(a)

Plastic Cap
Air Cavity

(b)
Figure 2.1-5 Cross-sectional view of designed package ; (a) Tx Side, (b) Rx Side

The Cu coin beneath the HPA was designed with dimensions of
3.3mm X 1.45 mm, while the coin beneath the SPDT was designed
with dimensions of 1 mm X 2.85 mm.

Additionally, to mitigate the degradation of high frequency signal
integrity caused by increased wire bonding length due to chip height,
a cavity substrate structure was introduced by forming a cavity in
the chip mounting area. The cavity depth was precisely designed to

be 100um, matching with the chip height, in order to minimize the



vertical offset between the chip and the bonding pads. This approach
reduces bonding wire length and inductance, thereby suppressing
impedance mismatch and resonance phenomena at high frequencies.

To minimize signal loss and ensure stable dielectric characteristics
in the high frequency domain, BT resin was used as the substrate
material instead of the commonly used FR—4. BT resin offers low
signal attenuation even at high frequencies and allows for precise and
uniform control of interlayer thickness 80um or 100um, which is
advantageous for designing characteristic impedance matching of
transmission lines within the package [12].

Furthermore, all metal layers from ‘Metal 1° to ‘Metal 4° were
formed using 18um thick copper. A multi—layer metal stack was
adopted, in which each layer is functionally separated to prevent
interference between RF signal lines, bias lines, and ground planes,

ensuring overall electromagnetic stability of the package.
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Metal 4(18um)

Metal 3(18um)

Metal 1(18um)

Figure 2.1-6 Layer stack of designed package

Figure 2.1 -6 shows the layer stack of the designed package. The
Cu coin was designed with a minimum possible thickness of 200um,
which corresponds to the minimum manufacturable thickness based
on actual PCB fabrication constraints. This decision was made to
minimize the via length between Metal 1, where the RF signal is
supplied, and Metal 4, where the chip pad is located. Since the RF
signal is transmitted from Metal 1 to the chip pad through vertical
vias, a longer via length would result in more insertion loss.
Therefore, reducing the thickness of the Cu coin helps to shorten the

via path and improve RF transmission efficiency.
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2.1.1.3 Impedance Matching and Signal Integrity

Considering the role of Metal 4, the routing from the bonding pad
where wire bonding is performed to the edge lead pad functions as
an RF signal line and must maintain signal integrity through 50Q
impedance matching. Therefore, Metal 4 was designed as a Coplanar
Waveguide with Ground (CPWG) structure, using the underlying
Metal 3 layer as the ground reference. This configuration ensures
controlled impedance and effective electromagnetic confinement,

which are essential for high frequency signal transmission.

80um 80um

-l -

200um

(2) (b)

Figure 2.1-7 3D-EM Model Using HFSS ; (a) Top view of 500 CPWG line, (b)
Model for Extracting the Impedance of a 500 CPWG Line

Figure 2.1—7 shows the HFSS 3D—EM Model used to extract the
impedance of a 50Q CPWG line. Subfigure (a) shows the top view of
the CPWG structure, which is designed with a signal line width of
200um and a gap of 80um between the signal line and the adjacent

ground planes, while subfigure (b) shows the simulation model used

18



to analyze its impedance characteristics. This model was configured
to evaluate the effects of line width, ground spacing, and substrate
properties on characteristic impedance, and served as the reference

geometry for designing matched RF lines within the SiP package.
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Figure 2.1-8 Simulation results of insertion loss for the 500 CPWG line

Figure 2.1—8 shows the insertion loss for the designed 500 CPWG
line. Simulation results indicate that the insertion loss remains
consistently low across the X—band, with values below 0.01dB,
demonstrating excellent transmission efficiency and minimal signal
attenuation. This confirms the effectiveness of the CPWG design for

high frequency applications.
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2.1.2 Proposed Wire—Bonding Structure

Among the various parasitic elements present in the package
structure, wire—bonding was found to have the greatest impact on
both insertion loss and inductance. This is because wire—bonding
serves as the final electrical connection between the chip and the
package substrate, located at the termination of the signal path. It is
also a physically flexible and geometrically variable interconnect,
making it highly sensitive to layout and assembly conditions.

In high frequency environments, the parasitic inductance introduced
by wire—bonding increases significantly with wire length and height,
becoming a major contributor to insertion loss. Typically, wire bonds
can introduce inductance which is substantially higher than the
parasitic caused by vias, transmission lines, or metal layers within
the package [13].

To minimize these effects, the proposed design implemented short
bond wires, as well as double bonding and ground reinforcement
bonding structures. These approaches reduce the current loop area
and strengthen the return path, thereby effectively lowering both

insertion loss and inductance.
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2.1.2.1 Inductance and Insertion Loss According to Wire Bonding
Height and Supplementary Ground Wire—Bonding

To optimize RF performance in SiP, various wire—bonding
techniques were applied focusing on bonding height, length, and
supplementary ground bonding [14]. Figure 2.1—9 shows the step by
step structural improvement process, showing that a total of three

different bonding configurations were applied.
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Figure 2.1-9 Step-by-Step Structural Evolution of Wire-bonding Configurations

22



First, to minimize the parasitic inductance and insertion loss of
wire—bonding at high frequencies, the straight line distance between
RF pads was designed to be less than 300um. Assuming that Rjyqq
and Rcpi, are impedance matched at 50Q, the insertion loss as a
function of bonding wire length can be expressed by the following
equation.

| 2R, |
R, +joL +R

chip wire load

IL,, ~20log,,

2.1.1)

L,ire denotes the inductance of the bonding wire, which is generally

proportional to its length.
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Figure 2.1-10 Insertion loss as a function of bonding wire length
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Figure 2.1—10 shows the insertion loss as a function of bonding
wire length, obtained by applying the equation. When the bonding
length exceeds 500um, a significant increase in insertion loss is
observed in the X—band frequency range. This is because, at high
frequencies, the inductance introduced by the long bonding wire adds
meaningful impedance to the circuit, causing reflections and losses.
Such effects become more pronounced as the frequency increases.

Next, as shown in Figure 2.1—11(b), to further enhance electrical
performance, supplementary ground wire—bonding was introduced.
This method involves adding additional wire—bonding between the
ground pads of the chip and the surrounding ground structures of the
package. These supplementary ground wire—bonding provides
multiple low inductance return paths, which help suppress ground
bounce and minimize coupling between RF signals and bias lines or
adjacent signal traces. As a result, unwanted resonances are
mitigated, RF/DC isolation is improved, and electromagnetic fields
around the signal lines are more effectively confined [15].

Finally, as shown in Figure 2.1—11(¢), the entire bonding structure
benefits directly from the implementation of a cavity substrate. By
forming a recessed cavity in the chip mounting area, the vertical

distance between the top surface of the chip and the bonding pads on
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the package is reduced [16]. As a result, both the height and length
of the bonding wires are minimized. This structure is highly effective
in further reducing parasitic inductance and insertion loss, and it is
particularly advantageous in suppressing wire induced resonances
that may occur in the upper X—band.

Figure 2.1—11 shows the simulation results of inductance and
insertion loss for each bonding configuration. According to the
simulation results, in the X—band, the configuration that incorporates
both the cavity substrate used to reduce bonding height and
supplementary ground wire—bonding exhibits approximately 700 pH
of parasitic inductance, with an insertion loss is from 0.7 to 0.8 dB.
This demonstrates the effectiveness of the proposed enhancements

in minimizing signal degradation at high frequencies.
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Figure 2.1-11 Simulation results of inductance and insertion loss for each bonding

configuration.
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The following equation quantitatively describes the impact of

reflection coefficients on insertion loss.

l1-T,

2
(1-Ir,

2
IL,, =10log,, ) 2.1.2)

(z,+joL,,,)-Z
= (z,+joL,,, )+ Z, 2.1.3)

wire

Z,-1Z,
CZ 427,

(2.1.4)

The insertion loss is determined by the interaction between the
source reflection coefficient, Iy and the input reflection coefficient,
I;, where Tj, is defined by incorporating the inductance Lye
introduced by wire bonding. In high frequency operation, the term
joLyire significantly affects impedance matching, thereby
contributing to the overall reflection characteristics and insertion loss
of the system. Furthermore, the optimal source impedance, Zgps) 18
defined as the complex conjugate of the total impedance including the

load impedance, Z; and the bonding inductance.

