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SUMMARY

The goal of the research in this dissertation is to develop techniques for 1) system-on-
package integration of passive circuits using ultra-thin advanced polymers called RXP
(Rogers experimental polymer), 2) extraction of frequency-dependent material properties
up to millimeter-wave frequency, 3) development and synthesis of high-rejection filter
topologies, 4) design and characterization of high performance miniaturized embedded
passive circuits for microwave and millimeter-wave applications, and 5) development of
via and through-silicon via (TSV) enhanced filter design method for integration in high-
loss substrate.

The RXP material is developed to reduce the layer-count for multi-layer configu-
ration and adoption of advanced fabrication technologies, hence reducing the overall sys-
tem size for enabling thinner and smaller wireless modules. Frequency-dependent materi-
al properties of RXP, ceramic, and other materials have been extracted up to millimeter-
wave frequency using parallel-plate resonator method. An automated extraction algo-
rithm has been proposed to handle a large number of frequency samples efficiently. The
accuracy of the extraction result has been improved by including the surface roughness
effect for conductor operating at high frequency.

Using extracted RXP material properties, 2.4/5 GHz WLAN bandpass filters have
been designed and characterized. High-rejection bandpass filter topologies for narrow 2.4
GHz and wide 5 GHz have been proposed. The proposed topologies have been synthe-
sized to provide design equations as well as graphical design methodologies using Z-

parameters. A new capacitor design called 3D stitched capacitor has been proposed to
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achieve more symmetric layout by providing balanced shunt parasitics. The proposed to-
pologies and design methodologies have been verified through the measurement of high-
rejection RXP bandpass filters. Good correlation between the simulation and measure-
ment was observed demonstrating an effective design methodology and embedding
bandpass filters with good performance.

Dual-band bandpass filters for WLAN applications have been implemented and
measured. Instead of connecting two bandpass filter circuits, a new single bandpass filter
topology has been developed with a compact size as well as high isolation between pass-
bands. High-rejection duplexer has been designed in RXP substrate for chip-last embed-
ded IC technology, and a novel matching circuit has been applied for the miniaturization
as well.

The 60 GHz V-band has special interest for wireless applications because of its
high attenuation characteristics because of atmospheric oxygen. Millimeter-wave passive
circuits such as bandpass filter, dual-band filter, and duplexer have been designed, and
self-resonant frequency of passive components has been carefully avoided using the pro-
posed method.

For low-cost system integration, silicon interposer with through-silicon-via (TSV)
technology has been studied. The filter design method for high-loss substrate has been
proposed. The coupling characteristic of TSV has been investigated for obtaining good
insertion loss in lossy substrates such as silicon, and TSV characteristics has been used to
design bandpass and highpass filters. To demonstration of concept, bandpass filters with

good insertion loss have been realized on high-loss FR4 substrate.
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CHAPTER 1

INTRODUCTION

High performance, low cost, and compact size combined with increasing system com-
plexity have brought the need for high levels of integration in wireless applications. Sys-
tem-on-package (SoP) has been used as a solution for supporting the convergence of mul-
tiple microwave front-end modules by providing more functionality in the package
through integration of passive components. Embedded passive technology is a key ena-
bling technology for high levels of system integration in SoP. This technology requires
advanced fabrication techniques and substrate materials to satisfy very demanding per-
formance requirements.

Low temperature co-fired ceramic (LTCC) technology has allowed the fabrication
and integration of three-dimensional circuits. Although LTCC technology has lower loss
at high frequencies and lower coefficient of thermal expansion (CTE) than FR4, LTCC
technology provides limited integration capability and higher cost as compared to a
polymer based solution. As an alternative to LTCC technology, a polymer material that
has become popular is liquid crystalline polymer (LCP), which has low loss, and is com-
patible with PCB manufacturing processes. However, a relatively higher processing tem-
perature than FR4 and manufacturing variation issues because of the bondply material
misalignment are still bottlenecks for the persuasive adoption of LCP technology. Re-
cently, a new dielectric material called RXP (Rogers experimental polymer) which can be
a replacement for LCP as an ultra-thin substrate in wireless applications has been intro-

duced.



The goal of this research is to realize high-performance miniaturized embedded
passive circuits for applications from RF to millimeter-wave frequencies using RXP
technology. As an introductory discussion, this chapter explains the basic background in
this dissertation. Section 1.1 provides the overview of current SoP technologies and the
comparison with RXP technology. Section 1.2 emphasizes the need for frequency-
dependent material property extraction and discusses previous approaches for material
characterization. Section 1.3 addresses filter integration and performance issues and clari-
fies the limitations of previous filter designs. Then, the last two sections introduce the

completed research and provide an outline of the dissertation.

1.1 Platforms for System Integration Technology

The increasing speed, functionality, and portability in consumer electronics have been
putting tremendous pressure to include more circuits and passive components into the
integration of systems. In almost every electronic product, the passive components in-
cluding inductors, capacitors, and filters occupy a majority of area as well as limit overall
device performances. In mobile products, for example, 90 % of the system components
correspond to passives, which typically add up to some 400 discrete passive components
and their metal interconnections on the substrate as shown in Figure 1 [1, 2]. Therefore,
the miniaturization of the passives and the improvement of their performance are impor-

tant driving forces for next generation electronics.



Figure 1. Circuit board of populated cellphone.

Multimedia systems have dramatically evolved using innovative system integra-
tion technologies such as system-on-chip (SoC), system-in-package (SiP), and system-

on-package (SoP) [3, 4] as shown in Figure 2.

Figure 2. A platform for system integration [5].
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These integration technologies continue to provide thinner and smaller form fac-
tor, lower cost, more functionality, and lower power consumption for next generation
mobile applications. The SoC approach has provided a system-integration platform on a
semiconductor chip. However, SoC based on the low-cost silicon substrate has suffered
from passive integration of high quality inductors and filters because of poor substrate
isolation and high silicon substrate losses [6]. As an alternative solution, RF front-end
devices have been integrated into low-loss compound semiconductor substrates [7].
However, they are not a cost effective system solution because of the large area restricted
for passive components [8]. As shown in Figure 3, the discrete-passives based on the SoC
approach is thicker and bulkier than the embedded-passive device [9]. Therefore, a sys-
tem-integration solution integrating multiple active dies and surface-mounted passive de-
vices into a package called system-on-package (SoP) has been developed and commer-
cialized on the last two decades. It has been found that the SoP approach provides better
system integration capabilities with better RF performances compared to SoC and SiP

using high performance passives embedded in a low-loss organic substrate [10].

Embedded
Passives

Discrete
Passives

Figure 3. Comparison of discrete versus embedded passives.
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In SoP, low temperature co-fired ceramic (LTCC) technology having high dielec-
tric constant and low loss has provided system integration solutions for microwave and
millimeter-wave applications [11-23]. However, LTCC technology may not necessarily
provide a long-term effective packaging solution because of difficulty of embedding ac-
tives, thicker substrate, higher processing temperature (>900°C), larger weight, and high-
er cost as compared to organic technologies. Moreover, LTCC has a wide line-width, line
to line spacing limitation, a small panel processing area, and high metal roughness. These
barriers led to the development of organic-based SoP solutions [8, 10, 24-36].

Over the last few years, liquid crystal polymer (LCP) organic-based SoP technol-
ogy has been considered as a promising candidate for system integration in a package be-
cause of its superior electrical properties up to millimeter-wave frequencies [24]. LCP
(Ultralam 3850) is a laminate-type organic dielectric material that can be stacked to form
multilayer substrates with the use of adhesive bondply layers (Ultralam 3908) in between
stacked LCP layers. In addition to being a low-cost dielectric for a large panel area fabri-
cation process, LCP has a combination of good electrical and mechanical properties. LCP
has a low dielectric constant of 2.95 and a low loss-tangent of 0.002 up to millimeter
wave frequencies. LCP also has favorable mechanical properties such as mechanical flex-
ibility, a low coefficient of thermal expansion, and low moisture absorption. Furthermore,
LCP has the mechanical strength to be the final printed wiring board (PWB), making it an
excellent packaging substrate for SoP applications. In spite of the good RF performance
and integration capability of LCP, LCP technology suffers from a few limitations because
of relatively high processing temperature (290°C) compared to FR-4, which is a bottle-

neck for low-cost system integration. Additionally, the need for the bondply material for
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building stack-ups results in fabrication limitations because of the misalignment between
the layers.

According to [37], the new ultra-slim NAND flash memory chip can be as thin as
0.6 mm, which is smaller than the thickness of typical LTCC substrates. To avoid a situa-
tion where the overall thickness of wireless products relies on the passive thickness rather
than the chip thickness, an ultra-thin new substrate for SoP technology is required. Re-
cently, ultra-thin organic low-K and low-loss dielectric called RXP has been developed
and characterized to reduce layer counts and eliminate build-up layer processes in order
to significantly reduce the substrate cost and improve fabrication limitations [38-44]. Un-
like LTCC or LCP technologies, RXP can be made ultra-thin under low processing tem-
perature (220°C), which is compatible with standard printed circuit board manufacturing
processes. In [38], high Q embedded inductors have been developed in the core dielectric
material (RXP1). In addition, a thin build-up dielectric material (RXP4) has been suc-
cessfully developed with a fine line and low CTE capability [42]. As shown in Figure 4,
embedded passives with a total thickness of less than 0.2 mm have been constructed us-
ing a combination of flexible RXP1 and RXP4 materials, which can embed actives with

mixed signal (digital and RF) ICs.



M1
RXP4

<0.2m RXP1

M3
RXP4

Figure 4. Flexible RXP coupon and cross section of RXP substrate.

RXP1 is made by a glass reinforced hydrocarbon polymer laminate core in the
thickness range of 50-120pum with a low surface profile copper cladding for ultra fine-
pitch wiring. RXP1 utilizes a thermosetting, hydrocarbon-based resin systems, a smooth
ED copper foil for improved loss performance, and flat glass reinforcement to minimize
the effect of the glass weave on signal propagation. The laminate material of RXP1 has
excellent thermal stability and a high glass transition temperature (Tg) of >3000°C mak-
ing it ideal for lead-free solder and other high temperature interconnects. It also has X-Y
CTE in the range of 10-15ppm/°C to reduce the stress on the first level interconnects
from Si and other ICs [43]. RXP4 is a 20um thin unreinforced build-up film available as
a free standing film or a resin coated foil (RCF). The advantages of this film are low RF
signal delays and low RF power losses during signal transmission through the material
[45].

The dielectric properties of RXP1 and RXP4 were characterized from 1 GHz to
110 GHz [40]. The extracted dielectric constant of RXP1 was 3.41+0.06 with loss tangent
(tano < 0.006) up to 110 GHz. The extracted dielectric constant of RXP4 was 2.98+0.05

with loss tangent (tand <0.005) up to 110 GHz. RXP inductors showed unloaded quality
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factors of about 100 - 150 in the frequency range of 1- 15 GHz and had line widths in the

range of 2-4 mils showing high performance and integration capabilities [38]. Table 1

summarizes the properties of materials for system integration.

Cost

Water
Absorption
(%)
Coefficient of
Thermal
Expansion
(ppm/°C)
Weight
Processing
Temperature
“C)
Substrate
Thickness
(nm)

Er
Tano

Med

0.05

7~-20

Heavy

700

800

5.7-9.1
0.0012~0.0063

0.10

1720

Med

180

1600

4~4.3
0.025

Table 1. Comparison of system integration platforms.

LTCC ___

High

0.04

17

Light

290

400

2.9~-3.2
0.002~0.0045

Med

0.02

10-15

Light

220

200

2.9-3.4
0.003~0.000



1.2 Material Characterization Methods

Since wireless applications operate at high frequencies, it is necessary to characterize ma-
terials as a function of frequency. Accurate dielectric constant and loss tangent of dielec-
tric materials are essential for designing front-end module components. For example, de-
sign of high-Q passive devices is very sensitive to small changes in material properties
that are important for obtaining accurate system response as well as achieving the highest
quality factor for the passive components.

Microwave techniques for characterizing materials can be broadly classified into
two techniques, namely non-resonant and resonant based methods. Non-resonant based
methods use wave propagations on a transmission line to extract dielectric properties over
a continuous frequency-range of interest [46] whereas resonant based methods are used to
extract dielectric properties at discrete frequencies corresponding to the resonant fre-
quency of the device [47]. In spite of the simplicity of non-resonant methods, resonator
methods are widely used in material characterizations because of their sensitivity and
high accuracy. The main advantage of the resonator based method is its sensitivity to
small changes in low-loss dielectric properties [48].

In [48], a split-cylinder resonator was used to extract material properties. How-
ever, asymmetrical movement of the two terminations results in considerable measure-
ment errors especially at high frequencies using this approach. A parallel-plate cavity
resonator based on analytical solutions for estimating the resonant frequency was intro-
duced in [49]. Although this resonator is simple to fabricate, the analytical equations are
inaccurate for the characterization of low-loss materials. In [50], a microstrip ring resona-

tor was introduced and the dielectric constant was extracted using regression analysis at
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resonant frequencies until the reflection loss was minimized. However, it is difficult to
use the ring resonator for characterizing thin dielectric materials because the coupling
coefficient through the gap can be small.

Most of the characterization techniques in [51] rely on analytical equations for ex-
tracting materials properties, which cause decreasing accuracy of the extraction results
for lossy substrates. In [50], dielectric constants were extracted by finding a regression
formula and optimizing the dielectric constant at discrete resonance frequencies until the
return loss (S;;) value becomes as small as possible. By using this numerical method idea,
another characterization method that uses corner-to-corner plane probing method has
been developed [52]. A parallel-plate resonator has been chosen over micro-strip or ring-
gap resonators because the coupling through gaps becomes very small for thin dielectrics.
The corner-to-corner plane probing method requires only two-metal layered structures;
hence it is simple to fabricate and measure. In addition, this structure is easier to probe
because of positioning from the probes at the corner of the device.

The extraction method in [52] was based on the rapid solver which has some
drawbacks. The rapid solver assumes a constant loss tangent. Since the loss tangent is a
ratio of imaginary and real parts of the dielectric constant, the constant loss tangent is not
a valid assumption because the imaginary and real parts of the dielectric constant are not
constant but change with frequency. Furthermore, the rapid solver can only be applied in
a low frequency range where the conduction loss is not affected by the surface roughness
factor. Therefore, the material characterization by the rapid solver is limited to a low fre-

quency because of the high frequency simulation inaccuracy.
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As discussed in [53], the surface roughness introduces significant errors for di-
electric material characterization. The surface roughness effect has been introduced in the
conductor loss formulation [54], and the modeling of the conductor loss has been dis-

cussed in [55].

1.3 Filter Integration and Performance Problems

Wireless communication systems have been the most active part of modern electronics in
the last few decades. As the market of wireless applications continues to grow, the devel-
opment of wireless communication standards whose operating frequency bands are
shown in Table 2 has also grown. A complete front-end module for a wireless communi-
cation system includes several blocks including power amplifiers, transceiver embedded
circuits, antenna, baluns, and filters. Filters in the front-end module plays an important
role for controlling the frequency bands of wireless standards as well as block the un-
wanted frequency bands. Every wireless product has one or more filters in their RF cir-
cuit architecture as shown in Figure 5 [56]. Hence, not only the filter-integration technol-
ogy, but also the design technique and the performance of filters become critically impor-

tant for wireless applications.
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Table 2. Frequency bands of wireless standards.