ZS(opt) = |:ZL + ijWire :|* (2.1.5)
Therefore, the output impedance matching of a chip connected

through wire—bonding can be carried out based on the above

equations.
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2.1.2.2 Inductance and Insertion Loss Compensation effect of Open
Stub Formed by Wire—Bonding

In high frequency SiP transceivers, impedance mismatch at the RF
interface can lead to significant reflection loss and degradation in
signal integrity. To address this, the proposed package incorporates
a wire—bonding based open stub structure as a fine impedance
matching technique [17]. Figure 2.1—12 shows the implementation
of this approach, where bonding wires are intentionally connected to

the RF signal line and open—ended, forming open stubs within the

package layout.
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Figure 2.1-12 Implementation of Open Stub Structures Using Wire Bonding with
Bonding Lengths
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These wire bonds are designed to behave as open—ended
transmission lines, introducing reactive elements either inductive or
capacitive depending on the electrical length into the signal path. This
enables compensation for minor impedance mismatches and enhances
impedance continuity across the frequency band of interest. The
reactance Xg,, contributed by the open stub can be approximately
modeled by

X =2, 'cot[zT”[j (2.1.6)

where [ i1s the stub length, A is the wavelength at the design
frequency, and Z, is the characteristic impedance. As the stub length
increases, the reactance becomes more capacitive, effectively tuning
the impedance at lower frequencies. Conversely, shorter stubs are
better suited for tuning at higher frequencies.

In the proposed design, the length of the bonding stubs was
carefully optimized to introduce a target capacitance for fine tuning
in the upper X—band range. Moreover, the position and proximity of
the stub to the ground plane were also considered, as the effective
capacitance between the stub and ground increases as the vertical
spacing d decreases. The effective capacitance can be approximated

as
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- 8r80A

= 2.1.7)

where ¢, is the relative permittivity of the BT resin, g is the
vacuum permittivity, A is the overlapping area between the stub and
the ground plane, and d is the vertical distance.

To suppress parasitic coupling and maintain matching accuracy, the
stub was placed parallel to the signal line with controlled spacing, and
the ground plane was positioned directly below with sufficient via
stitching. Simulation results confirmed that this structure provided
effective tuning with minimal insertion loss, contributing to the
overall RF performance of the system.

By incorporating this open stub matching structure within the
bonding design, the proposed package demonstrates enhanced
flexibility in high frequency impedance control, particularly beneficial
for multi—chip integration in SiP architectures operating in the X—
band.

Figure 2.1—13 shows the simulation results of inductance and
insertion loss according to the bonding wire length used in the open

stub matching structure.
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According to the simulation results, the impedance matching
characteristics were found to vary significantly depending on the
length of the wire—bonded open stubs within the X—band. In this
study, tuning regions were implemented using bonding wire lengths
of 350um, 570um, and 790um , each exhibiting distinct impedance
compensation behavior. In the baseline structure with approximately
700 pH of parasitic inductance, the open stubs were able to offset up
to 100 pH, depending on their length, thereby improving impedance
matching as verified through simulation.

This inductance compensation effect contributed to a reduction in
reflection loss along the RF signal path. As a result, the insertion loss
was also improved, maintaining a level of approximately 0.6 to 0.7 dB.
These findings clearly demonstrate that the electrical impact of
wire—bonding can be precisely controlled in high frequency package

design.
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2.1.3 Proposed RF Via Structure

Vias used within the package can be broadly classified into two
categories based on their function vias for supplying DC bias voltage,
and vias for transmitting high frequency signals. In particular, the vias
used in RF signal paths must be structurally optimized to minimize
high frequency signal loss and maintain signal integrity.

Conventional single via structures tend to exhibit increased
parasitic inductance at high frequencies, which can lead to higher
insertion loss, signal reflections. To address these issues, this study
adopts a coaxial via structure. In this configuration, a central signal
via is surrounded symmetrically by multiple ground vias, forming a
uniform return current path. This significantly reduces the inductance
in the signal transmission path and suppresses unwanted
electromagnetic interference. Moreover, the coaxial via structure is
advantageous for maintaining the characteristic impedance of the
transmission line [18].

To compare the electrical performance of coaxial and conventional
via structures, a 3D electromagnetic simulation model was developed
using Ansys HFSS. The simulation evaluates the frequency response
characteristics of each structure, focusing on insertion loss, return

loss, and current distribution in the X—band.
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Figure 2.1-14 Cross-sectional views of the coaxial via and conventional single via
structures

Figure 2.1—14 shows cross—sectional views of the coaxial via and
conventional single via structures, clearly illustrating the differences
in grounding configuration and layout, which lead to distinct

electromagnetic behaviors.
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Figure 2.1-15 Simulation results of inductance and insertion loss according to the
height of the ground return path

36



Figure 2.1—15 shows the simulation results analyze the variation in
electrical characteristics with respect to the height of the ground
return path within the X—band. The analysis showed that as the
height of the ground path increases, the amount of canceled parasitic
inductance also increases. This is attributed to the improved quality
of the return current path formed by the ground vias, which shortens
the overall current loop and reduces its inductance.

In particular, by forming a coaxial via type ground structure, it was
confirmed that up to approximately 100 pH of inductance reduction
can be achieved in the X—band compared to a conventional single via
structure. This contributes to mitigating electromagnetic reflections
and impedance discontinuities, which are critical factors in high
frequency design.

Furthermore, along with the reduction in inductance, insertion loss
also showed improvement, with up to approximately 0.1 dB of
insertion loss reduction observed as the height of the ground path
increased. These results demonstrate that even minor geometrical
adjustments, such as increasing the height of the ground vias, can
significantly enhance transmission efficiency and signal quality in
high frequency package designs.

Similar to the structure used in conventional coaxial cables,
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surrounding a signal via with a fully cylindrical ground shield
represents the theoretically ideal coaxial via configuration. However,
implementing such a structure directly within package substrate is
practically challenging due to structural limitations inherent in the
manufacturing process. In high density circuits in particular, forming
a continuous circular ground wall is constrained by via pitch
limitations, layout restrictions, and the complexity of drilling
processes [19].

Therefore, this study proposes a manufacturable coaxial via
structure that accounts for these practical constraints. The proposed
design arranges multiple ground vias symmetrically or at equal
intervals around a central signal via, thereby enabling effective
ground shielding at high frequencies. A critical design criterion in this
configuration is that the spacing between adjacent ground vias must
be sufficiently small compared to the effective wavelength of the
signal. In other words, the structure is effective when the maximum
spacing d between ground vias satisfies the following condition

c

di 4, = (218)

f

€ eff

When this condition is met, electromagnetic leakage and

interference between the gaps of the ground vias become negligible,
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allowing the structure to provide a grounding effect similar to that of
an ideal cylindrical shield. In fact, a 3D electromagnetic simulation
using HFSS was performed on the proposed structure, and the results
confirmed that there was no significant difference in inductance or
insertion loss compared to the ideal cylindrical ground shield. This
outcome 1is attributed to the skin effect, where electromagnetic
energy propagates primarily along the metal surface at high
frequencies, and to the localized concentration of electromagnetic
fields. In other words, rather than requiring a continuous ground wall,
a sufficiently dense array of ground vias can effectively form an
electromagnetic shield in practice. Figure 2.1—16 shows the coaxial

via structure as implemented in this study.

Figure 2.1-16 Coaxial via structure implemented in this study
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2.2 Integrated Design of X—band SiP QFN Package

X—band transceiver SiP, which integrates both transmit and
receive functions within a single package, is significantly influenced
by system level interactions rather than just the performance of
individual circuit blocks. Since components such as the SPDT switch,
high power amplifier, and low noise amplifier each with different
operating conditions and electrical characteristics are integrated on
a single substrate, the overall system performance can be affected
by factors such as parasitic coupling, return path interference,
common ground noise, and thermal crosstalk between components
[20]. Therefore, simulations of individual circuit blocks alone are not
sufficient to guarantee the reliability of the entire package. A
comprehensive evaluation must be conducted through full package 3D
electromagnetic simulations, which take into account the interactions
among all components within the integrated structure. This is
especially critical for high frequency transceiver modules, where
even small structural variations can lead to impedance mismatches,
increased insertion loss, and unwanted resonances. For this reason,
accurate EM based validation at the package level is essential prior

to fabrication.
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2.2.1 Structure of Integrated SiP QFN Package

Figure 2.2—1 shows the overall chip placement and pad layout of the

transceiver SiP (System—in—Package) proposed in this study.

Figure 2.2-1 Chip placement and layout of the transceiver SiP proposed in this

study
S|P Chip to Chip Bonding
RBonding
BEic HPA - om0
RBonding Bonding TX IN
O~ SPDT
Rx IN I-Bonding RB d'
ITXOUT I T P S
LBonding RX OUT
Chip to Chip Bonding

Figure 2.2-2 Block Diagram of the transceiver SiP proposed in this study
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Figure 2.2—2 shows the block diagram of the transceiver SiP
proposed in this study. The structure integrates multiple
heterogeneous semiconductor chips, each fabricated using different
processes, into a single high density package. The functional blocks
are arranged as follows: At position (A) is the SPDT switch,
fabricated using Winsemi's NP25—-02 GaN process. At position (B)
is the high power amplifier, also based on the same GaN process. At
position (C) is the low noise amplifier, fabricated using Winsemi’s
NP25—-02 GaAs process.

The dimensions of each chip are as follows the SPDT is 1.14 mm X
3 mm, the HPA is 3.8 mm X 1.6 mm, and the LNA is 3.8 mm X 1 mm.
Since these heterogeneous chips are densely integrated within a
limited area, efficient layout and structural considerations for
minimizing signal interference are essential. The entire package is
configured as a compact module with dimensions of 7mm X 5mm,
optimized for high frequency communication systems requiring
miniaturization and high integration.

2.2.2 Simulation Results of Integrated SiP QFN Package

Considering the characteristics of the package, it is essential to
account for interlayer electromagnetic interference, as well as the

signal transmission behavior of vias, Cu coins, and wire bonding, in
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order to preserve the RF performance of the chip after packaging.
Therefore, to evaluate the signal transmission characteristics from
the bottom layer of the package to the chip pads, a full package
simulation must be conducted using HFSS, including a ring shaped
virtual ground plane [21]. This virtual ground plane was designed
with a width of 700um, which corresponds to tenth of the total
package width 7mm . This dimension was carefully chosen to
minimize parasitic effects that may arise from the ground structure
itself, allowing it to function as an effective reference ground. Figure
2.2—3 shows the HFSS model of the fully integrated package, which
was used to simulate and analyze the inductance and insertion loss

characteristics of the proposed structure.

(2) (b)

Figure 2.2-3 HFSS 3D-EM Model of the fully integrated package ; (a) Virtual
ground plane with port, (b) Model of the fully integrated package
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Figure 2.2-4 Simulation results of the inductance and insertion loss for the

integrated package structure
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Figure 2.2—4 shows the simulation results of the inductance and
insertion loss for the proposed integrated package structure. In the
X—band, the insertion loss at both the input and output ports is
approximately 0.7 dB, while the inductance is measured to be around
700 pH. The PA input and LNA output exhibit slightly lower
inductance values compared to the combined PA output and LNA
input, which consistently shows the highest inductance across the
entire frequency range from 8 to 12 GHz. This difference is primarily
attributed to the longer routing lines associated with the PA output
and LNA input paths, which inherently contribute additional parasitic

inductance.
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2.3 Methods for improving Simulation Accuracy

To improve simulation accuracy in high frequency environments,
this study includes detailed modeling of external interface elements,
particularly the SMA connector and PCB RF transmission line. A 3D
EM model of the SMA connector was developed to capture parasitic
effects and impedance mismatches at the connector to board
interface. A calibration board replicating the assembled SMA
connector and RF line was fabricated. Insertion loss and return loss
were measured and compared with simulation results, allowing
refinement of the model and alignment with actual performance. This
approach enhances the reliability of simulation results, ensuring

closer agreement with real world measurements.

2.3.1 Calibration of the SMA Connector

At high frequencies, the structural characteristics of the SMA
connector such as the length of the center pin, the contact area
between the outer shield and the PCB can introduce parasitic
capacitance and inductance at the interface with the transmission
lines and pads.

If these effects are not accounted for in the simulation, idealized port

impedance is assumed, which can result in discrepancies between

46



simulation and measurement. Therefore, in the HFSS model, the
physical geometry, contact location, and electrical boundary
conditions of the SMA connector were implemented to match the
actual measurement setup. This approach significantly improved the
accuracy of predicted insertion loss and return loss characteristics.
Such connector modeling plays a key role in accurately reflecting
port matching conditions at high frequencies, and it can also be
applied to the design of interconnection structures between the
package and the PCB in future implementations.

2.3.1.1 Methods of Modelling SMA Connector

Figure 2.3—1 shows the external appearance of the SMA connector
used in the actual measurement, along with the corresponding HFSS
simulation model developed based on it. To ensure consistency with
the real measurement environment, the model was precisely
constructed to match the actual connector specifications, including
the diameter of the center pin, the thickness of the dielectric, and the
contact area between the outer shield and the PCB [22]. The purpose
of this model is to accurately account for parasitic effects that may
occur at the interface between the transmission line and the SMA
connector, thereby improving the overall reliability of the simulation

results.
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Figure 2.3-1 Appearance of the SMA connector used in the actual measurement

The SMA connector is used as the reference port in system level
measurements and must satisfy an accurate characteristic impedance
of 50 Q. Accordingly, in this study, the impedance matching
characteristics of the designed SMA model were verified through
HESS simulations, and S—parameter analysis confirmed that the
model achieved proper matching at 50Q. In particular, the reflection
coefficient remained below -20dB, indicating that impedance
mismatch at the connector interface is minimal.

Based on this model, it becomes possible to more accurately predict
the transmission characteristics at the package to board interface.
This modeling approach can also be applied to other connectors or
probe based measurement setups in the future and contributes to
improving the accuracy of high frequency measurement

environments.
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2.3.2 Correction for Surface Roughness

To accurately predict the characteristics of high frequency
transmission lines, it is essential to consider not only idealized
simulation models, but also the surface roughness of metal
conductors that arises from actual PCB manufacturing processes.
When the surface of a transmission line becomes rough, the electric
field distribution at the metal dielectric interface becomes non—
uniform, which distorts the field path and directly affects key
parameters such as the effective dielectric constant, dielectric
thickness, and line capacitance [23]. To account for these effects,
this study incorporated actual PCB manufacturing parameters such
as plating thickness, surface profilometer data, and copper grain size
into the HFSS simulation model. The model was corrected using the
parameters Dy s rougnh and Crougn » representing the effective
dielectric constant and capacitance adjusted for surface roughness.
This approach allowed for improved accuracy in predicting the
electrical length, insertion loss, and reflection characteristics of the
transmission lines, thereby reducing discrepancies between
simulation and measurement results. Such correction techniques are
especially critical in high frequency regions beyond the X—band,

where even minor variations in surface roughness can significantly
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affect system performance. Therefore, it is essential to incorporate
material properties that reflect surface roughness and apply
appropriate correction models during simulation.