Wireless Standards Frequency Bands

824-894 MHz
880-960 MHz
1770-1880 MHz
1850-1990 MHz

1920-1980 MHz
2110-2170 MHz

GSM, CDMA, GPRS

UMTS(W-CDMA, CDMA2000)

151 6 6Hz
Bluetooth 2.4 GHz

WIMAX 2.5-3.5GHz
Military licensed band 4.4 GHz

Ultra-wideband (UWB) 3.1-10.6 GHz

Flexible Printed Gircull

R

e

— ——

Figure 5. Block diagram of RF circuit in cellphone.
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Among the wireless standards, wireless local area network (WLAN or Wi-Fi) has
received special interest because of its unlicensed band and emerging mobile applications
such as smart phones and mobile netbooks. The IEEE 802.11g (2.4 GHz) standard was
established for higher band operation and better performance [57]. Following the WLAN
specification, numerous SoP based bandpass filters (BPFs) have been reported [20-22, 58,
59]. Recently, IEEE has ratified the 802.11n (2.4 and/or 5 GHz) standard, which is al-
most ten times faster than 802.11g. IEEE 802.11n provides significantly enhanced data
rate and range to help the data communication industry address the increasing demands
placed on enterprise, home and public Wi-Fi [60]. Targeting the new standard, LTCC
BPF designed for 5 GHz was presented in [18], which has 1.1 dB insertion loss with lar-
ger than 1 GHz bandwidth. In [61], a second-order LTCC BPF for C-band wireless appli-
cation was presented with 1.4 dB insertion loss. Front-end LCP BPFs with center fre-
quencies of 245 and 5.775 GHz were reported using a hybrid coplanar
waveguide/stripline topology [28]. However, the LCP filter had a size of 12 mm’, which
was fairly large for wireless applications. Despite good RF performance using LTCC or
LCP, the integration technology does not satisfy the demanding size and cost require-
ments.

While the filter integration technology affects miniaturization, design methodol-
ogy used is responsible for the performance of filters. As the operating frequency of ex-
isting wireless standards comes closer and multiple standards are integrated into a pack-
age, high stopband rejection as well as low inband insertion loss in the transmitting and
receiving paths is crucial for use in low-power wireless products supporting multiple

wireless standards. For instance, more than 20 dB attenuation beyond 230 MHz out of the
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WLAN passband frequency (2.4 GHz) is necessary to block the interference from W-
CDMA (2.17 GHz). Therefore, the design requirements for BPFs become more difficult
for suppressing unwanted frequency signals including harmonics, image, and inter-
modulation signal or blocking the interference from other wireless standard bands.

A major challenge for filter design is to have sharp rejection responses at the
stopband frequencies corresponding to the transmitter and receiver in a wireless module.
The sharp rejection can be achieved by using a higher order filter topology. However, the
overall size is also increased and the filter topology may not still satisfy the rejection re-
quirements. To efficiently improve the stopband characteristics, transmission zeros can
be introduced to produce notches at the stopband.

In [20], the authors designed the LTCC BPF with two transmission zeros based
on an inductive coupled resonator with a feedback capacitor. Although the design meth-
odology worked well with the measurement result, the size and rejection could not satisfy
the stringent requirement such as more than 25 dB rejection from 400 MHz out of pass-
band. Another work in [21] employed the step-impedance quarter-wavelength open stub
to generate two transmission zeros at the low stopband and one transmission zero at the
high stopband, but one of the low stopband transmission zeros was not observed in the
implementation. The LCP Chebyshev three-pole filter using two transmission zeros was
reported in [29]. However, the topology in [29] only produced a low stopband rejection
making it difficult to block other high frequency bands. In [58], modified coupled induc-
tors were used to produce transmission zeros, but it required more components and did

not provide enough rejection.
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1.4 Completed Research

The focus of the research in this dissertation is to realize high-performance passive cir-
cuits along with developing techniques for system-on-package integration using ultra-thin
advanced polymers called RXP (Rogers experimental polymer), material characterization,
and filter design for the high-loss substrate from 2.4/5 GHz WLAN to millimeter-wave

frequency applications. To achieve this goal, the following work has been completed.

1. Development of material characterization method
Material characterization method has been proposed to accurately extract the relative
permittivity and loss tangent of the organic dielectric substrate. Parallel-plate resona-
tors with corner-to-corner probing technique have been used for simple yet accurate
fabrication and measurement. An automated extraction algorithm based on the finite
difference method was applied for fast and efficient extraction process. In addition,
more reliable correlation results at high frequency was achieved by including the sur-

face roughness effect in the frequency-dependent conductivity model.

2. Characterization of low-loss RXP, ceramic, and high-loss materials
The proposed characterization method has been applied to ultra-thin (< 200 um) ad-
vanced polymers for core (RXP1) and build-up (RXP4) materials that can be used as
chip-last embedded technology substrate. Frequency-dependent relative permittivity
and loss tangent of this material has been extracted from 1 GHz to 110 GHz for the
first time [40]. Causal models of extracted material properties were made using the

vector fitting method. Stable relative permittivity values (3% variation for RXP1 and
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2% variation for RXP4 over 110 GHz band) and low loss (<0.006 up to 110 GHz)
were observed, showing RXP as a promising packaging technology for wireless ap-
plications. To quantify the application of the proposed extraction method, material
properties of ceramic and high-loss materials have been extracted from 1 to 67 GHz

as well.

. Development of high-rejection bandpass filter topology and design methods

High-rejection bandpass filter topologies for narrow and wide bands have been de-
veloped by modifying resonator tank circuits and adding a grounding inductor. Multi-
ple transmission zeros distributed at lower and upper stopband relative to the center
frequency have been created without increasing the size of the layout significantly
because interconnects have been used as design parameters. Along with design equa-
tions for individual circuit elements, a graphical design methodology was also pro-

vided to predict the filter performance using Z-parameters.

. Design of novel 3D stitched capacitor

3D stitched capacitor has been developed to make more symmetrical layout design
than the 3D conventional parallel-plate capacitor. Input and output of the 3D stitched
capacitor can be accessible in the same layer so that the other layout elements can be
easily connected without violating the layout symmetry. Unbalanced shunt parasitics
from the 3D conventional capacitor becomes balanced shunt parasitics in the 3D

stitched capacitor, which has been verified through measurements.
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5. Design of embedded passive circuits for RF using RXP technology
Six different bandpass filters have been designed, fabricated, and measured in the
four-metal layer RXP substrate. Total of 96 RXP bandpass filters were measured and
93 filters worked for the first time using RXP fabrication. For the commercially chal-
lenging rejection requirement, the world’s smallest 2.4 GHz narrow-band bandpass
filters have been designed and measured to verify the proposed narrow-band circuit
topology and 3D stitched capacitor performance. This filter has been included in the
preliminary embedded-chip technology. The world’s smallest 5 GHz wide-band sec-
ond-order bandpass filters were designed and fabricated using the proposed wide-
band circuit topology. The second-order 5 GHz filter was extended to the third-order
bandpass filter to achieve even more sharp rejection performance. For dual-band
module application, lumped-element dual-band bandpass filters have been designed
using a novel single bandpass filter topology for miniaturization. The miniaturized
high-rejection WLAN duplexer has been implemented by redesigning 2.4 and 5 GHz
bandpass filters using a six-metal layer RXP substrate. A novel matching circuit has
been used for obtaining good insertion loss as well as high rejection and isolation per-

formance.

6. Design of embedded passive circuits for millimeter-wave frequency
Lumped-element passive circuits have not been reported before because of the self-
resonance frequency limitation for passive components operating at millimeter-wave
frequency. Thus, a method to avoid the self-resonance frequency limitation has been

proposed to design lumped-element passive circuits by using RXP technology. A 57
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GHz bandpass filter and 29 & 62 GHz dual-band bandpass filter have been designed

and measured. In addition, 57-64 GHz duplexer has been designed.

. Development of filter design method for high-loss substrates

High-loss substrate (tand > 0.01) is often avoided for realizing passive circuits be-
cause the high-loss substrate such as silicon and FR4 provides low passive-
performance. Nonetheless, the silicon interposer is attractive solution for low-cost
system integration. Hence, filter design method targeting for silicon interposer with
through-silicon via (TSV) technology has been studied. The substrate loss from high-
loss substrate mainly affects a passband response in the filter design. To obtain good
insertion loss performance in the passband, two design techniques have been pro-
posed. The first one is to make the passband region into the inductive region by de-
signing a capacitor to operate as an inductor at frequency where first and second self-
resonance frequencies occur. The second technique is to use via or TSV as a lossless
inductor. To validate the idea, bandpass filters have been realized in high-loss FR4
substrate (tand > 0.025) and measured results show less than 0.5 dB insertion loss for
good passband response. A coupling characteristic of TSV compared to copper via is
analyzed to extend the proposed technique for the silicon interposer where highpass

filter for millimeter-wave frequency can be realized.
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1.5 Dissertation Outline

The rest of this dissertation is organized as follows. Chapter 2 proposes a method of fre-
quency-dependent material property extraction based on the parallel-plate resonator. The
algorithm of the proposed numerical method and the inclusion of surface roughness effect
are presented along with the material characterization results for RXP, ceramic, and high-
loss materials up to millimetre-wave frequency. Chapter 3, 4, 5 discuss the design of pas-
sive circuits from RF to millimetre-wave frequencies. Chapter 3 focuses the design of
high-rejection bandpass filters for WLAN application using RXP technology. Two circuit
topologies are synthesized, and the proposed graphical design method is presented along
with new 3D stitched capacitor design. Chapter 4 presents lumped-element dual-band
bandpass filters and a duplexer realized in the RXP substrate. Chapter 5 explains the idea
of avoiding the self-resonant frequency at millimetre-wave and shows lumped-element
bandpass and dual-band filters realized in the 60 GHz band. Chapter 6 discusses an op-
portunity with silicon interposer and TSV for passive circuit integration and presents
bandpass filter designs realized in FR4 to show the proof-of-concept. The dissertation is

concluded in Chapter 7.
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CHAPTER 2

MATERIAL CHARACTERIZATION

As the operation frequency continues to increase for next generation RF applications,
fabrication techniques and dielectric materials in RF substrates have to meet very de-
manding performance requirements. In addition, many of the dielectric materials that are
widely used for RF circuit design show limitations on the implementation for higher fre-
quency applications. For instance, FR4 becomes dysfunctional because of prohibitively
large losses in the high gigahertz range, and low temperature co-fired ceramic (LTCC)
has a relatively high cost [1]. One potential material that could overcome these limita-
tions is Liquid Crystal Polymer (LCP). Although LCP has low loss (loss tangent = 0.002-
0.004 for /< 105GHz) and low cost ($5/ft* for 2-mil single-clad low-melt LCP) [2], the
high processing temperature (290 °C) and compatibility with build-up substrates cause
other barriers.

Since the wireless products continue to evolve to have thinner products than their
previous generation, a new dielectric material is crucial for accommodating the needs of
extremely thin dielectric substrates. Accurate dielectric constant and loss tangent charac-
terization are essential for numerous applications. To accurately estimate the material
properties, frequency-dependent dielectric constant and loss tangent need to be extracted.
Since next generation applications keep moving to high frequencies, it is necessary to
characterize materials up to the millimeter wave range. Microwave techniques for charac-
terizing materials can be broadly classified into two techniques, namely non-resonant and

resonant based methods. Non-resonant based methods use wave propagation on a trans-
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mission line to extract dielectric properties over a continuous frequency range of interest
[46] whereas resonant based methods are used to extract dielectric properties at discrete
frequencies corresponding to the resonant frequency of the device [47]. The advantage of
the resonator based method is its sensitivity to small changes in low-loss dielectric prop-
erties. The resonant based method has therefore been proposed and used for organic and
non-organic material characterizations in this chapter.

This chapter focuses on material characterization method and material characteri-
zation results for low-loss organic and ceramic, and high-loss materials. The proposed
extraction method including measurement method, automated extraction algorithm, in-
clusion of surface roughness, and estimation of dielectric thickness is explained in Sec-
tion 2.1. Then, characterization results of RXP, ceramic, and high-loss materials from 1
GHz to 110 GHz are presented in Section 2.2. Finally, the chapter is summarized in Sec-

tion 2.3

21



2.1 Material Characterization Technique

2.1.1 Cavity Resonator with Corner-to-Corner Probing Method
To extract material property, cavity resonator has been used. The top and side views of

the resonator are shown in Figure 6.

Ground Ring{ ]
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Figure 6. Cavity resonator. (a) Top view. (b) Side view.

The resonator has a parallel-plate structure having a dielectric in between top and
bottom surface metal planes. The structure is surrounded by an additional top ground ring
that is shorted to the bottom ground plane using vias. This additional ground ring is used

as the ground reference for RF probes to excite the parallel-plate structure. Between the
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ground ring and top plate on the top surface, there is a gap determined by the probe pitch.
The gap is optimized to ensure that there is negligible coupling between the parallel-plate
structure and the additional ground ring.

A typical simulated or measured frequency response (Z;2, transfer impedance) of
the cavity resonator is shown in Figure 7. As seen in Figure 7, the dielectric constant can
be extracted from the resonant frequencies and the loss tangent can be extracted from the
magnitude of Z;, at the resonant frequencies. Also, the dielectric thickness of the resona-
tor can be estimated by extrapolating the measured frequency response at low frequencies
where the resonator acts as a capacitor. It is important to note that the cavity resonator
provides a limited number of resonances depending on the physical dimensions and ma-
terial properties over the frequency band of interest. Therefore, several resonators of dif-
ferent sizes need to be designed for material characterization up to millimeter-wave fre-

quencies.
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Figure 7. Frequency response of the resonator.
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For design of the resonators, the rectangular waveguide resonant frequency for-

mula is used, which is defined by

~ c ﬂ 2 2 2
oz s) ) “)

where a and b are the width and length of the resonator, x,and ¢, correspond to the rela-
tive permeability and dielectric constant, ¢ is the speed of light, and m, n are integers
representing the resonant modes [62].

The parallel-plate cavity resonator requires only a 2-layered structure, hence it is
simpler in terms of fabrication of the structure. Moreover, measurements can be done
without introducing any via holes inside the plane pair using the corner-to-corner probing
method. Therefore, de-embedding of measurement pad and line is not required. As shown
in Figure 8, the signal tip of the probe touches the corner of the parallel-plate plane whe-
reas the ground tips of the probe touch the surrounding ground ring which is shorted to
the bottom plane with vias. As a result of this probing method, the measurement error

from additional measurement pad or de-embedding steps can be minimized.

Figure 8. Corner-to-corner probing method.

24



2.1.2 Automated Extraction Modeling and Algorithm

Using the physical dimensions of the resonator and dielectric material parameters, the
resonator needs to be simulated by using electromagnetic solvers until the simulated re-
sponse is close to the measured response at the discrete resonant frequencies. This is done
by iteratively changing the dielectric parameters of the material. The finite difference me-
thod (FDM) has been used and automated to compute the transfer-impedance (Z;,) para-
meters. The transfer-impedance parameters are less sensitive to probe parasitic because

the self-impedance is affected by probe inductance.

(a) (b)

Figure 9. (a) Unit cell model of a single plane pair. (b) Electrical model of FDM [63].

Unit cell and electrical model of FDM is shown in Figure 9. The FDM formula-
tion has been discussed in detail in [64]. The formulation has been extended to include

the surface roughness effect. The FDM method replaces the cavity resonator shown in
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Figure 6 by square mesh where the impedance (Z) and admittance (Y) of each unit cell in
the mesh can be calculated as [63]

Y=j2rf-C, +2xf-C, tano (2)

Z=j2nf L, +2 /eri 3)
o ot

where tand is the loss tangent, ¢ is the conductivity, ¢ is the thickness of the conductor,

and C,. and L, are capacitance and inductance of the unit cell that can be expressed as

uc uc

2

In the above equations, ¢ is the permittivity, w is the width of the unit cell, and d
is the thickness of the dielectric. The second term in (2) represents the dielectric loss. In
(3), the second term represents the AC resistance due to skin effect and internal induc-
tance while the third term represents the DC resistance.

As the frequency increases, constant conductivity in (3) is no longer valid because
the surface roughness significantly decreases the conductivity at high frequencies where
the skin depth becomes smaller than the surface roughness. Based on [65], the frequen-

cy-dependent conductivity can be expressed as

(o)

o(f) = : 5)
1+ exp(- Ly ey

where f'is the frequency, o, is the conductivity at low frequency, and 7 is the root mean
square of the surface roughness. Substituting (5) into (3), the impedance of each unit cell

can be rewritten as
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Z:j27zf-Luc+2-(l+exp(—52(;))1'6)- /jz’;f'” +% (6).

In the simulation technique used for material characterization in [66], the extrac-
tion process is performed by using a wide frequency range around the resonant frequency.
Since the simulation time is directly proportional to the number of frequency points, the
computational cost can be very high. Therefore, a narrow-band simulation technique has
been used to reduce the computational time.

The correlation process begins with the extraction of resonant frequencies from
the measured Z,, response obtained from the S-parameters. The resonant frequencies can
be estimated using the imaginary parts of poles extracted from measured Z,, data where
the poles can be obtained from vector fitting [67]. For extracting the material parameters
accurately, the algorithm uses three measured frequency points, namely the frequency at
resonance and two adjacent frequency points. Then, an iterative simulation is performed
until good correlation is obtained at all the three frequency points. To iteratively compute
the material properties, Nelder-Mead simplex method [68] was used until the least square
error between the simulated and measured results is minimum. A flow chart of the itera-
tive extraction process is shown in Figure 10, and a typical narrow-band simulation result
after convergence is shown in Figure 11 where the simulated results lie exactly on top of

the measured results.
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The number of unit cells in FDM is very important because the unit cell size is di-
rectly proportional to the simulation times since the final solution involves a matrix in-
version. In the ideal case, it will be best to use as small as possible unit cell size in order
to have the most accurate simulation result. However, the number of unit cell size has to
be optimized in order to have accurate and efficient simulation results.

Theoretically, it is recommended that the size of unit cell should be less than a
tenth of the wavelength in the dielectric material. By using a tenth of the wavelength for
the size of unit cell, the simulation results can in general be matched with measurements.
However, the theoretical size of the unit cell cannot be used in the extraction process
since the simulation results are not accurate enough to extract the material parameters of

interest. Figure 12 demonstrates how the simulation results change as the size of unit cell

decreases.
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Figure 12. Simulation result for the sensitivity of unit cell size.
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The extracted parameters obtained from the use of the theoretical unit cell size are
applied to the same resonance frequency by decreasing the size of the unit cell. Conse-
quently, the simulation graph continues to shift to the right as the size of the unit cell is
decreased. By comparing squares and diamonds in Figure 12, it can be seen that the
simulation graph is not shifted much after the unit cell becomes smaller than a sixtieth of
the wavelength. Eventually, the simulation result converges when the unit cell is smaller
than two-hundredth of the wavelength.

To find the ideal unit cell size in terms of the simulation speed and the conver-
gence of the result, the extracted dielectric constant for one thirtieth, one sixtieth, and one
two- hundredth are compared. The difference between one sixtieth and one two-
hundredth was about 0.01%, and the difference between one thirtieth and one sixtieth was
about 0.08%. Moreover, the variations from extracted loss tangents were negligible.
Therefore, it can be concluded that a thirtieth of the wavelength is the ideal unit cell size
because the simulation speed for a thirtieth of the wavelength is 8 times faster than one

sixtieth of the wavelength, and the difference between them is negligible.

2.1.3 Inclusion of Surface Roughness Effect

The surface roughness of the conductor was measured using a Veeco Instruments Sloan
DEKTAK® 3030 surface profiler. The probe of the system travels on the surface of the
conductor. Figure 13 shows the surface roughness measurement results for RXP1 and
RXP4 dielectric materials. The horizontal axis is in microns, and the vertical axis is in

angstroms. The measured surface roughness of RXP1 was 0.78um, and the measured sur-
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face roughness of RXP4 was 1.03um, which represent root mean square (RMS) values of

the measurement across the surface of the cavity resonator.
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Figure 13. Surface roughness measurement. (a) RXP1. (b) RXP4.

To illustrate the effect of surface roughness on the conductivity, the frequency-
dependent conductivity of copper from 1 GHz to 40 GHz for RXP1 and RXP4 is shown
in Figure 14. As shown in the figure, the skin depth becomes smaller than the surface
roughness at 7.2 GHz for RXP1 and 4.1 GHz for RXP4 (shown as star in the figure)
where the frequency-dependent conductivity becomes less than half of the original con-
ductivity (5.8 x10” S/m). Above 40 GHz, the effective conductivity approaches 1.45 x
10" S/m.
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To illustrate the effect of surface roughness on the dielectric constant and loss
tangent extraction, the characterization results without and with the surface roughness
effect on RXP1 are shown in Figure 15. As seen in Figure 15 (a), there are small differ-
ences for the dielectric constant in both cases. However, the effect of surface roughness
on the extracted loss tangent can be large, as shown in Figure 15 (b). Therefore, the sur-
face roughness from the conductor mainly affects the loss tangent during the extraction

process.

32



3.9 -==-===== Without surface roughness effect
asl| —S—— With surface roughness effect
- 3.
c
1]
i
s
36|
(&)
Q
‘= 35|
-
(3] S
@ 34} Tz
L Smomoommmeemm oS S &
0 33
3.2
31f
3 . . . L I I
6 8 10 12 14 16 18 20
Frequency [GHz]
(2)
0.01 | )
----#-——- Without surface roughness effect
0.009 | —s—— With surface roughness effect
& 0.008
Q
=]
c 0.007 |
ol -
bt e e e
v 0.006 | TSmO TTEEE =
7]
o
- o0.005 |
0.004 | G— o —a— o
0.003 |
6 8 10 12 14 16 18 20

Frequency [GHz]

(a)

Figure 15. Surface roughness effect on RXP1. (a) Dielectric constant. (b) Loss tangent.

33



2.1.4 Extraction of Dielectric Thickness

Using the proposed method, the dielectric thickness can be extracted using at low fre-
quencies where the resonator is not sensitive to the material properties. The extracted
thickness of RXP1 and RXP4 were 115.5um and 19.2pum as shown in Figure 16 (a) and
(b), respectively. Unlike material parameters extraction, the thickness can be measured by
cross-sectioning where the resonator can be cut in half to examine the thickness, as
shown in Figure 16 (c) and (d). The extracted thickness is within the range of the meas-
ured result from the cross-sectioning. This also demonstrates the efficiency of the pro-
posed method for estimating the dielectric thickness, which is a critical parameter since it

affects the loss tangent extraction.
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2.2 Material Characterization Results up to Millimeter-Wave

2.2.1 Extraction of RXP Material Properties up to 110 GHz

Five cavity resonators were designed for characterizing the RXP1 and RXP4 materials
using (1). The physical dimensions of the resonators are summarized in Table 3. A gap of
100 um was used for all resonators, which results in negligible fringing capacitance for
both the RXP1 and RXP4 dielectrics. The measured responses of resonators on RXP
from 1 to 110 GHz are shown in Figure 17. As shown in Figure 17 (¢) and (d), the meas-
ured response from 40 to 110 GHz exhibits peaks at resonant frequencies that are not as
sharp as from 1-40 GHz. Although these non-sharp peaks do not affect the extraction of
dielectric constant, it can introduce errors in the loss tangent extraction. To improve the
accuracy of loss tangent extractions from 40 to 110 GHz, a full wave simulator [69] was

used. It is important to note that the extraction process in Figure 10 has not changed.

Table 3. Physical dimensions of resonators.

Width x Length | Thickness (d) Frequency
{mm2z) (um) range
32.5x 32.5 100, 20 1-20GHz
12.5x 12.b 100, 20 1-20GHz
RXP1, RXP4 9.5 x 9.5 100, 20 20-40GHz
6.5x 6.5 100, 20 A0-67GHz
4.5x 4.5 100, 20 67—-110GHz
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Figure 17. Measured transfer impedance (Z,). (a) 32.5mm resonator with RXP1. (b) 9.5mm resona-
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For the extraction of dielectric constant and loss tangent up to 110 GHz, the fre-
quency range was divided into three parts namely 1-40 GHz, 40-67 GHz, and 67-110
GHz. The measurements were carried out using short-open-load-thru (SOLT) calibration.
Up to 40 GHz, six resonators (32.5, 12.5, 9.5mm for the RXP1 and RXP4) were meas-
ured using Agilent PNA 8363B with Cascade GSG-500 air coplanar probes. From 40
GHz to 67 GHz, 6.5mm resonator was measured using Agilent PNA E8361C with GSG-
250 air coplanar probes, and Agilent VNA 8510C was used for measurement on a 4.5mm
resonator from 67 GHz to 110 GHz with GSG-250 air coplanar probes. The measured S-
parameters were converted into impedance parameters for extracting the dielectric prop-
erties.

Figure 18 shows range of high frequency results where the measured and simu-
lated results are superimposed demonstrating good correlation. The extracted RXP1 re-
sults are shown in Figure 19, and the extracted RXP4 results are shown in Figure 20 from
1 GHz to 110 GHz. The blue bar in the extracted results show how much extracted values

are varying in the interval of 1-32 GHz, 32-62, and 62-110 GHz ranges.
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To illustrate how much frequency-dependent dielectric constant varies from low-
frequency values, Table 4 summarizes the differences of the frequency-dependent ex-
tracted parameters from the low frequency vendor’s value up to 40 GHz. The extracted
dielectric constant at 40GHz was 3.36, which is about 3% difference from the low fre-
quency vendor’s value. The extracted loss tangent was 0.0040, which corresponds to a 5%

difference.

Table 4. Difference between extracted values and vendor.

. Difference from
Difference from
Frequency vendor &, vendor Tano
[GHzZ] | 3 48 at 1GHz) (Oi‘g’ﬁi)at
2.47 0.06 0.00011
3.52 0.09 0.00019
5.57 0.10 0.00010
7.89 0.11 0.00060
9.01 0.11 0.00043
11.17 0.11 0.00032
12.50 0.12 0.00029
13.46 0.12 0.00027
16.77 0.12 0.00024
18.07 0.12 0.00024
20.66 0.12 0.00023
23.55 0.12 0.00022
29.20 0.12 0.00021
35.47 0.12 0.00021
38.36 0.12 0.00021
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2.2.2 Development of Causal Model
The extracted dielectric constant and loss tangent may violate causality because of meas-
urement inaccuracies. Bode’s integral relationship, which satisfies causality [70], requires
a relationship between the real and imaginary parts of any complex function. A typical
model that satisfies Bode’s integral relationship is the Debye model, which can be used in
electromagnetic solvers to obtain causal results. The Debye model has been constructed
by using vector fitting method [67].

Based on the extracted frequency-dependent dielectric constant and loss tangent at
discrete frequencies, vector fitting method can be used to create a state space representa-

tion. This results in a Debye model of the form

g(s=2xf)=¢6,+). by

—s—a

(7)

where f'is the frequency, & is the real part of complex permittivity at very high fre-
quency, a,, is the pole with negative real parts, and b,, is the residue with positive real
parts. Using the constructed causal models, the dielectric constant and loss tangent of

RXP1 and RXP4 were computed at all the frequencies, as shown in Figure 21.
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The diclectric constant in the causal model shows a variation less than 3% over
the 110 GHz band for RXP1, and the RXP4 result has a variation of less than 2% over the
110 GHz band. The loss tangent has values between 0.0037-0.006 for RXP1, and 0.004-

0.0053 for RXP4 in the frequency range from 1-110 GHz.

2.2.3 Extraction of Ceramic Material Property up to 67 GHZ
In order to extract the dielectric properties (relative permittivity and loss tangent) of a ce-
ramic substrate from 1 to 67 GHz, six parallel plate resonators have been designed and

are presented in Figure 22. Their dimensions are respectively:

- Resonator 1: 30 mm x 30 mm; - Resonator 2: 20 mm x 20 mm;
- Resonator 3: 10 mm x 10 mm; - Resonator 4: 6 mm x 6 mm;
- Resonator 5: 5 mm x 5 mm; - Resonator 6: 4 mm x 4 mm.
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Figure 22. Layout of the parallel-plate resonators for ceramic material.

Four similar samples were provided as shown in Figure 23 to verify repeatability
of the proposed extraction method. The metal thickness, metal roughness, as well as the
substrate roughness have been measured with a Veeco Dektak 150 profilometer, with a
very high resolution of 4 angstroms. Figure 3 shows a typical roughness measurement
result. The ceramic substrate appears to be rough, with an average roughness of 1 micron.
Ra indicates the average roughness, whereas Rq is the RMS roughness which is used to
extract the dielectric parameters of the substrate. A metal thickness of 10 microns and a

surface roughness of 1.01 microns have been considered for extraction process while the

ceramic thickness of 137-145 microns is used.
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Figure 23. Fabricated resonators on ceramic substrate.
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Figure 24. Ceramic surface roughness measurement.

The parallel plate resonators resonances have been measured using an Agilent
PNA E8361C. In order to get a better calibration and consequently a better accuracy in

the measurements, the frequency range up to 67 GHz has been divided in 3 parts: [1-23]
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GHz, [23-45] GHz, and [45-67] GHz. An SOLT calibration has been performed for each
frequency range and 250-um pitch probes (67A-GSG-250) and a CS-5 calibration sub-
strate have been used. As shown in Figure 25, the return loss measured at both ports for
the four different samples shows almost no variation, which demonstrates the consistency

of the measured results and the quality of the fabrication.
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Figure 25. Measured return loss of four samples from (a) resonator 1 and (b) resonator 3.
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The extraction of the relative permittivity and that of the loss tangent from 1 to 67
GHz for four samples are presented in Figure 26 and Figure 27, respectively. The ex-
tracted relative permittivity of the ceramic substrate is 5.432 + 0.068 from 1 GHz up to
67 GHz. The loss tangent is less than 0.0055 over the [1-67] GHz frequency range. The
results are consistent for the four samples, showing accuracy and repeatability of the pro-

posed extraction method.