2.3.2.1 Theory of Surface Roughness

Figure 2.3—2 shows the actual surface roughness of a PCB, while

the right figure shows the modeling approach that accounts for this

roughness.

(2) (b)

Figure 2.3-2 (a) Actual surface roughness of a PCB, (b) Modeling approach that
accounts for roughness

The above parameters follow the equations shown below. First, in
the ideal (smooth) case, the capacitance can be expressed as:

g,A
Cmugb =Dke[f i H (2.3.1)

rough

Where ¢, is the vacuum permittivity, A is the effective area
between conductors, Hreugn 1s the effective dielectric height
including surface roughness. To maintain the same capacitance while

modeling the roughness effect as a correction to the permittivity, we
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define a corrected effective dielectric constant, yielding:

&,4
Crough = Dke[[ _rough H— (2.3.2)
smooth
By equating the two expressions, the relationship between the

uncorrected and corrected dielectric constants becomes:

H
Do rougn = Drerr * (H —chR ) 2.3.3)

smooth

Where R, represents the average surface roughness height. This
expression indicates that surface roughness effectively reduces the
distance between the conductor and dielectric, which increases the
effective permittivity needed to maintain the same capacitance. By
applying this model, simulation tools such as HFSS or ADS can
incorporate roughness corrected dielectric constants Dyefr rough »
allowing for more accurate prediction of electrical behavior. This
correction method 1is especially critical in X—band and higher
frequency designs, where even small variations in surface roughness

can lead to measurable performance deviations.
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2.3.2.2 Comparison of Simulation and Measurement Results

Figure 2.3—3 shows the test PCB fabricated for comparison between
the proposed simulation model and actual measurement set—up, along
with the external view of the SMA connectors soldered to the board.
The actual measurements were performed using a Vector Network
Analyzer (VNA), focusing on the comparison of S—parameter

characteristics, particularly insertion loss and return loss.

(a) (b)

Figure 2.3-3 (a) Actual measurement set-up, (b) Model with surface roughness
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First, the discrepancy between the initial HFSS model without
surface roughness correction and the measured results is shown in
Figure 2.3—4. Some mismatches were observed in both insertion loss
and phase characteristics. This deviation is attributed to the
difference in electromagnetic wave propagation and transmission line
capacitance caused by metal surface roughness introduced during the
PCB manufacturing process. Accordingly, in this study, the
previously described correction equations were applied to the
simulation to incorporate the effects of PCB surface roughness by

adjusting the effective dielectric constant and capacitance. The
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comparison between the simulation results using the corrected model
and the actual measured values is shown in Figure2.3—5, where a

significant reduction in the discrepancy between the two results can

be observed.
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Figure 2.3-5 Comparison between the simulation results with corrected model and
the actual measured values

As a result, the application of correction formulas that account for
surface roughness was proven to be effective in improving simulation
accuracy and provided high reliability in predicting transmission line
characteristics at the actual PCB level. This approach is particularly
useful for high frequency designs beyond the X—band and can be

directly applied to transmission line analysis within SiP structures.
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Chapter III. Integrated Simulation Including the
Full Package

3.1 Full Package Simulation of Tx

The package structure proposed in ‘Chapter 2° was designed to
integrate multiple chips at high density within a single package. The
performance of this integrated structure must be evaluated not only
at the circuit level, but also through full package simulations that
account for the complete electromagnetic environment. Since the
package behaves as a passive structure from an RF perspective, its
performance can be quantitatively assessed using key transmission
characteristics such as insertion loss and parasitic inductance. In
particular, the combined effects of internal metal routing, via
structures, wire bonding, and thermal management components can
significantly influence the electrical behavior of the signal path. To
accurately capture these effects, this study first extracted the
electromagnetic characteristics of the standalone package using
HESS 3D EM simulation, and then performed chip to package co—
simulation by integrating the individual functional blocks into the
model. This approach allows for the inclusion of chip to package

interconnection effects that can occur in real world conditions and
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provides a comprehensive prediction of the overall RF performance
of the SiP structure.

3.1.1 Small signal simulation results of Tx

Figure 3.1—1 shows the simulation results of S—parameter used to
evaluate the small—signal characteristics of the transmitter circuit.
The performance was compared between the bare chip condition and

packaged full SiP structure.
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Figure 3.1-1 Comparison between the small-signal simulation results Bare chip
and packaged full SiP
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Table 3.1-1 Comparison between the small-signal simulation results Bare chip

and full SiP
Bare Chip Package
Frequency 9GHz | 9.5GHz | 10GHz | 9GHz | 9.5GHz | 10GHz
S11(dB) -20.6 -33.2 -10.31 -8.72 -10.96 | -12.03
S21(dB) 39.78 38.86 38.4 38.35 37.67 37.29
S22(dB) -14.74 | -13.78 -12.5 -14.6 -13.45 -7.66
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According to the simulation results, the bare chip exhibited excellent
input matching with an S11 of —33.2dB at 9.5 GHz, while the
packaged state still maintained a reasonable input matching level of
—10.96dB. The output matching, S22 was also comparable, showing
—13.78dB for the bare chip and —13.45dB for the package. On the
other hand, the insertion loss, S21 slightly decreased due to the
packaging. For instance, at 9.5 GHz, the gain dropped from 38.86dB
in the bare chip to 37.67dB in the packaged structure, indicating a
loss of approximately 1.2dB. This degradation is presumed to be
caused by external factors such as the SMA connector, bonding wires,
and internal routing within the package. However, the 1.2dB loss is
considered to be well controlled, especially given the packaging
environment in the X—band, indicating that the overall package design
1s effective in suppressing high frequency losses.

These results underscore the importance of quantifying insertion
loss within the package structure and highlight the necessity of
design optimization to minimize high frequency performance

degradation during the packaging stage.
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3.1.2 Large signal simulation results of Tx

Figure 3.1—2 shows the large—signal performance of the
transmitter circuit, showing the variations in output power (Pout),
gain, and power—added efficiency (PAE) with respect to the input
power (Pin). The measurements were conducted under identical
conditions to compare the performance between the bare chip and

the packaged full SiP structure.
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Figure 3.1-2 Comparison between the large-signal simulation results Bare chip and
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Table 3.2-2 Comparison between the large-signal simulation results Bare chip
and full SiP

9GHz 9.5GHz 10GHz

Pout[dBm] | PAE[%] | Pout[dBm] | PAE[%] | Pout{[dBm] | PAE[%]

Bare Bare Bare Bare Bare Bare
Chip PK& Chip PG Chip PKG Chip PRGH Chip PKG Chip PKG

383 | 36.8 | 445 | 37.8 | 38.1 | 36.2 | 456 | 36.1 | 37.6 | 36.1 | 459 | 30.5
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At 9.5GHz, the bare chip achieved a peak output power of
38.15dBm and a maximum PAE of 45.6%, whereas the packaged
version showed a slightly degraded performance with 36.2 dBm of
output power and 36.1% PAE. This corresponds to approximately a
2 dB drop in output power and a 9.5% reduction in efficiency, which
can be attributed to additional insertion loss and parasitic effects
introduced by the SMA connectors, bonding wires, and internal
transmission lines within the package. Nevertheless, maintaining
36.2 dBm of output power and 36.1% PAE in the packaged structure
is still considered a favorable result, indicating that the high
frequency packaging was relatively well designed. These findings
highlight the critical importance of packaging technology in
preserving high output power and efficiency in real world system
implementations. Figure 3.1—3 shows the variation in drain current
with respect to the input power (Pin), comparing the current
consumption characteristics between the bare chip and the packaged

structure.
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Figure 3.1-3 Comparison between the drain current simulation results Bare chip

and packaged full SiP

Across the entire input power range, the bare chip exhibits higher
drain current than the packaged version. This trend aligns with the
previously observed reductions in output power and power—added
efficiency, confirming that the degraded output performance due to
packaging results in lower current consumption at the same input
power level. Specifically, near the maximum input power, the bare
chip draws approximately 0.66 A, whereas the packaged structure
draws around 0.58 A. This difference is primarily attributed to the
insertion loss and additional impedance introduced by the internal

transmission paths within the package.
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3.2 Full Package Simulation of Rx

The small—signal characteristics and noise figure of the receiver
circuit could not be independently simulated or measured in the bare
chip state. This is because the Rx path was designed by an external
academic institution, and the design data was not accessible.
Therefore, in this section, the performance of the Rx block is
evaluated based solely on the measurement results obtained from the
packaged full SiP structure.

3.2.1 Small signal simulation results of Rx

Figure 3.2—1 shows the simulation results of S—parameter used to

evaluate the small—signal characteristics of the receiver circuit.
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Figure 3.2-1 Small-signal measurement for Rx of SiP
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The input matching characteristic, S11 exhibits deep dips of
approximately —25dB near 8.3GHz and —28dB near 9.6 GHz,
indicating excellent matching at these frequencies. Across the entire
band, S11 remains mostly below —10dB, demonstrating stable input
matching performance. The output matching, S22 also stays below
10dB over the full frequency range, confirming that the output port
maintains good matching as well. S21 remains around 22~26dB in the
central frequency range of 8-10 GHz and reaches up to nearly 28 dB.
This gain performance indicates that the receiver circuit provides
sufficient amplification of the input signal. Overall, the receiver
maintains good matching and high gain characteristics even in the
packaged state, suggesting strong performance in practical system

integration environments.
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3.2.2 Noise Figure simulation results of Rx

Figure 3.2—2 shows the frequency dependent noise figure (NF) of

the receiver circuit.
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Figure 3.2-2 Noise figure measurement for Rx of SiP

Across the entire 7-12GHz band, the receiver demonstrates
relatively stable NF characteristics, particularly maintaining a low
level of approximately 3.2-3.5dB in the primary operating range of
8-10 GHz. In the lower frequency region near 7.5 GHz, the NF starts
at around 3.7dB and decreases to approximately 3.2dB within the 8-
10 GHz range, exhibiting a relatively flat response. Beyond 10 GHz,

the noise figure gradually increases with frequency, reaching
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approximately 5.5dB at 12GHz. This trend is likely due to
transmission loss and parasitic elements present in the packaging
structure that become more pronounced at higher frequencies.

In conclusion, the receiver maintains a low noise figure within the
main operating band of 8-10 GHz, suggesting that it can meet the

high—sensitivity requirements of communication and radar systems.
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3.3 Measurement Set—Up of SiP QFN Package

This measurement plan describes the experimental setup for
evaluating the small—signal and large—signal characteristics of the
transmitter path in the SiP QFN package.

3.3.1 Components of Evaluation Board

This measurement plan describes the experimental setup for
evaluating the small—signal and large—signal characteristics of the
designed SiP QFN Package at the transmitter path. The measurement
1s conducted to precisely verify the performance of the RF circuit,
and it 1s especially critical to ensure power supply stability when
using high power devices based on GaN and GaAs technologies. Since
these devices operate at high voltages, they are susceptible to
oscillation or noise coupling within the system due to unstable power
supply or external interference. To prevent such issues and secure
circuit stability, de—Qing resistors and bypass capacitors must be
inserted in the power supply lines. The position of SMT capacitors
and resistors are shown in Figure 3.3—1. Table 3.3—1 summarizes

list of the components value of SMT capacitors and resistors.
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Figure 3.3-1 Position of SMT capacitors and resistors
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Table 3.3-1 Components value of SMT capacitors and resistors

Ref. Des. Component Value
C1 SMT Cap 1206, 10uF, +/-20%, 50V
C2 SMT Cap 0402, 0.1uF, +/-10%, 50V
R1 SMT Res 0402, 100HM, 5%

3.3.2 Measurement Set—Up of Evaluation Board

For small—signal characterization, Vector Network Analyzer (VNA)
1s used to measure S—parameters. For large—signal measurements,
an Agilent 83623B signal generator is used to provide the desired
input power at each frequency. The corresponding output power is

measured using the Agilent E4407B spectrum analyzer.
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Figure 3.3-2 Small-signal measurement set-up for Tx of SiP
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Figure 3.3-3 Large-signal measurement set-up for Tx of SiP
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Chapter IV. Design of X—band Land—Grid—

Array (LGA) Package
4.1 Core Structural Design of X—band LGA Package

Land Grid Array (LGA) package offers a favorable structure for
precise signal path control required in high speed signal transmission
and multi—channel integrated systems. In this study, a 4—channel
Multi—functional Chip (MFC) fabricated using the TSMC 65nm
process is embedded within LGA package. Each channel includes a
phase shifter and an attenuator. In such a configuration, it is essential
to minimize the variations in inductance and signal propagation delay
among the four channels to ensure precise matching of phase and
attenuation characteristics across all channel [24].

LGA package connects to the PCB via flat metal pads instead of
solder balls, which shortens the interconnection length and reduces
parasitic inductance. This contributes to consistent signal delay
across channels. Furthermore, the high input/output (I/O) density
supported by the LGA structure enables symmetric and repeatable
routing for all four channels, providing design flexibility. These
characteristics play a critical role in maintaining circuit integrity and

operational stability, especially in systems like the MFC chip, where
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channel—to—channel matching of phase and attenuation directly
impacts overall system performance.

4.1.1 Characteristics of Each Metal Layer

Considering the complexity of the 4—channel MFC, the package
board used for the LGA package was simplified by adopting a
conventional 2 layers structure with MSTL based routing. In this
structure, the bottom copper layer, 'Metal 1' serves as the ground
plane for the MSTL signal traces on the upper layer, 'Metal 2'. Figure
4.1-1 shows a 3D—EM model based on HFSS, designed using the
structure of ‘Metal 1°, and is used to verify the current distribution

and shielding effectiveness of the ground plane.
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Figure 4.1-1 3D-EM Model Using HFSS (‘Metal 1) ; (a) 3D view of ‘Metal 1”,
(b) Top views of ‘Metal 1°
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The second copper layer, 'Metal 2' contains the routing for
supplying DC bias to the VDD of the 4—channel MFC and the SPI
module, as well as the signal traces for transmitting the output signals
of the PA and LNA for each channel. Figure 4.1—2 shows a 3D—EM
model based on HFSS, designed using the structure of ‘Metal 2,
which was used to evaluate coupling with adjacent layers, the

adequacy of the signal line structure and to ensure power integrity.
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Figure 4.1-2 3D-EM Model Using HFSS (‘Metal 2°) ; (a) 3D view of ‘Metal 2,
(b) Top views of ‘Metal 2’

In the LGA package, the bottom copper layer is not directly soldered
to the PCB. Instead, a land grid composed of solder bumps is located
beneath it for connection to the PCB. Figure 4.1 —3 shows the 3D EM

model of the land grid simulated using HFSS.
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(a) (b)