49



Dielectric Constant

Dielectric Constant

58¢

56¢

54

5.2

Debye Model

6 T T T T
vV Extracted Result
Causal Model
58F f
56F |
v
v
v v v
v v2
54t vv Vv VRy v Vv v 1
Yoy wWew Y v Vo
vV W
v v
5.2F f
5 L L L L L L
10 20 30 40 50 60
Frequency (GHz)
(a)
Debye Model
V  Extracted Result
Causal Model
v
v v \V/ v
v
ly WyWWY v v v v i
v VY v Y w v
\VARY v
L L L L L L
10 20 30 40 50 60

Frequency (GHz)

(©)

Debye Model
6 T T T i
vV Extracted Result
Causal Model
58¢ —
Ss56) ]
S v
o
e Y/ v v v
b v
Boafy Wy v Y Viog A
2 vgvVWV Vv v
a YAARY v %
vV v
5.2 —
5 L L L L L L
10 20 30 40 50 60
Frequency (GHz)
Debye Model
6 T T T i
vV Extracted Result
Causal Model
581 —
= 56¢ b
§ v
k) v v v
3 v -
) L <7 4
MR g w vy Vo v vVoy
o vv v v v4
v v v v
v
5.2+ —
5 L L L L L L
10 20 30 40 50 60
Frequency (GHz)

(d)

Figure 26. Extracted dielectric constants. (a) Samplel (b) Sample2 (c) Sample3 (d) Sample4



10 Debye Model x10° Debye Model
8 T T T T 8 T T T T
V' Extracted Result vV Extracted Result
7t Causal Model ] 7+ Causal Model
6r 1 6+ ]
v v
%
5r ] _ 5 i
5 v W s v v/ g
2 v v 2 v Vo vy
© 4 Vy \v4 \V/ ] < 4 Vg v ]
b VVVV v \ Vy v 2 VW v v
o
- V. _vv J = 3l Vg _yyw V ]
3 vavvv v gy v -
V. v
L ] LV |
2 W v 2
1+ d 1+ |
001 1 1 1 1 1 1 001 1 1 1 1 1 1
10 20 30 40 50 60 10 20 30 40 50 60
Frequency (GHz) Frequency (GHz)
(a) (b)
x10° Debye Model 5 10° Debye Model
V  Extracted Result m
7t Causal Model || 7t Causal Model
6 | 6 i
v
v v v v
| 5F
= v, @ v = oY v ki
> v oy g/ v S WV .
s 4 V | s 4 i
= vy Vv = AVARY % v o
2 v oW oV v v v Yy 2 v v v Vg
= v — 3l 1
3 v \ v ] 3 v vvg \% v
Y \vi v v
v Wy v v
2r , 20 |
v v
1t ] 1 |
001 L L L L L L 001 1 1 L L L L
10 20 30 40 50 60 10 20 30 40 50 60
Frequency (GHz) Frequency (GHz)

(©)

(d)

Figure 27. Extracted loss tangents. (a) Samplel (b) Sample2 (c) Sample3 (d) Sample4

51



2.2.4 Extraction of High-Loss Material Property up to 67 GHz

The proposed extraction method has been used to extract the property of low-loss organic
and ceramic materials. Although many of the extraction methods are limited to specific
type of material type because of measurement or fabrication limitations, the proposed pa-
rallel-plate resonator method can be applied to various types of material because of struc-
ture simplicity. Hence, a high-loss material has been characterized to extract the dielectric
properties (relative permittivity and loss tangent) from 1 to 67 GHz. Seven parallel-plate

resonators have been designed and are presented in Figure 28. Their dimensions are re-

spectively:
- Resonator 1: 10 mm x 10 mm; Resonator 2: 5 mm x 5 mm;
- Resonator 3: 4 mm x 4 mm; Resonator 4: 3 mm x 3 mm;
- Resonator 5: 2.4 mm x 2.4 mm; Resonator 6: 2 mm x 2 mm;

- Resonator 7: 1.6 mm x 1.6 mm.
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Figure 28. The resonator layout for high-loss material.
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Once the SOLT calibration is performed for each of the frequency range, the
probes are landed at two opposite corners of the cavity resonators and the S-parameters
are recorded as touchstone file. Figure 29 shows the measurement set-up with the 10 mm

x 10 mm resonator.

Figure 29. Corner-to-corner probing.

The wider resonators are more suitable at the lower frequencies since they provide
numerous resonances compared to smaller resonators. Figure 30 illustrates this by com-
paring the measured results of resonators 1 (10 mm by 10 mm) and 3 (4 mm by 4mm),
from 1 to 30 GHz. As for Figure 31 to Figure 32, they show the transfer impedance

measured for Resonator 1, and 5, respectively, from two different samples. Almost no
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variation is observed between the two different samples: this demonstrates the consis-

tence of the measured results and the quality of the fabrication.
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Figure 30. Comparison between resonator 1 and resonator 3.
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Figure 31. Measured transfer impedance of resonator 1 from two samples.
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Figure 32. Measured return loss of resonator 5 from two samples.

Total of 7 resonators from two different samples have been measured and charac-
terized, and the extraction results of the relative permittivity and the loss tangent from 1
to 67 GHz are obtained. In high frequency measurement environment, measurement er-
rors cannot be avoided because of calibration limitations. That is, the measurement data
may not be stable or violate causality. Therefore, Debye model, described in section 2.2.2,
is also constructed. The results of the vector fitting can be used in EM simulator to obtain

causal results. Extracted results and causal models are shown in Figure 33 and Figure 34

for each sample.
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The results are consistent for the two samples. The extracted relative permittivity of sam-
plel is 4.305 £0.295 from 1 GHz up to 67 GHz while sample2 has 4.306 +0.295. Both
materials have loss tangent of 0.016 at low frequency, which goes up to 0.0232 for sam-

plel and 0.0229 for sample2.

2.3 Summary

This chapter presented an efficient and accurate method for extracting frequency-
dependent material properties such dielectric constant and loss tangent, which are critical-
ly important for transmission line behavior in terms of the signal integrity as well as the
passive circuits design. The proposed extraction algorithm provides an efficient extrac-
tion process, which enables to handle a large number of samples to extract the material
property. Moreover, inclusion of the surface roughness factor into the conductor-loss
formulation enhances the confidence level of frequency-dependent loss tangent extraction
results.

To validate the proposed method, three different material properties were ex-
tracted. For the first time, the dielectric properties of next generation thin low-k and low-
loss RXP materials were successfully characterized from 1 GHz to 110 GHz. The ex-
tracted dielectric constant of RXP1 was 3.41+0.06 and loss tangent has values between
0.0037-0.006 from 1 to 110 GHz. For RXP4, the extracted dielectric constant was
2.98+0.05 while loss tangent has values between 0.004-0.0053 up to 110 GHz. A causal
model for the dielectric parameters was successfully constructed from the extracted re-

sults, which includes the surface roughness effect. Based on the results, RXP materials
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can be used in wireless applications since they have stable and good high frequency

properties. Figure 35 shows a material property comparison between RXP and LCP.
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Figure 35. Material property of LCP and RXP up to 110 GHz: (a) dielectric constant, and (b) loss

tangent. (Green: RXP1, blue:RXP4, red: LCP [24])
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The material properties of ceramic and high-loss materials were extracted from 1
to 67 GHz. To validate the measurement and fabrication accuracy, more than two sam-
ples of the same resonator were measured and characterized. The resulting measurement
and extraction results showed almost no variation between each samples, showing the
accuracy and repeatability of the proposed method. Therefore, the proposed method can

be readily applied to various types of the material characterization with high accuracy.
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CHAPTER 3

EMBEDDED WLAN BANDPASS FILTERS

Multimedia systems have dramatically evolved using innovative system integration tech-
nologies by providing thinner and smaller form factor, lower cost, more functionality,
and lower power consumption for next generation mobile applications [3]. One of the
system integration technology, system-on-package (SoP), has provided better system in-
tegration capabilities with good RF performances by embedding actives and passives into
a low-loss organic substrate [6]. In SoP, low temperature co-fired ceramic (LTCC) tech-
nology having high dielectric constant and low-loss has provided system integration solu-
tions for microwave and millimeter-wave applications. However, LTCC technology may
not necessarily provide a long-term effective packaging solution because of difficulty of
embedding actives, thicker substrate, higher processing temperature (> 900 °C), larger
weight, and higher cost as compared to organic technologies. These barriers led to the
development of organic-based SoP solutions. Over last few years, liquid crystal polymer
(LCP) organic-based SoP technology has been considered as a promising candidate for
system integration in a package because of its superior electrical properties up to millime-
ter-wave frequencies [24]. Nonetheless, LCP technology also requires a relatively higher
processing temperature (290 °C) than FR-4 and has manufacturing variation issues due to
bondply material misalignment, which can be a bottleneck for low-cost system integra-

tion.
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Figure 36. Embedded passive and active module using RXP.

Recently, ultra-thin organic low-K and low-loss dielectric called RXP has been
developed and characterized to reduce layer count and eliminate build-up layer
processing in order to significantly reduce the substrate cost [40, 71, 72]. Unlike LCP
technology, RXP can be made ultra-thin under low processing temperature (220 °C),
which is compatible with standard printed circuit board manufacturing processes. RXP
supports ultra fine-pitch wiring with low surface profile copper and enables integrated
circuits (ICs), MEMS devices, and 3D ICs with blind microvias to be embedded in the
substrate as shown in Figure 36. Details regarding material properties and the fabrication
processes of RXP can be found in [40, 72].

Wireless communication systems have been the most active part of modern elec-
tronics for the last few decades. This has led to the development of wireless communica-
tion standards such as GSM, W-CDMA (2.1-2.17 GHz), WLAN (2.4-2.48 & 4.9-5.9
GHz), WiMAX, and so on. Among the wireless standards, wireless local area network

(WLAN or Wi-Fi) has received special interest because of its unlicensed band and
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emerging mobile applications such as smart phones and mobile netbooks. High rejection
bandpass filter (BPF) is a key component to achieve high performance for mobile appli-
cations. The IEEE 802.11g (2.4 GHz) standard was established for higher band operation
and better performance [57]. Recently, IEEE 802.11n (2.4 and/or 5 GHz) standard was
proposed, which is almost ten times faster than 802.11g.

As the operating frequency of existing wireless standards comes close and multi-
ple standards are integrated into a package, high stopband rejection as well as low inband
insertion loss in the transmitting and receiving paths is crucial for use in low-power wire-
less products supporting multiple wireless standards. For instance, more than 20 dB at-
tenuation beyond 230 MHz out of the WLAN passband (2.4 GHz) is necessary to block
the interference from W-CDMA (2.17 GHz). Therefore, the design requirements for
BPFs become more difficult for suppressing unwanted frequency signals including har-
monics, image, and inter-modulation signal or blocking the interference from other wire-
less standard bands.

This chapter focuses on the design of high-rejection bandpass filters for the
WLAN application in RXP substrate. Six different bandpass filters were designed, fabri-
cated, and measured in RXP. High-rejection bandpass filter topologies for narrow (2.4
GHz) and wide (5 GHz) bands are discussed in Section 3.1. Next, filter design methodol-
ogy and RXP design rule and stack-up are presented in Section 3.2. Novel 3D stitched
capacitor is proposed in Section 3.3, and measurement results of the proposed WLAN

bandpass filters are presented in Section 3.4.
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3.1 High-Rejection Bandpass Filter Topologies

3.1.1 Narrow-Band Bandpass Filter Topology

Figure 37 shows the conventional second-order capacitively- coupled topology and its
frequency response [73]. Unless the size of filter is increased, the conventional topology
cannot satisfy demanding high-rejection specifications because the slope of the stopband
is directly related to the order of filter (number of LC resonator tank circuits). For in-
stance, WLAN requires more than 25 dB attenuation at 2.17 GHz where W-CDMA oper-
ates. Assuming the insertion loss is 1.5 dB at 2.4 GHz, the slope of low stopband requires
10.22 dB per 100 MHz to meet this rejection requirement. As shown in Figure 37 (b), the
conventional topology cannot meet this steep slope requirement. The simplest way to im-
prove rejection with a minimum order of the filter is to introduce a transmission zero. The
conventional way to have a transmission zero is to add a LC tank circuit with inductor
and capacitor in parallel. However, this increases the size of the filter. Therefore, the
conventional topology is modified to have an additional grounding inductor (Ls) as

shown in Figure 38 (a).
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Figure 37. (a) Conventional capacitively-coupled topology. (b) Frequency response.
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Figure 38. (a) Modified topology with grounding inductor. (b) Frequency response.

By adding the grounding inductor, a finite transmission zero can be produced to
improve the stopband rejection. Without increasing the order of the filter, the slope of the
modified topology has been much steeper than the conventional topology as shown in

Figure 38 (b). Moreover, the grounding inductor is an essential element in multilayer de-
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sign because the ground is connected through via connection, which can be implemented

as an inductance. Hence, inductor Lg does not increase the size.
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Figure 39. Equivalent circuit for modified topology.

Design equations for calculating the component values of the capacitively-
coupled filters can be derived by using standard filter synthesis procedures [73]. Before
calculating the component values, the fractional bandwidth of the passband and admit-

tance inverter can be defined as

-/

A= 8
N h =1 ®
_L 7-A

o= \ag ©)

where f; and £, denote the edges of the passband, f is the center frequency, g, are either

Butterworth or ChebyShev constants, and Z; is the characteristic impedance.
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The synthesis begins with selection of the inductor ;. The inductance value L, is
generally chosen to have a maximum realizable quality factor depending on the substrate
and fabrication technology. For RXP technology, is has been shown that inductor quality
factor has a range of 70~100 from 2 to 5 GHz [38]. Then, the capacitance values are

computed using

¢ =——Ju (10)
2
wo\/l_(Zo Jor)
A
= (11)
’ 8'fo'Zo\/g1'gz
C, = ! G C (12).

L-w 1+(w,-C-Z)
To find the grounding inductor Lg, the modified topology is represented as in Figure 39.

Using ABCD matrix property and circuit symmetry, the conventional topology can be

defined by multiplying ABCD1 and ABCD2 matrices
A B A B B A B ||D B
ABCDCO”V — — 1 1 . AZ 2 — 1 1 i 1 1 (13)
- |C D C, D||C, D, C, D ||C A4

where A4,=D, B,=B:, C,=C;, D,=A4,. Because the transmission zeros occur when Z,;= 0
and transfer impedance (Z;;) from ABCD matrix can be found as the inverse of C, the

transfer impedance for the conventional topology can be expressed as

ly=—=r—"rT" (14)

1
C 2-C-D,

(15)
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s L(2-C+C)+1

D
: 2:5°-C,- L,

(16).