Figure 4.1-3 3D-EM Model Using HFSS (‘Land Grid’) ; (a) 3D view of ‘Land
Grid’, (b) Top views of ‘Land Grid’

4.1.2 4—Channel Inductance and Delay Matching

One of the most critical design considerations in the LGA package
integrating a 4—channel MFC is ensuring that the signal propagation
delay across all channels is identical. This guarantees that the phase
measured at each channel remains perfectly aligned. Even slight
discrepancies in delay or phase between channels can significantly
degrade overall system performance, particularly in applications
where precise phase alignment is essential. To prevent such issues,
the internal routing of the package is carefully designed so that all
channels exhibit matching inductance and signal propagation
characteristics, thereby ensuring precise alignment of phase and

attenuation across the four channels. Figure 4.1 —4 shows the overall
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pad layout of the 4—channel MFC, which is arranged symmetrically
to support balanced signal routing for all channels. This pad
configuration plays a crucial role in facilitating uniform signal paths
within the LGA package, minimizing variations in delay and

inductance among channels.
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Figure 4.1-4 4-Channel MFC Pad Layout
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Considering the role of the package board routing for transmitting
the PA and LNA output signals of the 4 —channel MFC, it is essential
to maintain signal integrity through 50& impedance matching.
Therefore, 'Metal 2'is designed as an MSTL based routing layer, with
'Metal 1' directly beneath it serving as the ground plane. Figure 4.1—

5 shows the lumped port simulation setup performed using HFSS.

(2) (b)

Figure 4.1-5 3D-EM Model Using HFSS (‘Board Routing line’) ; (a) for
transmitting the signals of LNA1, PA2, PA3, and LNA4, (b) for transmitting the
signals of PA1, LNA2, LNA3, and PA4
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Figure 4.1—6 shows the results of the group delay and inductance
simulations performed with equalized routing lengths in the package
board. These simulations were conducted to verify the consistency
of delay time and inductance characteristics across channels and to
evaluate the signal path properties of the output routes for the 4—
channel MFC chip within the LGA package. In X—band, the group
delay for the package board routing transmitting the output signals of
LNA1, PA2, PA3, and LNA4 was approximately 7.8psec, while the
group delay for the routing transmitting the output signals of PA1,
LNAZ, LNA3, and PA4 was measured at 7.7psec. The minimal group
delay wvariation between these two routes confirms that the
uniformity of delay time required for phase alignment across
channels has been successfully achieved. Furthermore, in terms of
inductance characteristics, the two routing paths exhibited
approximately 341 pH and 343 pH, respectively, indicating that the
equalization of routing lengths and inductance matching were
successfully implemented. These results are critical for ensuring
phase and attenuation alignment across the four channels, which is

vital for stable performance in high frequency applications.
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4.2 Integrated Design of LGA Package

In LGA package, overall system performance is influenced not only
by the characteristics of individual circuit blocks but also by system
level interactions. When a multi—channel MFC chip with varying
operating conditions and electrical properties is integrated on a single
substrate, factors such as parasitic coupling, return path interference,
and common ground noise can degrade signal quality and system
stability. Therefore, simulations limited to individual blocks are
insufficient to ensure the reliability of the complete LGA package. A
comprehensive full package 3D electromagnetic simulation is
essential to account for the interactions among all components. This
1s particularly critical in high frequency communication systems,
where even minor structural imbalances can lead to impedance
mismatches, increased insertion loss, and unintended resonances.
For this reason, accurate EM based validation at the package level

must be performed prior to fabrication.
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4.2.1 Structure of Integrated LGA Package
Figure 4.2—1 shows the chip placement and pad layout of the LGA

Package proposed in this study.

Figure 4.2-1 Chip placement and layout of the LGA Package

On the top metal layer of the package, a 4 —channel MFC fabricated
using TSMC’s 65nm CMOS process is placed. The chip is 4 mm X
3 mm, and due to the limited available area, an efficient layout and
structural design are essential to minimize signal interference. The
entire package is implemented as a compact, module with dimensions
of 6.5mm X 5.5 mm, optimized for high frequency communication

systems requiring miniaturization and high integration.
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4.2.2 Simulation Results of Integrated LGA Package

Figure 4.2—2 shows the simulation results for insertion loss,
inductance, and group delay of the proposed integrated package
structure. In the X—band, the insertion loss remains below —0.4 dB
across all signal paths, exhibiting minimal variation between different
routes. This indicates that the internal routing of the package is
effectively designed to maintain uniform transmission characteristics
across channels. For inductance, values range from approximately
700 to 1000pH across the frequency band, showing a gradual
increase as frequency rises. Among the routes, the PA1, LNA3 path
exhibits the highest inductance, likely due to its relatively longer
routing lines or structural factors contributing additional parasitic
elements. In contrast, the LNA1, PA3 path demonstrates the lowest
inductance, with the overall variation between paths controlled within
approximately 50pH. Regarding group delay, all signal paths fall
within a range of 10.26 to 10.44psec with the maximum variation
between channels being around 0.18 psec. The PA1l, LNA3 path
shows the highest group delay, while the LNA1, PA3 path has the
lowest. These differences reflect the slight variations in signal
propagation time caused by differences in routing length and layout

structure, but remain well controlled to ensure phase alignment
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among channels. These simulation results confirm that the proposed
package structure maintains signal integrity by minimizing variations
in insertion loss, inductance, and group delay even in high frequency
signal transmission scenarios. Such performance is essential in
multi—channel high density systems, where precise matching of

phase and attenuation characteristics between channels is critical.
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Figure 4.2-2 Simulation results of the insertion loss, inductance and Group delay

for the integrated package structure
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4.3 Measurement Set—Up of LGA Package

This measurement plan describes the experimental setup for
evaluating the small—signal and large—signal characteristics of the
transmitter path in the LGA package.

4.3.1 Components of Evaluation Board

The measurements are conducted to precisely verify the
performance of the RF circuit, and ensuring power supply stability is
particularly important in high frequency environments. In such
systems, oscillation or noise coupling may occur due to power supply
noise or external interference, which can degrade circuit stability. To
prevent these issues and maintain stable operation, bypass capacitors
are inserted in the power supply lines. Additionally, to supply a stable
2.5V to the SPI module, a voltage divider circuit using resistors is
implemented. This voltage divider ensures consistent control voltage
even in high frequency conditions, contributing to overall power
integrity within the system. The placement of SMT capacitors and
resistors is illustrated in Figure 4.3—1, and Table 4.1 —1 summarizes

the component values of the SMT capacitors and resistors used.

86



Figure 4.3-1 Position of SMT capacitors and resistors
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Table 4.3-1 Components value of SMT capacitors and resistors

Ref. Des. Component Value
C1 SMT Cap 0805, 10uF, +/-20%, 50V
R1 SMT Res 0805, 10KOHM, 5%
R2 SMT Res 0805, 20KOHM, 5%

88




4.3.2 Measurement Set—Up of Evaluation Board

This measurement focuses on evaluating the small—signal and
large —signal characteristics of the transmitter (TX) path in Channel
1 of the LGA package, and the same measurement methodology can
be applied to the remaining three channels (Channels 2, 3, and 4) for
consistent performance validation. For small—signal characterization,
a Vector Network Analyzer (VNA) is used to measure the S—
parameters, including insertion loss and return loss, which are critical
for verifying impedance matching and signal transmission efficiency
in the TX path. For large—signal characterization, an Agilent 83623B
signal generator provides the desired input power at each frequency
to the input port of Channel 1's TX path, and the corresponding output
power is measured using an Agilent E4407B spectrum analyzer. This
process evaluates output power levels, spectrum quality, and
nonlinear characteristics of the transmitter. The measurement setup
1s specifically designed to accurately assess the high frequency
performance of the TX path in the LGA package, ensuring reliable
operation through key metrics such as insertion loss, output power,
and spectral distortion. The same procedure can be replicated for
Channels 2, 3, and 4 to verify uniform performance across all

channels.
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Figure 4.3-2 Small-signal measurement set-up for Tx of LGA Package
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Figure 4.3-3 Large-signal measurement set-up for Tx of LGA Package
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Chapter V. Conclusion

This thesis presents a modeling and optimization framework for X—
band System—in—Package (SiP) aimed at minimizing insertion loss
and inductance in high frequency RF circuits. To achieve this, 3D
electromagnetic simulations were conducted to evaluate the
electrical performance of the proposed package structure, with
particular focus on via configuration and wire—bonding design. The
simulation results showed strong correlation with measurement data,
validating the effectiveness of the modeling approach. Additionally, a
calibration technique was introduced to reduce discrepancies
between simulation and measurement, significantly improving model
reliability. The final SiP design achieved low insertion loss and stable
inductance across the 8-12 GHz band, supporting high quality signal
transmission suitable for X-—band applications. Furthermore,
effective design strategies were proposed to minimize parasitic
effects introduced during packaging, ensuring stable RF performance
in real world environments. In addition, this study presents a high
frequency optimization methodology for Land—Grid—Array (LGA)
package structures. Leveraging the low parasitic inductance, short

interconnection lengths, and high I/O density of the LGA architecture,
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the proposed design ensures channel to channel path symmetry and
delay matching, which are critical for multi—channel transceiver
systems to maintain precise phase and attenuation alignment. A 4—
channel Multifunction Core (MFC) chip fabricated using TSMC's
65nm CMOS process was integrated into the LGA package, and its
performance was optimized through 3D EM simulation and
experimental wvalidation. This approach successfully minimized
variations in insertion loss, inductance, and group delay across
channels, ensuring signal integrity in high frequency environments.
The proposed LGA package optimization methodology is applicable
beyond the X—band, offering broad utility across various frequency
ranges and contributing to the performance enhancement and
commercialization of next generation high frequency RF packaging
technologies. Together, the SiP and LGA optimization frameworks
presented in this work provide a comprehensive approach that
enhances accuracy, efficiency, and reliability, supporting the

advancement of future RF packaging solutions.

93



(1]

(2]

[3]

(4]

[5]

(6]

[7]

(8]

REFERENCES

B. Yu et al., "A 200—GHz Phased—Array Wireless Communication
System Using HTCC System—in—Package Technology," in IEEE
Transactions on Terahertz Science and Technology, vol. 15, no. 1, pp.
45—60, Jan. 2025.

Tian, W.; Hou, H.; Dang, H.; Cao, X.; Li, D.; Chen, S.; Ma, B. Progress
in Research on Co—Packaged Optics. Micromachines 2024, 15, 1211.

M. —C. Hsieh, C. C. Lee and L. C. Hung, "Comprehensive Thermo—
Mechanical Stress Analyses and Underfill Selection of Large Die Flip
Chip Ball Grid Array," in IEEE Transactions on Components, Packaging
and Manufacturing Technology, vol. 3, no. 7, pp. 1155—1162, July
2013.

W. W. —M. Dai, "Historical Perspective of System in Package (SiP),"
in IEEE Circuits and Systems Magazine, vol. 16, no. 2, pp. 50—61,
Secondquarter 2016.

J. H. Lau, "Recent Advances and Trends in Advanced Packaging," in
IEEE Transactions on Components, Packaging and Manufacturing
Technology, vol. 12, no. 2, pp. 228—252, Feb. 2022.

R. Nikandish, "GaN System—on—Chip: Pushing the Limits of
Integration and Functionality," in IEEE Journal of Microwaves, vol. 4,
no. 4, pp. 594—-604, Oct. 2024.

A. Pereira et al.,, "Next Generation Phased Arrays for Deep Space
Communications," 2022 IEEE Aerospace Conference (AERO), Big Sky,
MT, USA, 2022, pp. 1-18.

Y. Duan et al., "Study on Signal Optimization of PCB Design for

Wireless Communication," 2024 IEEE 2nd International Conference on

94



[9]

[10]

[11]

[12]

[13]

[14]

Control, Electronics and Computer Technology (ICCECT), Jilin, China,
2024, pp. 408—-411.

L. Shi et al., "Performance and reliability study of Pd—coated copper
wire bonding on ENEPIG substrate," 2013 14th International
Conference on Electronic Packaging Technology, Dalian, China, 2013,
pp. 1014—-1018.

X. Chen et al., "High Density Multi—Chip Embedded Panel—Level
Packaging Integration Technology," 2023 24th International
Conference on Electronic Packaging Technology (ICEPT), Shihezi
City, China, 2023, pp. 1—6.

C. —C. Lee and W. —Y. Chen, "Coin insertion technology for PCB
thermal solution," 2010 5th International Microsystems Packaging
Assembly and Circuits Technology Conference, Taipei, Taiwan, 2010,
pp. 1—4.

K. Yamamoto et al., "Low Loss BT resin for substrates in 5G
communication module," 2020 IEEE 70th Electronic Components and
Technology Conference (ECTC), Orlando, FL, USA, 2020, pp. 1795—
1800.

C. H. J. Poh et al., "Packaging Effects of Multiple X—Band SiGe LNAs
Embedded in an Organic LCP Substrate," in IEEE Transactions on
Components, Packaging and Manufacturing Technology, vol. 2, no. &,
pp. 1351—-1360, Aug. 2012.

L. Valenziano, J. Hebeler, G. Gramlich, A. Quint, T. Zwick and A.
Bhutani, "Advanced Bond—Wire Interconnect Solution for Ultra—
Broadband Applications Covering DC to 210 GHz," in IEEE
Transactions on Components, Packaging and Manufacturing

Technology, vol. 14, no. 11, pp. 1921-1930, Nov. 2024.

95



[15]

[16]

[17]

[18]

[19]

[20]

W. Huang, M. Ouyang, Y. Sun, J. Lee and C. Hwang, "Reinforcement
Learning—Based Optimization of Bonding Wires for EMI Mitigation," in
IEEE Transactions on Signal and Power Integrity.

M. Zhao et al., "Electrical Research of Silicon Substrate Packaging
Technology Based on the Cavity," 2018 19th International Conference
on Electronic Packaging Technology (ICEPT), Shanghai, China, 2018,
pp. 1301—-1304.

J. Chen, X. Meng, R. Zhou, K. Lu, Y. Jin and S. Zheng, "A Compact On—
Chip Pad Structure With an Embedded Capacitor for Broadband
Millimeter —Wave Bond—Wire Interconnection," in IEEE Transactions
on Components, Packaging and Manufacturing Technology, vol. 12, no.
12, pp. 1949-1958, Dec. 2022.

P. R., S. D. R. V., P. Mathur and D. G. Kurup, "Stability and Causality
Enforced Macromodeling Technique for  Coaxial—Microstrip
Transitions," 2024 IEEE International Conference on Electronics,
Computing and Communication Technologies (CONECCT), Bangalore,
India, 2024, pp. 1-5.

W. Wang, T. Zheng, W. Zhang, W. Gai, L. Luo and G. Xu, "Simulation
and optimization of X—band microstrip filters based on high—
resistance silicon wafer with BCB dielectric and new shielding TSV
structure," 2017 18th International Conference on Electronic
Packaging Technology (ICEPT), Harbin, China, 2017, pp. 1196—1200.
X. Lu, S. Zhou, B. Wei and L. Zhou, "Three—Dimensional SIP Design
of the Four—Channel RF Transceiver Based on Silicon and ALN for
X—Band Radar Applications," in IEEE Transactions on Components,
Packaging and Manufacturing Technology, vol. 13, no. 7, pp. 1030—
1044, July 2023.