Then, the total transfer impedance for the modified topology can be found by adding L¢g
to the transfer impedance. Therefore, the grounding inductor can be calculated depending

on the desired transmission zero locations using

Z +5-L.=0 (17)

21,Total —
o 2-C,-D,

I _| s’C,L° |
G~ \(1 +5°L,C,)-(s*L,(2C, + C,) + 1)‘

(18)

where the location of finite transmission zeros will be the two positive roots of the poly-

nomial in (18). Alternatively, they can be obtained by solving (17) graphically.

3.1.2 Wide-Band Bandpass Filter Topology

Capacitively-coupled topology is suitable for a narrow band filter implementation that
has relatively steeper low stopband-rejection than high stopband. The 5 GHz filter oper-
ates at much wider bandwidth (> 1GHz) than 2 GHz (< 200 MHz) and has more rejection
requirements: 25 dB attenuation at 4.4 GHz where military spectrum bands and 7.2 GHz
where 3" harmonic exists. Hence, a different topology with more transmission zeros is
needed. In this regard, the proposed topology to be implemented is shown in Figure 40. It
consists of second-order unique resonators with grounding inductor and feedback capaci-

tor ().
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Figure 40. (a) Unique resonator with grounding inductor. (b) Its equivalent circuit.

It has been shown that the circuit topology in Figure 40 (a) without series induc-
tors (Ls) and grounding inductor (L) produces two transmission zeros from C, mutual
coupling of inductors L; [20]. However, the rejection requirements cannot be satisfied
with only two transmission zeros without sacrificing the bandwidth and insertion loss.
Moreover, the mutual coupling requirement to produce transmission zeros may not be
realizable. Therefore, additional series inductors along with the grounding inductor have
been added to introduce more transmission zeros. It should be noted that the proposed
topology does not require mutual coupling between L;. Instead of the mutual coupling,
the topology employs the series inductors producing the high stopband transmission zero.
These additional series inductors, in fact, are necessary for the multilayer organic BPF

layout design. For instance, a capacitor can be readily realized by using parallel-plates on
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two different layers. To make a connection from the capacitor to other element such as
inductor, the layout requires an interconnect or via that can be represented as an induc-
tance at microwave frequency. Therefore, Ls can be used as a design parameter, which
serves as an interconnect or via without increasing size of the layout. Likewise, L can be
used as a grounding connection through a ground layer since there must be at least one
grounding connection from the BPF layout to the ground layer in multilayer design.

The capacitors C;, C; can be computed by using (10) and (12), and C, can be ob-
tained from [20]. To find series and grounding inductor values, the whole part of the cir-
cuit except L can be transformed to m-network as shown in Figure 40 (b). The series in-
ductor is related to upper stopband transmission zero. Therefore, Ls can be found from

L =( 1 )2XC1+C3

Co2r S (G0

(19)

where f,, is the frequency of the upper stopband transmission zero. To include the groun-
ding inductor to the m-network, the admittance matrix (n-network) is converted into an
impedance matrix. Then, the overall impedance matrix for the proposed topology is the
sum of m-networks in series with the grounding inductor. Hence, the overall impedance

matrix can be represented as

; (SLG sLGJ 20)
oo \sL, sk
Y, +sC, sC,
Zﬂ—network = D D (2 1)
sC, Y, +sC,
D D
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sL; + NG ‘;;Cz s ng
0 o )
SLG + ? SLG +

Z

total Z —network

where s= jw, Y; is the sum of the admittance from C, and resonator tank circuit,
and D=Y 12+2Y 1Cas. Since the transmission zeros occur when Z;,= 0, the grounding in-

ductor can be calculated by setting Z;;= 0

sC
sL. + DZ =0 (23)
2 CZ
Y™ +2YCis+—=%=0 (24)
LG
L. = L (25)

¢ Y2 -2Y,Cys

B sC, (S2C3(L1 +Lg)+1)
U SPCy(L, + L) + sC(sL,(s°CyLg + 1)) +1

(26).

The location of multiple finite transmission zeros will be the positive roots of the poly-
nomial in (24). Therefore inductor Lg can be obtained depending on the desired transmis-
sion zero locations by using (25).

To show L behavior on transmission zero locations, a second-order bandpass fil-
ter centered at 5.3 GHz has been designed by using the topology shown in Figure 40. The
corresponding circuit element values are C,=1.50 pF, C,=0.78 pF, C3=0.43 pF, L,=0.76
nH, and Ls=1.06 nH. The curves without circles ($215, S115) in Figure 41 show the de-
signed filter response without the inductor Lg, and the curves with circles ($214, S11,4)
show the filter response after including the inductor L. The 77, to 7Z4 points represent

the transmission zero frequencies from the first to the fourth transmission zero.
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Figure 41. Filter response in S-parameters.

As shown in Figure 41, S215 has two transmission zeros at 3.99 and 8.84 GHz.
After the inductor L is included, the filter response shows sharper rejections with four
transmission zeros at 3.2, 4.39, 7.19, and 9.9 GHz. It is important to note that the pass-
band and center frequency of the BPF response have not changed by including the induc-
tor Lg.

In addition, the impedance matrix (22) can be used to predict the passband region.

The insertion loss (S,;) is expressed in terms of the impedance matrix

27. 7
=T 27022 7 @7)
n T4yt 11%0~ 421
and setting Z,,=25;, (15a) becomes
27Z. 7
. ZZA (28).
Z,°+27,Z,
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When Z,* << 2Z,,Z,, S21 becomes one. Therefore, the passband region can be predicted

by observing points from Z-parameter frequency response where Z;; and Z,; cross with

their magnitudes greater than Z% . If the characteristic impedance is 50 €, the magnitude

should be much greater than 27.96 dB.

The proposed circuit can also be graphically solved by using (23) to predict the
location of transmission zeros as well as the passband region. To validate (23) and the
passband prediction, transfer (Z21) and self (Z11) impedance from Z-parameter responses
are shown in Figure 42 where 77, to TZ4 points represent the transmission zero occurring

frequencies and P, and P, correspond to the start and stop passband frequency.

Py:4.74 GHz "(P;:5.7GHz] | Zie

Z-parameters (dB)
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Frequency (GHz)

Figure 42. Location of transmission zeros and passband from Z-parameter of filter response.
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According to (23), the transmission zeros occur when Z21 (transfer impedance
before adding L) crosses the frequency response from Z;. Figure 42 clearly shows that
the frequency points (cross marks) where Z;¢ intersects Z215 correspond to exact trans-
mission zero locations from Z21, (transfer impedance after adding Ls). Four sharp
notches are generated at 3.2, 4.39, 7.19, 9.9 GHz, which are identical to the transmission
zero location of filter response in Figure 41. Therefore, inductor Ls can be selected
graphically depending on the desired locations of the transmission zeros. Moreover,
points P, and P, where the Z21, intersects the Z11, represent the passband region (4.74
and 5.7 GHz) of the filter: their magnitudes much greater than 27.96 dB. It is important to
note that intersection points from Z21, and Z11, that have magnitude smaller than 28 dB

do not represent the passband region.

3.2 Filter Design Methodology and RXP Stack-Up

To demonstrate the performance of the proposed circuit schematic and RXP material,
2.4/5 GHz BPFs were designed using the circuit schematics shown in Figure 38 and Fig-
ure 40. First, each lumped-element values except the series and grounding inductors were
calculated by the classical microwave design equations (8)-(12) [73]. Then, the series and
grounding inductors were included by the proposed method so that the filter responses
showed the sharp rejection at the stopband while they maintained good insertion and re-
turn loss with desired bandwidths. After obtaining all of the lumped-element values, each
element was replaced by the corresponding layout. The physical layout was realized us-

ing RXP technology as shown in Figure 43. RXP stack-up has four-metal layers with to-
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tal thickness of 0.191mm. The dielectric constant of RXP1 is 3.47 with loss tangent of
0.0043, and the dielectric constant of RXP4 is 3.03 with loss tangent of 0.0038 at 1 GHz.
Details regarding material properties and fabrication processes of RXP can be found in

[40, 72].

20um

[[0um
20um

Figure 43. Cross section of RXP organic material.

With the multilayer capability of the RXP substrate, the lumped-elements can be
readily realized by using a metal strip for the inductor and parallel-plates for the capacitor.
Metal layers 1, 2, and 3 (M1, M2, and M3) were used to layout the components while
metal layer 4 mainly served as the ground plane. The first completed layout was further
refined to have better performance because parasitic effects and coupling from the close
proximity between elements affected the designed performance. To reduce the design cy-
cle, the proposed schematics in Section 3.1 were used to examine the behavior of
lumped-elements so that only the corresponding inductors or capacitors could be modi-
fied in the layout for better performance. For instance, the center frequency is shifted if
C3 value in Figure 40 is changed or bandwidth is changed if C2 value is changed. There-

fore, each element behaviour can be studied in the circuit simulator, and then a necessary
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modification can be applied to the layout using a 3D EM solver, which significantly re-

duces the design-cycle time.

3.3 3D Stitched Capacitor

In addition to the proposed topology, the capacitor in the layout was designed using a
stitched (3D inter-digitated) capacitor topology. The basic idea of the stitched capacitor
is to combine the advantages of a 3D parallel-plate capacitor with a 2D inter-digitated
capacitor. The first step for designing the stitched capacitor is to segment the parallel-
plate capacitor into number of sections and then to stitch the segmented sections using
vias to meet the required capacitance. The main advantage of this capacitor layout is easy
access to input/output ports and symmetrical shunt parasitic capacitances. The
stitched capacitor that provides the same shunt parasitic capacitance at input/output ports

from the same layer is shown in Figure 44 (b).

[ Ports are at differentlayer ] [ Ports are at same layer ]

(a) (b)
Figure 44. (a) Parallel-plate capacitor and (b) stitched capacitor.
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In the parallel-plate capacitor shown Figure 44 (a), the input and output ports
(portl, port2) are always located on different layers, which results in uneven shunt capa-
citance parasitics and asymmetrical layout. For instance, the feedback capacitor (C,) in
Figure 40 is connected to portl and port2 of BPF. If the feedback capacitor is designed
using the parallel-plate capacitor, the interconnect from port2 of the feedback capacitor
requires a via. Since only one side of the feedback capacitor has via inductance, the entire
design becomes asymmetrical. Although the stitched capacitor requires two vias, the
feedback capacitor implemented as stitched capacitor maintains the symmetry. Hence, it
contributes towards improving the performance, especially insertion loss.

Figure 45 shows the pi model of two-port embedded passives in multilayer sub-
strate. This model is useful for modeling of embedded passives at the frequency band be-
low the self resonant frequency and for providing design insights without relying on
complex equivalent circuit models. The Ca and Cb are shunt parasitics at input and out-
put ports while Ce represents the capacitance. The circuits and quality factors (Ce, Ca, Cb
| Qe, Qa, Qb) can be analytically extracted from simulated or measured scattering para-

meters [74].

@ | € @
Ce
Ca Qe

— Cb
Qb

Figure 45. Pi model of two-port equivalent circuit model.
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For demonstration of the stitched capacitor, a parallel plate capacitor and two
stitched capacitors were designed and fabricated in RXP substrate. Three capacitors lo-
cated on M1 and M2 with a ground plane on M4 were fabricated and measured. Figure
46 shows the top view of M1 and M2 metal layers and the X-ray photo of three capaci-
tors. The measured capacitances Ce, Ca, Cb at 2 GHz are detailed in Table 5. As noted in
Table 5, Ca is not equal to Cb for the parallel plate capacitor but Ca is close to Cb for two
stitched capacitors. It should be also noted that the shunt parasitic capacitances of stitched
capacitors are reduced to half of the parallel plate capacitor, which demonstrates that the
stitched capacitor can alleviate shunt parasitics. A slightly smaller capacitance in stitched

capacitors is due to the gaps and vias for stitching segmented sections.

M1 layer M2 layer X-Ray

Parallel
plate

Vertically
stitched

Horizontally
stitched

Figure 46. Parallel-plate and stitched capacitors.

78



Table 5. Measured parasitics and capacitances @ 2 GHz.

Capacitor ([C:)I?) (52) (EE) Note
Pslraat';e' 2.96 | 0.05 | 0.58
Vertically | 2.65 | 0.29 | 0.31 | ca =cb
Horizontall | 2.78 | 0.31 | 0.30 | ca = b

Furthermore, the desirable shunt parasitics can also be obtained by controlling the

bottom surface. Since both input/output ports can be accessed from the same metal layer,

surface mountable devices can be directly mounted on the exposed top metal surface. For

instance, stitched capacitors can be tuned and optimized by mounting additional capaci-

tors, and resonators can be realized by mounting inductor. Moreover, it provides vertical

routing flexibility by mounting interconnects such as bonding wires and bumps.

3.4 WLAN Bandpass Filter

3.4.1 Design of High-Rejection Second-Order WLAN Bandpass Filters

The proposed RXP BPFs have been fabricated by Packaging Research Center (PRC) at

Georgia Institute of Technology. The fabricated RXP panel and BPFs prototypes based

on the physical layouts are shown in Figure 47.
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Figure 47. Fabricated RXP panel and 2 and 5 GHz BPFs images.

Figure 48 shows the physical layout of the organic BPFs embedded in a four-
metal layer RXP substrate. The sizes of designed filters were 3.6 mm x 2.4 mm x 0.191

mm for 2 GHz and 2.55 mm x 2.45 mm x 0.191 mm for 5 GHz application.
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Figure 48. Physical layout of typel (a) 2 GHz BPF and (b) 5 GHz BPF.
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The measurement was carried out using short-open-load-thru (SOLT) calibration
using Agilent PNA 8363B and Cascade GSG-500 air coplanar probes. The measurement
equipment is shown in Figure 49, and one of the 5 GHz BPFs measurements showing less

than 1 dB insertion loss is shown in Figure 50.

1: S.509000 GHz 0.92849 dB
2: 39 GHz 3441948
3: 6.904000 GH= -20.958 dB

>

Figure 50. Measured frequency response from VNA.
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Based on the measurement, the measured RXP BPFs (typel) responses have excellent
correlations with the simulation. Both measured and simulated frequency responses are

shown in Figure 51.
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Figure 51. Measured results for typel (a) 2 GHz and (b) 5 GHz BPFs.
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The measured 2 GHz BPF exhibited a center frequency of 2.4 GHz and a 3 dB
bandwidth of 250 MHz. The return loss was lower than 20 dB, and the insertion loss was
2 dB at the center frequency. Furthermore, 30 dB attenuation beyond 300 MHz out of the
passband was achieved. The measured 5 GHz BPF exhibited a center frequency of 5.5
GHz with 1.3 GHz bandwidth. The return loss was lower than 24 dB, and the insertion
loss was 0.97 dB at the center frequency. For the rejection, 27 dB attenuation at 400 MHz
out of the passband was achieved. Transmission zeros occurred at 4.4 GHz and 7 GHz,

which are ideal for rejecting unwanted harmonic signals.

3.4.2 Miniaturization of High-Rejection Second-Order WLAN Bandpass Fil-
ters

After verifying the filter performances and the proposed topology, two more designs

(type2) were constructed for size reduction. For the 2 GHz design, mutual coupling in the

resonator inductors (L/) was applied by placing inductors adjacently so that the current

going though the inductor travels to the same direction. For the 5 GHz design, each ele-

ment value was recalculated to target smaller capacitances. The physical layouts of the

optimized designs are shown in Figure 52.
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Figure 52. Physical layout of type2 (a) 2 GHz and (b) 5 GHz BPFs.
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The size of miniaturized 2 GHz filter was 2.2 mm x 3.0 mm x 0.191 mm (24 %
area reduction compared to the first design), and the 5 GHz filter occupied 1.85 mm x
1.6 mm x 0.191 mm (52 % area reduction compared to the first design), which showed
the high integration capability of the ultra-thin RXP substrate. The measured results for
the miniaturized designs of 2 and 5 GHz BPFs are shown in Figure 53. The measured
miniaturized 2 GHz filter was centered at 2.38 GHz and had a 3 dB bandwidth of 200
MHz. The return loss was lower than 18 dB, and the insertion loss was 2.2 dB at the cen-
ter frequency. Furthermore, low-band attenuation of 30 dB beyond 250 MHz from the
passband was achieved. For 5 GHz design, the measurement exhibited a center fre-
quency of 5.6 GHz with 1.5 GHz bandwidth. The return loss was lower than 14 dB, and
the insertion loss was 0.92 dB at the center frequency, which shows high performance

integration of RXP technology for filter.
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Figure 53. Measured results for type2 (a) 2 GHz and (b) 5 GHz BPFs.
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3.4.3 Design of High-Order WLAN Bandpass Filters

Although the second-order topology provides high-rejection performance, commercially
challenging 5 GHz filter specification requires more stringent rejection requirement.
Therefore, a third-order BPF topology has been developed and synthesized for an en-

hanced stopband characteristic as shown in Figure 54.
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Figure 54. Proposed third-order BPF schematic.

The circuit topology without additional elements L2, L4, L5 (the dotted square
and triangle areas) has been known for producing two transmission zeros [20]; it uses a
second-order coupled resonator BPF in parallel with a feedback capacitor (C2) and mag-
netic coupling between inductors, which introduce finite transmission zeros to the low

and high stopband. Instead of having the magnetic coupling between inductors, the addi-
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tional elements can introduce multiple transmission zeros as shown in Figure 55, which

shows the effect from these additional elements.

-40dB
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Figure 55. BPF responses. (a) Without additional elements. (b) With L2 and L4. (¢) With L2, L4, and

LS.

Figure 55 (a) shows the response without any additional elements and magnetic
coupling. It is clear that the bandwidth is very wide without rejection at the upper stop-
band. After series inductors (L2 and L4) are included, Figure 55 (b) shows two transmis-
sion zeros for the high stopband. As shown in Figure 55 (c), the rejection response from
Figure 55 (b) is dramatically improved by adding the inductor L35. It is important to note
that the lumped-elements values in Figure 54 have not been changed, but only compo-

nents L2, L4, and L5 are added to improve the filter response.
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The series inductors are related to the high stopband transmission zeros, which can be
calculated using

1

ST @9)

4 1 2-C1+C4—L3 (30)
2zf,,) Cl-C4
where f;.; 1s the first high stopband transmission zero and f;,; is the second transmission

zero frequency. After including series inductors, the ground inductor can be obtained by

s_|[Lll-@rg,) - 12-C3)
1-@rf,)’C3-(L1+ L2)]

(1)

where f;.; is a desired high stopband rejection frequency. In addition, the location beha-
vior of additional transmission zeros can be easily observed by tuning L2, L4, and L5 in a
commercial circuit simulator [75].

The calculated circuit element values in Figure 54 are L/=0.31 nH, L2=0.34 nH,
L3=0.34 nH, L4=0.55 nH, L5=0.37 nH, C/=0.41 pF, C2=0.21 pF, C3=0.99 pF, C4=0.76
pF. After obtaining all of the lumped-element values, each element is replaced by a cor-
responding layout. The overall size of the filter is 2.6 x 2.1 x 0.191 mm”. Figure 56 shows
a physical layout of the organic BPF embedded in a four-metal layer RXP substrate and

Figure 57 shows the fabricated filter.
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Figure 56. Layout of type3 S GHz filter.

:]:] =

Figure 57. Fabricated 5 GHz 3™ order BPF.
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As shown in Figure 58, the measured third-order 5 GHz filter exhibited a center
frequency of 5.5 GHz with 3 dB bandwidth of 1.7 GHz. The return loss was 20 dB, and
the insertion loss was 1.09 dB at the center frequency. Furthermore, better than 31 dB
attenuation at 4.4 GHz and 7.2 GHz were achieved, which is ideal for rejecting un-

wanted signals and satisfying the challenging rejection specifications.
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Figure 58. Measured result for type3 5 GHz BPF.

For 2 GHz, shunt inductor was added at the input port (before C/) to produce ad-
ditional transmission zeros as shown in Figure 59. It is important to note that the high re-

jection filter is based on the proposed topology and method as well.
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Figure 59. Layout of type3 2 GHz BPF.
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Figure 60. Measured result for type3 2 GHz BPF.

Figure 60 shows the measured results for the high rejection 2 GHz filters. Based
on the measurement, the fabricated 2 GHz filter was centered at 2.46 GHz and had a 3 dB
bandwidth of 200 MHz. The return loss was lower than 20 dB, and the insertion loss was
2.3 dB at the center frequency. Furthermore, 30 dB attenuation at 2.12 GHz and 29 dB

attenuation at 4.8 GHz were achieved.
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3.5 Summary

This chapter presented the world’s smallest ultra-thin high-rejection WLAN RXP filters
for the first time. High-rejection bandpass filter topologies for narrow and wide bands
were developed by modifying resonator tank circuits and adding a grounding inductor.
Multiple transmission zeros distributed lower and upper stopband relative to the center
frequency were observed without increasing the size of the layout significantly because
interconnects such as connections from capacitor to inductor were used as design parame-
ters. Along with design equations for individual circuit elements, a graphical design
methodology was also developed to predict the filter performance using the Z-parameters.
The proposed bandpass filter schematic for enhanced stopband characteristics has been
verified through design and measurement. RXP filters had low insertion loss while main-
taining high rejection at both low and high stopbands. To summarize the results, Table 6
shows the performance summary based on the measurement data and comparison with
comparable LTCC WLAN filter. The smallest volume of the designed 2 GHz filter was
22 mm x 3 mm x 0.191 mm (1.26 mm®) and, 5 GHz filter was 1.85 mm x 1.6 mm x
0.191 mm (0.57 mm3), which are more than nine times smaller than LTCC filters: 5.4 mm
x 3.9 mm x 0.765 mm (16.11 mm®) for 2 GHz [22], 3.3 mm x 2 mm x 0.8 mm (5.28

mm°) for 5 GHz [18].
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Table 6. Performance summary of measured RXP filters.

VWLAN rejection slope (dB/100 MHz)
» 2.45 GHz: Lowband: 9.56
+ 55 GHz: Lowband: 4.4 Highband:1.7

F. I.L. BW Rejection Volume
(GHz)| (dB) (dB/100 MHz) (mm3)
Typel | 2.4 2 250 MHz 9.78 3.6x2.4x0.191(1.65)
Type2 | 238 | 2.2 200 MHz 10.8 2.2x3.0 x 0.191 (1.26)
Type3 | 246 | 2.3 200 MHz 11.25 3.6x6.9x0.191(4.74)
i Typel | 55 | 0.97 1.3 GHz 6.32,2.93 2.55% 2.45x0.191 (1.19)
Type2 | 56 | 0.92 1.5GHz 3.43,3.38 1.85x 1.6 x 0.191 (0.57)
Type3 | 55 | 1.1 1.7 GHz 6.775,4.85 2.6 x2.1x0.191(1.04)
LTCC[14] | 245 | 1.8 430 MHz 10.8 5.89x 3.25x 1.08 (20.67)
LTCC [17] 55 | 11 1.2GHz 1.67,2.5 3.3x20x0.8(528)

The best way to verify characterization results from Chapter 2 is to build a spe-
cific device such as a microwave filter. Six different bandpass filters were designed, fab-
ricated, and measured in the four-metal layer RXP substrate using extracted material
properties. Total of 96 RXP bandpass filters were measured and 93 filters worked for the
first time of RXP fabrication. Good correlation between measurements and simulations
was observed showing the accuracy of extracted material properties and the proposed de-
sign methodology.

The layout design of the lumped-element can be a difficult task in the microwave
frequency. Hence, 3D stitched capacitor was proposed to make more symmetrical layout

design than 3D conventional parallel-plate capacitor. Unbalanced shunt parasitics from
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the 3D conventional capacitor became balanced shunt parasitics in the 3D stitched capa-
citor, which was verified through the measurement. Based on the results, RXP filter can
be an ideal solution for miniaturization in RF applications since they have high integra-

tion capability as well as high performance.
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CHAPTER 4

DUAL-BAND BANDPASS FILTERS AND
DUPLEXER IN RXP SUBSTRATE

Bandpass filter, which was discussed in the previous chapter, is an essential component
in RF modules since there is always a need to filter out unwanted signals that come from
non-linearity of the active devices. Moreover, the size of RF module depends largely on
the size of passive devices, which are mainly filters. Therefore, miniaturizing and replac-
ing or removing filters become critically important.

As described in the previous chapter, 5 GHz and 2.4 GHz signaling frequencies
each have their advantages. In terms of its range, 2.4 GHz networks cover a substantially
larger range than 5 GHz wireless networks since the higher frequency signal will have a
shorter range. In particular, the 5 GHz networks do not penetrate solid objects nearly as
well as do 2.4 GHz signals [76]. From the interference perspective, it is more likely the
2.4 GHz will pick up more interference from other appliances than the 5 GHz application
because there are more consumer products using 2.4 GHz than 5 GHz frequency. There-
fore, dual-band applications are required that combines the best of both frequency types
into products, which become a very attractive solution for the next generation wireless
applications.

This chapter proposes a solution to eliminate one or more filter components in the
dual-band RF block diagram by supporting dual-band bandpass filters and duplexers. By
making a single bandpass filter to operate as two bandpass filters, the RF module can be
simplified and switch elements or matching circuits can be omitted. The proposed dual-
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band bandpass filter is based on lumped-element because the lumped-element has much
better miniaturization capacity than the distributed-element, which also has a fundamen-
tal limitation in bandwidth and operating frequency.

As a rapidly increasing segment of communications industry, wireless communi-
cations have been a major aspect of everyday life. The consumer demand for accessing
compact devices has been pushing RF engineers for low-cost, effective integration and
miniaturization of RF components. There has been a considerable amount of effort in the
past years to find and implement novel packaging technologies to achieve this goal. Sys-
tem-on-package (SoP) technology has been shown to provide low-cost highly-integrated
modules for wireless applications. The recently developed SoP is shown in Figure 61,
which is based on the chip-last embedded technology [43]. To successfully embed IC and
connect IC to passive components, a duplexer based on high-rejection bandpass filters

from Chapter 3 is proposed in this chapter.

PAGIG

Figure 61. Multi-chip embedded SoP module.

This chapter focuses on the design of dual-band bandpass filters and duplexers us-
ing lumped-element components. The prior work on dual-band bandpass filter and draw-

backs of a transmission line based method are explained in Section 4.1. A proposed dual-
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band topology along with design equations and measured results are presented in Section
4.2. Section 4.3 shows a miniaturized RXP duplexer with re-designed high-rejection

bandpass filters from Chapter 3. Finally, the chapter is summarized in Section 4.4.

4.1 Drawbacks of Dual-Band Filters using Transmission Line Based

Method

Similar to bandpass filter theory, there are two different ways to construct a dual-band
behavior structure; namely, transmission line method and lumped-element method. The
advantage of the transmission line method is its planar structure that makes the design
easier than lumped-element, but there are several limitations and disadvantages compared
to the lumped-element method. The transmission line method can be further classified
into three categories such as stub-loaded, stepped impedance, and patch.

For the stub-loaded type of dual-band bandpass filters, numerous published works
have been reported. A dual-band filter consisting of a bandstop and wide-band bandpass
filter using a cascaded connection is reported in [77]. A coupled-serial-shunted line was
used for bandstop filter and the wide-band bandpass filter was implemented by serial-
shunted line. Since this solution essentially combines two different filters, the number of
components, hence, size of the structure is increased. In [78], the stub-loaded open-loop
resonators loaded by shunt open stubs are proposed to design dual-band bandpass filters.
However, it requires external coupling structure and does not provide a controllability of
the bandwidths. E-type resonator that is a short-circuited stub loaded hairpin was pre-

sented in [79]. Although the size of filter was smaller than other the distributed-element
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designs (7 mm x 5.1 mm), the bandwidth of the design was not enough to cover the min-
imum required bandwidth for WLAN applications.

In addition to the large size drawback in the stub-loaded type filters, the transmis-
sion line method has fundamental limitations. It was shown that both series and shunt
stubs have a center frequency ratio (f2/f1) limitation of 3 [80]. In fact, the impedances of
the open stubs are close to the termination impedance when the center frequency ratio is
around 2. In order words, the filter needs inverters when the center frequency ratio ex-
ceeds 2, which requires additional quarter-wavelength transmission lines. Moreover, the
center frequency ratio has a relationship with the maximum bandwidth ratio as shown in

Figure 62.
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Figure 62. Maximum bandwidth ratio vs center frequency ratio [80].
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As shown in Figure 62, the maximum bandwidth ratio is inversely proportional to
the center frequency ratio. It is important to note that the maximum bandwidth ratio is
only 4 when the center frequency ratio is at level 2. Since the bandwidth requirement in
WLAN specification requires at least 5 for the maximum bandwidth ratio, the application
of the stub-loaded type is very limited.

Because of the fabrication and design simplicity, the stepped impedance method
was a popular solution for the dual-band bandpass filter designs. The modified half-
wavelength stepped-impedance resonator was presented in [81]. Although the proposed
design does not require external impedance-matching feeds, the overall size was more
than 10 mm by 10 mm and measured insertion loss was not good. In [82], a ring dual-
mode stepped impedance resonator was used, but the measured bandwidth was only 6 %
while at least 20 % is required for 5 GHz. Quarter-wavelength stepped impedance resona-
tor was proposed by using coupled short and open stepped impedance resonator [83]. De-
spite of its quarter-wave length resonator, the size of the layout was not miniaturized be-
cause the open stepped impedance resonator behaved as a half-wave resonator. Another
type of ring resonator was used by a cascade of several microwave C-sections [84],
which achieved 27.3 % less area than traditional ring resonator dual-band filters. Never-
theless, the proposed filter cannot be used in practical applications since the coupled sec-
tion becomes an uncoupled section when the center frequency ratio is 2.

The last type of transmission line based method uses the square patch. The au-
thors in [85] proposed a pair of slits embedded in the square patch in order to generate

three transmission zeros for dual-band characteristics. Although the proposed design
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achieved 10 % bandwidth at the low passband, the center frequency ratio was less than

1.4.