96



[21]

[22]

[23]

[24]

V. Sangwan, D. Kapoor, C. M. Tan, C. H. Lin and H. —C. Chiu, "High—
Frequency Electromagnetic Simulation and Optimization for GaN-—
HEMT Power Amplifier IC," in IEEE Transactions on Electromagnetic
Compatibility, vol. 61, no. 2, pp. 564—571, April 2019.

T. Mandic, M. Magerl and A. Baric, "Sequential Buildup of Broadband
Equivalent Circuit Model for Low—Cost SMA Connectors," in [EEE
Transactions on Electromagnetic Compatibility, vol. 61, no. 1, pp.
242-250, Feb. 2019.

S. Kumar and R. Sharma, "Chip—to—Chip Copper Interconnects With
Rough Surfaces: Analytical Models for Parameter Extraction and
Performance Evaluation," in IEEE Transactions on Components,
Packaging and Manufacturing Technology, vol. 8, no. 2, pp. 286—299,
Feb. 2018.

D. Watanabe et al., "30—Gb/s optical and electrical test solution for
high—volume testing," 2013 IEEE International Test Conference
(ITC), Anaheim, CA, USA, 2013, pp. 1-10.

97



FE 2%

A4 7 %9 A5A HAeE B7ew, EdAXAEH 2335
= oadlel mgaglod, od we WA Ad W ndY sush pe
TAZL WS T Q. ol @ BAE TRy dd e R T

2 dolNt Ag 9714 s)%o] A EFMOR FERPn v} 53,

%

H71A] WFE gfojo] B 9l Hlo} 3 HAsh= A A JIYH
A5 aRHo® Aitste H Aot 9 ([RF) 3=, 53] X—

9 (8-12 GHz) oA A= AF He= =dlststy] fars, #H71# 2A

N

Al dS Adst AlEdeld W 4 7ol 27" olE Sl 7
]_

o

A7 7= AEskE A2o] Bestd, RF H7]1x]9 54 &

olr

724 AAF7 Feath E gt X-tel RF #7149 4
S 9lall System—in—Package (SiP) %9 AY3 Al E#old W

mads st olE fld& 3akd AAV|EM) AlEdoldS F

& st =4,

i
|\
o
o,
it
)
=

(¢}

o
e,
o7
)
o
fot
st
[2u!
i)
o
n:E

stab7] flsl 2871 =

.
E
i‘l

98



ol
rok
=
N
o,
ok
1>
of\

,Land—Grid—Array (LGA) H7]|A]+= @& 7|4 <l
HEl A o A" Ay, 1dE [/O XS E3) RF 32 Aok &
FHRoR FEMy Qith E3], LGA 7R = MY 7 AE giFA &

Heop A AIE Fgol Folate], thAE Fal AlawelM 4 B3

o)

dde FAse d W Fdsith & Aol TSMC 65nm

CMOS ZAo=® A" 449 MFCE A3 v44d LGA #H7)1# T

BN

g assgor], X-09 RE A% $4& HEz a4 dols 31
TS AMBSAY 0% Bal A &4, AGHx, 2§ Delole) A
9 3 BAE AL, nFw Asdeld Bed 94 U 2 3T

Fsat s,

o

W74 FEole s FA4d FEE 9@ 3D EM AlEdEoldE
gapglal, Aladoeld dxtel 54 dHolHE vawsty g 2dd 7

s stk w8, ABdolds A5 149 9AE Fol7] A% w7

lN

e A gatel wEel NS FYAAG B =RAA ANS v
9w AA8 e X-uge] FewA ohal thekd wF st e} RF
WA AN Ag sekel, ot A mF wEA B2 7%

o e % Y AEE 798 5 sle Ae® Vg

99



	Chapter 1 Introduction
	1.1 Research Background
	1.2 Thesis Organization

	Chapter 2 Design of X-band SiP QFN Package
	2.1 QFN Package for X-band Transceiver
	2.1.1 Substrate Structure and Multi-Layer Configuration
	2.1.2 Proposed Wire-Bonding Structure
	2.1.3 Proposed RF Via Structure

	2.2 Integrated Design of X-band SiP QFN Package 
	2.2.1 Structure of Integrated SiP QFN Package
	2.2.2 Simulation Results of Integrated SiP QFN Package

	2.3 Methods for improving Simulation Accuracy 
	2.3.1 Calibration of the SMA Connector
	2.3.2 Correction for Surface Roughness


	Chapter 3 Integrated Simulation Including the Full Package
	3.1 Full Package Simulation of Tx
	3.1.1 Small signal simulation results of Tx
	3.1.2 Large signal simulation results of Tx

	3.2 Full Package Simulation of Rx 
	3.2.1 Small signal simulation results of Rx 
	3.2.2 Noise figure simulation results of Rx 

	3.3 Measurement Set-Up of SiP QFN Package
	3.3.1 Components of Evaluation Board
	3.3.2 Measurement Set-Up of Evaluation Board 


	Chapter 4 Design of X-band Land-Grid-Array(LGA) Package
	4.1 Core Structural Design of X-band LGA Package
	4.1.1 Characteristics of Each Metal Layer
	4.1.2 4-Channel Inductance and Delay Matching

	4.2 Integrated Design of LGA Package
	4.2.1 Structure of Integrated LGA Package
	4.2.2 Simulation Results of Integrated LGA Package

	4.3 Measurement Set-Up of LGA Package
	4.3.1 Components of Evaluation Board
	4.3.2 Measurement Set-Up of Evaluation Board


	Chapter 5 Conclusion
	REFERENCES
	국 문 초 록


<startpage>15
Chapter 1 Introduction 1
 1.1 Research Background 1
 1.2 Thesis Organization 6
Chapter 2 Design of X-band SiP QFN Package 7
 2.1 QFN Package for X-band Transceiver 7
  2.1.1 Substrate Structure and Multi-Layer Configuration 8
  2.1.2 Proposed Wire-Bonding Structure 20
  2.1.3 Proposed RF Via Structure 34
 2.2 Integrated Design of X-band SiP QFN Package  40
  2.2.1 Structure of Integrated SiP QFN Package 41
  2.2.2 Simulation Results of Integrated SiP QFN Package 42
 2.3 Methods for improving Simulation Accuracy  46
  2.3.1 Calibration of the SMA Connector 46
  2.3.2 Correction for Surface Roughness 49
Chapter 3 Integrated Simulation Including the Full Package 55
 3.1 Full Package Simulation of Tx 55
  3.1.1 Small signal simulation results of Tx 56
  3.1.2 Large signal simulation results of Tx 59
 3.2 Full Package Simulation of Rx  64
  3.2.1 Small signal simulation results of Rx  64
  3.2.2 Noise figure simulation results of Rx  66
 3.3 Measurement Set-Up of SiP QFN Package 68
  3.3.1 Components of Evaluation Board 68
  3.3.2 Measurement Set-Up of Evaluation Board  70
Chapter 4 Design of X-band Land-Grid-Array(LGA) Package 73
 4.1 Core Structural Design of X-band LGA Package 73
  4.1.1 Characteristics of Each Metal Layer 74
  4.1.2 4-Channel Inductance and Delay Matching 76
 4.2 Integrated Design of LGA Package 81
  4.2.1 Structure of Integrated LGA Package 82
  4.2.2 Simulation Results of Integrated LGA Package 83
 4.3 Measurement Set-Up of LGA Package 86
  4.3.1 Components of Evaluation Board 86
  4.3.2 Measurement Set-Up of Evaluation Board 89
Chapter 5 Conclusion 92
REFERENCES 94
국 문 초 록 98
</body>