4.2 Miniaturized Lumped-Element Dual-Band Bandpass Filter

The previous section showed previous work on dual-band bandpass filter design based on
the transmission line based method and discussed its major drawbacks. The unguided
wavelength at 5 GHz is 60 mm, which corresponds to 15 mm for the minimum quarter-
wave length transmission line. Since the emerging wireless application keeps pushing the
miniaturization limit, the transmission line based method is not suitable for the next gen-
eration dual-band bandpass filter design. In addition, the transmission line based method
provides very limited bandwidth as well as center frequency ratio, as discussed earlier.

Therefore, this section describes the lumped-element based dual-band bandpass
filter, which is compact and overcomes limitations on the bandwidth and the center fre-
quency ratio as compared to using distributed element. Typically, lumped-element based
method requires much more effort to make the layout since there are unpredicted interac-
tions between inductors and capacitor, which can be realized in numerous ways.

The simplest way to realize the dual-band bandpass filter using lumped-element is
to combine two separate bandpass filters. By taking the size advantage and multilayered
capability from lumped-element method, authors in [86] presented a compact dual-band
filter. However, it used four resonators that increase the circuit complexity and layout

difficulty, which resulted in poor isolation level and correlation with the measurement.
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To make the realization of the lumped-element layout easy and improve the dual-

band performance, a new dual-band circuit topology is proposed as shown in Figure 63.

A
11
C1
A A1
11 11
C4 C4

Figure 63. Proposed dual-band topology.

This proposed topology is similar to the high-rejection topology from Chapter 3 where
the topology has been used for the third-order 5 GHz bandpass filter except the location
of the grounding inductor (L3). The main idea of this proposed dual-band topology is to
reorganize the location of the transmission zeros in order to obtain two separate pass-
bands.

It has been shown that multiple transmission zeros can be generated using a com-
bination of the series inductors (L2, L5), feedback capacitor (C1), and grounding induc-
tors (L3) [39]. Since multiple transmission zeros are generated from individual inductors
and capacitor, the location of transmission zeros can be predicted and controlled. Among
the three modified resonators, the middle one can be designed to resonate at the desired
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second passband frequency. If the location of the transmission is controlled to be located
at the isolation frequency between the two passbands, good dual-band filter performance
can be obtained.

The design procedure starts with calculating each circuit element value. First, the
low-passband components are calculated by ignoring the center resonator and the match-

ing capacitors (C4). The corresponding schematic and its frequency response are shown

in Figure 64.
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Figure 64. (a) low-passband schematic and (b) its frequency response for low-passband.

The resonator capacitor (C2) can be calculated using the relationship between the input
impedance near resonance of a parallel LC circuit and the transfer impedance of the reso-
nator [62]. Therefore, C2 is obtained using

1

Q= - 32
22, ot 1) 32)
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where f, and f; are high and low passbands, respectively. The series inductors (L2) are
related to the transmission zero that is generated when C2 and L2 resonate, which can be
calculated as

Q2rf,,) -C2

(33)
where f}, is the frequency of the low-band transmission zero. The equivalent circuit in
Figure 64 is a m-network before adding the grounding inductor (L3). The m-network
creates the passband response when the impedance of the C1 and the modified resonator
tanks become equal. In other words, the impedance of the modified resonator and C1

should be equal at the center frequency of the low passband. Therefore, the rest of circuit

elements can be obtained using

2s2~L1~(1+s2-C2-L2)_L (34)
1+5°-C2-(L1+L2) Cl
where s = j2nfi.. Finally, the additional transmission zeros can be added to create isola-

tion between low and high passband by including the grounding inductor (L3) using

2
I3 Cl whepe 7 2 187 C2-(L1+ 1)

Y>+2Y-s-Cl s-L1-(1+s-C2-L2)

(35).

The calculated component values are C1=0.99 pF, C2=1.15 pF, L1=0.87 nH, L2=1.77 nH,
and L.3=0.18 nH.

After obtaining the low-passband component values, the high-passband element
can be added to complete the dual-band bandpass filter response. Since the low-passband
provides two transmission zeros at the middle stopband, the high-passband can be con-

structed by a single modified resonator, which can generate a high-stopband transmission
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zero. The single modified resonator schematic and its frequency response are shown in

Figure 65.
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Figure 65. Single modified resonator and its frequency response for high passband.

Using the relationship between the input impedance near resonance of a parallel LC cir-
cuit and the transfer impedance of the resonator, C3 can be calculated as

1

C3=—— (36)
4ZO ’ f‘ZC

where f,. is the center of high-passband. The series inductor (L5) will create the

high-stopband transmission zero and it can be obtained using

1
AR -

The single modified resonator creates a passband when the impedance of the inductors
and capacitor become identical. Therefore, L4 can be found by

L4:;2—L5 (38).
2z f,) -C3
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Matching capacitors (C4) should transform the shunt LC resonator into the series LC re-

sonator in order to combine the low-passband and high-passband elements. Therefore, C4

can be found by using the admittance inverter equation as [87]

fls_flE
\]fls'flE =fo

2 .

ripple sm(2 )

In[coth(- L% n
17377

& =

sinh(

2n

C,= Jo1
27 f\1=(Z, - T, )

(39a)

(40b)

(41c)

(42d)

where fs fi. denotes the edges of the low-passband, ripple is in unit of dB, and n is the

order of the low-passband filter. The final calculated component values are C3=0.91 pF,

L5=0.504 pF, L4=0.48 nH, and C4=0.42 pF.

After obtaining all of lumped-element values, each element was replaced by the

corresponding layout. The physical layout was realized using RXP technology with 6

metal layer stack-up as shown in Figure 66, and Table 7 summarizes the design rule and

metallization thickness.
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Figure 66. Six-metal layer RXP stack-up.

M5
RXP4

Table 7. Design rule for six-metal layer RXP substrate.

Designed values
Line Width /
M1,M2 M5,M6 Spacing 50 um /50 um
L Thickness 15um + 15%
Metallization line Width 7
ine Wi
M3, M4 Spacing 50um / 50 um
Thickness 10um £ 15%
vi Pad Diameter 200 um
ia
ia Diameter 100 um

The final layout and dimensions of the lumped-element components are shown in Figure

67 and Figure 68, respectively. The inductor and capacitor are only realized in metal

layer 2, 3, and 4 (M2-M4) while M6 is used as the ground plane. The thickness from M1

to M2 is 60 um, M2 to M3 is 20 um, M3 to M4 is 100 um, M4 to M5 is 20 pm, and M5

to M6 is 60 um. Hence, the total thickness is only 260 um. The minimum spacing is 50

um, via diameter is 100 um, and via pad is 200 pm.

108



Figure 67. Physical layout of dual-band bandpass filter.

Figure 68. Dimension of the layout from metal layer two to four.
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Figure 69 shows the x-ray photo of the fabricated filter showing very compact area of
2.55 mm by 2.8 mm, which is the smallest WLAN dual-band filter compare to any

other prior designs.

2.8 mm

Figure 69. X-ray photo of the dual-band bandpass filter.

Figure 70 shows the correlation result with simulation and measurement for dual-
band filter A. Based on the measurement, the measured result correlated almost perfectly
with the simulation showing the effectiveness of the proposed topology. The measured
dual-band filter A has the first passband at 2.65 GHz and a 3 dB bandwidth of 400 MHz.
The return loss is lower than 11 dB, and the insertion loss is 1.65 dB at the center fre-
quency. The second passband is centered at 5.5 GHz with 1.2 GHz 3 dB bandwidth while
the return loss is better than 15 dB. The center frequency ratio is 2.07 while the fractional

bandwidths are 14% and 22 % and the maximum bandwidth ratio is 3.
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Figure 70. Measured and simulated result for dual-band filter A.
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Figure 71. Measured and simulated result for dual-band filter B.

Dual-band filter B has been designed to show the controllability of bandwidth and
center frequency of the proposed topology. Figure 71 shows the correlation result with

simulation and measurement. Based on the measurement, the measured result correlated
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almost perfectly with the simulation as well. The measured dual-band filter B has the first
passband at 2.57 GHz and a 3 dB bandwidth of 540 MHz. The insertion loss is 0.92 dB at
the center frequency. The second passband is centered at 5.5 GHz with 3 dB bandwidth
of 530 MHz. The center frequency ratio is 2.14 while the fractional bandwidths are 21%
and 9.6 %.

Based on the narrow-band topology from Chapter 3, another dual-band bandpass
filter was fabricated. Figure 72 shows the correlation result with simulation and meas-
urement for dual-band filter C. Similar to the dual-band filter A and B, the measured re-
sult correlated almost perfectly as well. The measured dual-band filter C has the first
passband at 2.46 GHz and a 3 dB bandwidth of 200 MHz. The return loss is lower than
20 dB, and the insertion loss is 2.3 dB at the center frequency. The second passband oc-
cured at 6.5 GHz with 800 MHz 3 dB bandwidth while the return loss is better than 25
dB. The center frequency ratio is 2.65 while the bandwidth ratio is 4, which are impossi-

ble to realize using the transmission line based method.
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Figure 72. Measured and simulated result for dual-band filter C.
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4.3 High-Rejection WLAN Duplexer in RXP

Using the high-rejection bandpass filters from Chapter 3, miniaturized high-rejection
WLAN duplexer has been designed for the proposed dual-band module, which is shown
in Figure 73. The major challenge in the proposed dual-band module is to design the dup-
lexer as compact as possible as well as to maintain high performance because the passive
component occupies the most area in the module while the duplexer is the most compli-

cated, leading to the largest passive circuit.

Downconvenar Amp Filter

&FEq

Figure 73. Block diagram of the proposed dual-band module.

The first step to design a miniaturized duplexer is to transport the 4-metal layer
2.4 & 5 GHz bandpass filters into 6-metal layer stack-up, which is shown in Figure 66.
Since the top layer (M1 and M2) is thicker than the second layer (M2 and M3), the top
metal layer has been avoided for layout because of the thicker substrate and larger 3D
capacitor area. Taking the advantage of two additional layers from 6 metal layer stack-up,
the size of 2.4 GHz BPF has been dramatically reduced. Since the grounding inductor in

the 2.4 GHz layout does not need to be with other inductors and capacitors, it can be
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moved to other non-used layers such as the fourth metal layer (M4). By realizing the
grounding inductor in M4 and optimizing other capacitors and inductors in M2 and M3,
41.6 % size reduction has been made while high performance has been maintained as
shown in Figure 74. For 5 GHz filter, 9.4 % size reduction has been achieved by moving

the middle resonator to other side, as shown in Figure 75.
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Figure 74. Size reduction for high-rejection 2.4 GHz BPF.
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Figure 75. Size reduction for third-order 5 GHz BPF.

The next step is to design the matching circuit to connect the two separated band-
pass filters. Since the matching circuit will introduce additional lumped-elements, it is
necessary to minimize the number of inductors and capacitors in the matching circuit.
The simplest matching circuit for the low-passband is to use the first-order LC lowpass
filter while a highpass filter is used for the high-passband section. The initial inductor and
capacitor for each low and highpass elements can be obtained using the classical design
equation [73]. Then, each element should be tuned for optimization using the schematic

shown in Figure 76.
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Figure 76. Matching circuit schematic in ADS.

Finally, two duplexers have been realized using the proposed bandpass filters and
matching circuits. The duplexer A is composed of 2.4 GHz of Type 2 and 5 GHz of
Type3 while duplexer B is made by connecting 2.4 GHz of Type 2 and 5 GHz of Type 2.
The physical layout of duplexer A has a size of 2.9 mm by 4.0 mm as shown in Figure 77,
and duplexer B only occupies 2.55 mm by 3.3 mm as shown in Figure 79. The measured
results are shown in Figure 78 and Figure 80 where dotted lines are the simulation
whereas solid lines with crosses are the measurement. Both duplexers have better than 3
dB insertion loss for 2.4 GHz and less than 1 dB insertion loss for 5 GHz. Although the
2.4 GHz was expected to have less than 2 dB insertion loss, the insertion loss has been
affected mainly from the matching capacitor difference because of fabrication errors. De-
spite the fact that the measured results have been shifted by approximately 300 MHz to

the right, the high rejection as well as good insertion loss has been maintained.
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Figure 77. Physical layout of duplexer A.
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Figure 78. Correlation result of duplexer A.
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2.55 mm

Figure 79. Physical layout of duplexer B.
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Figure 80. Correlation result of duplexer B.
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4.4 Summary

This chapter presented lumped-element dual-band bandpass filters and duplexer using
RXP technology for the first time. To overcome major limitations for the dual-band
bandpass filter design using the transmission line based method, a new circuit topology
that is based on a single high-rejection bandpass filter topology has been proposed. The
design equations for individual lumped-elements have been provided and two dual-band
bandpass filters have been designed and measured. The measured results showed excel-
lent agreement with the simulation while the center frequency ratio of 2.65 and the
bandwidth ratio of 4 were achieved, which are impossible to realize using the transmis-
sion line based method.

As an essential passive element in the dual-band module, highly miniaturized
duplexer has been designed and measured. The high-rejection bandpass filters from
Chapter 3 have been re-designed to utilize additional metal layers, which resulted in 41.6%
size reduction for 2.4 GHz and 9.4% for 5 GHz. The resulting duplexer provides high-
rejection performance, and it is the smallest duplexer reported up to date (3.3 mm x 2.55

mm x 0.26 mm).
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CHAPTER S

LUMPED-ELEMENT CIRCUITS AT
MILLIMETER-WAVE FREQUENCY

Wireless communications have been a major aspect of everyday life, making it a rapidly
increasing segment of communications industry. The evolution of wireless communica-
tions includes several indispensible technologies such as cellular communications, wire-
less local area networks (WLANSs), and ultra wide band (UWB) technology spanning the
frequency range from 800 MHz to 10 GHz. The consumer demand for accessing these
radio technologies from a single handheld device has been pushing RF engineers for ef-
fective integration and miniaturization of RF components. There has been a considerable
amount of effort in the past years to find and implement novel packaging technologies to
achieve this goal.

Another technology operating around 60 GHz (V-band) has been emerging re-
cently for high-speed short-range wireless communications and wireless personal area
networks (WPANSs). The miniaturization factors and high-speed communication that can
be achieved at 60 GHz are especially attractive compared to those that can be achieved at
WLAN/WiIMAX frequencies. However, this emerging technology brings new challenges
by widening the frequency range of interest for the mobile wireless industry to include
millimeter-wave frequencies. Another issue arises regarding the performance and the ma-
turity of the available integration techniques to support 60 GHz wireless communications.

Several packaging technologies have been proposed to achieve RF integration for
the aforementioned wireless bands. RXP technology has a superior integration technique
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as discussed in Chapter 2 and 3. Therefore, RXP has been chosen for millimeter-wave

integration. Figure 81 shows the integration techniques using multilayer RXP technology.
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Figure 81. Conceptual integration techniques for RXP technology (a) A separate substrate passive

components. (b) Chip embedded in a cavity.
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As the first step, RXP substrates can be designed as a separate substrate for the
antenna and the passive front-end components, as shown in Figure 81 (a). Next, the inte-
gration can be further improved by placing the chip in a cavity constructed in the RXP
substrate, as shown in Figure 81 (b). To embed the chip inside of the RXP substrate, the
four metal-layer RXP stack-up has been revised to the six metal-layer substrate.

This chapter focuses on the design of millimeter-wave passive circuits using
lumped-element components. The proposed method to avoid the self-resonant frequency
limitation for passive components is explained in Section 5.1. Simulated and measured 60
GHz lumped-element bandpass filter and dual-band bandpass filter are presented in Sec-
tion 5.2 and Section 5.3, respectively. The simulated result of 57-64 GHz duplexer is

shown in Section 5.4. Finally, the chapter is summarized in Section 5.5.

5.1 Limitation of Self-Resonant Frequency

Realization using embedded lumped-element filters for millimeter-wave application has
not been reported before because of self-resonance frequency concern using lumped-
elements. However, the barrier from self-resonance frequency can be overcome by using
very small inductance and capacitance values. Passive components in millimeter-wave
frequency requires much smaller inductance and capacitance than at lower frequency for
the resonator behavior, and such small inductors and capacitors do not show self-

resonance frequency up to very high frequencies.
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To demonstrate the passive behavior at millimeter-wave frequency, a two-port
equivalent circuit model can be used. As shown in Figure 82, capacitor or inductor can be

represented as a m-network.
L
R

o _”_+ 0

Figure 82. n-equivalent circuit model.

Since m-network can be expressed as admittance parameter as shown in Figure 40

from Chapter 3, Y»; can be calculated as

-1

Y, =—— for the inductor (43)
JjoL+ R

Y, = ﬂ for the capacitor (44).
1+ jwCR

Then, the frequency-dependent inductance and capacitance can be obtained using

1.1
L, =-Im(). L (45)
7 n @
1
Cy= — (46).
Im(—)-@
Y,
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To verify the self-resonance frequency of 50 um by 150 um half turn inductor, the
frequency-dependent inductor values are shown in the left axis of Figure 83. The inductor
has 0.1185 nH at 1 GHz while it goes down to 0.1114 nH at 60 GHz. It is important to
note that the inductor is still behaving as an inductor even at 100 GHz. The self-
resonance frequency occurs at around 150 GHz. Moreover, the inductor has a quality fac-
tor of 145 because small metal strip is not affected by capacitance coupling, which is a

major loss contribution for large spiral inductors.

0.4 3e+004
| 02- [
3 T [25e 00
g U x P ————
. m2: 60.0 GHz K=
t 02 0.1114 g
a L1 50+004
C
2 2491im1: 1.0 GHz {
e 01185 - 1e+004
5 064 0
o5 m3: 64.0 GHz Tsooo [
(nH) ] 1458
'1 T T T T T T T = U
0 20 40 60 [m3ajgo 100 120 140 160
Sonnet Software Inc. Frequency {GHZ)

Figure 83. Inductance from 1 GHz to 160 GHz.

Similar to the inductor case, the self-resonance frequency does not occur before

100 GHz for the capacitor as well. Figure 84 shows the frequency response of the 50 um
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by 150 um parallel-plate capacitor. The 14 fF capacitor can resonate with 0.12 nH induc-

tor at 122 GHz while the self-resonance frequency starts to occur only at 130 GHz.

8
C
a 7
P 6 m2: 60.0 GHz
a | 0.01464
c
i
t
a
n
c
: y
2 rﬂ:ﬂbﬂ
(pF)
0 20 40 60 80 100 120 140 160
Sonnet Software Inc Frequency (GHZ)

Figure 84. Capacitance from 1 GHz to 160 GHz.

Based on the behavior of <1 nH inductor and femto farad range capacitor, lumped-
element passive circuits still can be realized at millimeter-wave frequency using the pro-

posed technique.

5.2 Realization of 60 GHz Lumped-Element Bandpass Filter

As mentioned in Section 5.1, lumped-element bandpass filter in millimeter-wave fre-
quency can still be realized. To find the circuit component values, the topology and de-
sign equations from Chapter 3 can be used. As shown in Figure 85, the capacitance val-
ues are in femto farad range while less than 1 nH inductance values are necessary. The
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corresponding component values are matching capacitor (C1) of 9.696 fF, feedback ca-
pacitor (C2) of 3.51 fF, resonator capacitor (C3) of 9.52 fF, resonator inductor (L1) of

0.305 nH, and grounding inductor of 0.1325 nH.
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Figure 85. 60 GHz bandpass filter circuit schematic.

Figure 86 shows the simulation result of 60 GHz bandpass filter schematic. Two
finite transmission zeros are generated and 3 dB bandwidth of 6 GHz is obtained. After
verifying the bandpass behavior, physical layout is made using EM simulator. With the
multilayer capability of RXP substrate, the lumped-elements can be realized by using a
metal strip for the inductor and parallel plates for the capacitor. Figure 87 shows the

physical layout, and Figure 88 shows its frequency response in EM simulator. Using the
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design rule in Figure 43 from Chapter 3, four metal-layer RXP substrate has been used
for the layout. The blue metal corresponds to the top metal layer, the green metal
represents the second metal layer, and the ground plane is located at the fourth metal
layer (M4). The size of the layout is only 0.55 mm by 0.325 mm while less than 2 dB of

insertion loss is maintained at the center frequency.
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Figure 86. Simulation result of 60 GHz BPF in circuit simulator.

127



Figure 87. Physical layout of 60 GHz BPF.
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Figure 88. 60 GHz BPF response in EM simulator.

The measurement was carried out using short-open-load-thru (SOLT) calibration
with Agilent PNA 8361C and GGB industries GSG-250 Pico probes. The prototype of 60

GHz BPF is shown in Figure 89 and correlation of measurement and simulation is pre-
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sented in Figure 90. According to the measurement, the measured BPF responses had
good correlation with the simulation in terms of operating frequency. This demonstrated
that the extracted dielectric constant for RXP material from Chapter 2 was accurate.
However, the measured result suffered from degraded insertion loss: the insertion loss
from simulation was -1.7 dB whereas the measured insertion loss was -4.794 dB. The
main reason of the insertion-loss degradation was the grounding probe contact. Because
of fabrication misalignment, one of the ground probe tip could not contact perfectly on
the ground pad. This resulted in almost open ground connection for the measurement.
The reference plane becomes much more important at 60 GHz than < 10 GHz. Therefore,

the measurement suffered from degraded insertion loss.

Figure 89. Fabricated 60 GHz BPF.
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Figure 90. 60 GHz BPF measurement correlation.

5.3 Realization of 60 GHz Lumped-Element Dual-Band Bandpass Fil-

ter

Using the similar technique from Chapter 4, dual-band bandpass filter can be realized by
utilizing transmission zero locations. The topology shown in Figure 91 has been used and
the corresponding component values are matching capacitor (C;) of 30 fF, feedback ca-
pacitor (C») of 4 {F, resonator capacitor (C3) of 10 fF, resonator inductor (L;) of 0.49 nH,
series inductor (L3) of 0.66 nH and grounding inductor (L,) of 0.22 nH. To improve the
second passband characteristic, the matching inductor (L) of 0.1 nH has been added.
Figure 92 shows a simulation result of 60 GHz dual-band bandpass filter in the circuit

simulator.
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Figure 91. 60 GHz dual-band BPF topology.
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Figure 92. Simulation result of 60 GHz dual-band BPF in circuit simulator.
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Since the proposed topology generates four transmission zeros, the four transmis-
sion zeros distributed at low and high passbands are observed in the millimeter-wave fre-
quency as well. The low passband occurs at 26 GHz while the high passband is centered
at 60 GHz. The center frequency of each passband can be scaled to a different frequency,
but minimum passband spacing is about 20 GHz. After obtaining all of lumped-element
values, each element is replaced by a corresponding layout. The layout has been done in
six metal-layer RXP substrate as shown in Figure 93. Two 60 um RXP4 layers have been
added for the purpose of embedding IC. Only M1 to M3 has been used for the layout

while M6 serves as the ground plane.

IV ———

RXP-4 T1 60um
M2
M3 RXP-4 2 T2 20um

RXP-1 T3 100um
M4

RXP-4 2 T4 20um
M5

RXP-4 T5 60um
M6

Figure 93. Six metal-layer RXP stack-up.
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Figure 94 shows the physical layout where the each color represents the different metal
layer: the red corresponds to the top metal layer, the yellow represents the second metal
layer, and the green shows the third metal layer. Figure 95 shows the dimension of each
lumped-element in M1 and M2. Parallel-plate capacitor is used for the resonator capacitor
while a planar inter-digitated capacitor is used for the feedback capacitor. The size of the
layout is 1.3 mm by 0.75 mm. The dimensions of inductors and capacitors are follows:
Wiw=0.1mm, Lz, =0.15 mm, W,y = 0.2 mm, L.,; =03 mm, W, =0.1 mm, L, = 0.3
mm, W =03 mm, L = 0.25 mm, W;; = 0.25 mm, and L;; = 0.175 mm. As shown in
Figure 94, the series inductor (L3) has been realized using a via from M1 to M2 with 200
pum by 50 um metal strips. Likewise, the grounding inductor has been realized using a via
from M2 to the ground layer. The simulated layout is expected to have 1 dB insertion loss

at 30 GHz, and 1.8 dB at 62 GHz as shown in Figure 96.

Figure 94. Physical layout of 60 GHz dual-band BPF.
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Figure 95. Dimensions of layout from M1 to M2.
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Figure 96. Frequency response of 60 GHz dual-band BPF in EM simulator.

The measurement was carried out using short-open-load-thru (SOLT) calibration
with Agilent PNA 8361C and GGB industries GSG-250 Pico probes. The fabricated pro-
totype is shown in Figure 97 and the correlation with measurement and simulation is pre-
sented in Figure 98. Compared to the fabrication quality from Chapter 3, the six metal-

layer RXP substrate was not fabricated as accurate as the first tape out. As shown in Fig-
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ure 97, the via diameter was more than twice bigger than what it was designed (100 um),
which will significantly affect the inductance values for L3 and L2 especially at the mil-
limetre-wave frequency. In addition, the line width was not maintained uniformly, which

will affect the passive values.

Figure 97. Fabricated 60 GHz dual-band BPF.

Since the prototype was not fabricated as designed, good correlation result could
not be obtained. Figure 98 shows the measurement correlation with simulation result. The
grey line with crosses shows the measured results whereas the black line with circles
represents the simulated results. As it can be seen in Figure 98, there are about 2 GHz

shift in the first passband while the insertion loss is affected in the second passband.
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These effects mainly come from the inaccurate matching capacitance and large passive
values from the resonance tank, which was caused by the fabrication error. However, the
overall performance still validates the proposed topology and design idea by showing a
dual-band response in millimeter-wave frequency as shown in Figure 99. The meas-
ured insertion loss for the first passband was 1.36 dB while the measured insertion loss

for the second passband was -3.79 dB at the center frequency.
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Figure 98. Correlation result with measurement.
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Figure 99. Screen shot of VNA for dual-band 60 GHz BPF.

5.4 Design of 60 GHz Duplexer

There are several challenges such as low insertion loss and sharp cut-off response outside
of the passband for the integration of 60 GHz duplexer. A duplexer with RX (57-60GHz)
and TX (62-66GHz) bands consisting of two bandpass filters and matching networks was
also designed with the size of 1.05 mm x 1.38 mm x 0.2 mm using a similar duplexer de-
sign procedure from Chapter 4. Figure 100 shows a physical layout of the duplexer and a
simulated frequency response of the duplexer is shown in Figure 101. From the simula-

tion results, the insertion loss was 2 dB at 58.5 GHz and 1.9 dB at 64.2 dB while it pro-

vided high rejection at the outside of the passband.
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Figure 100. Layout of 60 GHz duplexer.
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Figure 101. Simulated response of 60 GHz duplexer.
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5.5 Summary

This chapter presented lumped-element passive circuits at millimeter-wave frequency
(20-67 GHz) for the first time. The lumped-element passive circuits in millimeter-wave
frequencies were not conducted before because of the self-resonance frequency concern.
However, the proposed idea of shifting the self-resonance frequency into 100 GHz range
and advanced fabrication technology enables the design of lumped-element passive cir-
cuits at millimeter-wave frequency.

As proof of concept, 60 GHz lumped-element bandpass filter was designed at
center frequency of 57.6 GHz and correlated with the measurement result. The measured
responses overlapped well with the simulation, which demonstrates that the extracted di-
electric constant for RXP material from Chapter 2 was accurate. However, the measured
performance was degraded especially for the insertion loss because of the measurement
pad issue from the fabrication. Using the same idea from Chapter 4, 60 GHz dual-band
bandpass filter was realized as well. The measured insertion loss for the first passband
was 1.36 dB at 27 GHz while the measured insertion loss for the second passband was
3.79 dB at 63 GHz. Although insertion loss at 63 GHz was deteriorated because the pro-
totype was not fabricated as designed, the measured result validates the proposed idea
since it shows a dual-band response at millimeter-wave frequency. Finally, the simulation
result of 57-64 GHz high-rejection duplexer has been shown. Another design fabrication

with high accuracy is recommended as a part of the future work.
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CHAPTER 6

FILTER DESIGN IN SILICON INTERPOSER USING
THROUGH-SILICON VIA (TSV) TECHNOLOGY

Passive circuits from Chapter 3 to Chapter 5 have focused on organic low-loss substrate
because RF passive components such as capacitors, filters, antennas, and high-Q induc-
tors are best supported in SoP-based low-loss substrate rather than on silicon. For exam-
ple, the highest Q factors reported on silicon are about 10-25, in contrast to 100-200
achieved in SoP substrate [10]. In addition, the loss in organic based capacitor is at least
10 times smaller than high-loss inorganic substrate such as silicon.

Low cost system has been a key for the product success. Although SoP-based or-
ganic technology provides better passive performance, silicon technology has been the
major driving force for low-cost system integration. Recently, silicon based 3D system in
package (SiP) technology has got attention because of through-silicon via (TSV) technol-
ogy and high density integration possibilities. Along with high integration capability of
silicon technology, silicon interposer can provide next packaging technology step with
TSV technology as shown in Figure 102. In addition, thin-film integrated passive tech-
nology in silicon is currently being investigated, which is similar to organic embedded
technology [88]. According to [88], the commercialization of interposers will arrive in
two year and the article noted that TSV can offer miniaturization opportunities, higher

performance, and power reduction.
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Figure 102. Roadmap of package technology.

TSV technology has been well known for better electrical characteristics of
smaller parasitic than wirebonds [89]. TSV can enable 3D chip stacking for increasing
signal-processing speed and decreasing power consumption [90]. However, the conven-
tional filter design in silicon interposer is difficult because the high-loss from the silicon
substrate leads to insertion loss degradation for the passband response.

This chapter focuses on filter design methodology for silicon interposer with TSV
technology. The following section discusses the effect of substrate loss for filter perfor-
mance using the conventional filter topology. Section 6.2 presents a new design metho-
dology for filter realization on high-loss substrate. The validation based on high-loss FR4
substrate using through-hole via is presented in Section 6.3. Section 6.4 shows RF cha-
racteristic of TSV compared to the through-hole via and provides an analysis of different
TSV characteristic. Filter layout in silicon interposer using TSV and its simulation results

are shown in Section 6.5, and the chapter is summarized in Section 6.6.
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6.1 Effect of Substrate Loss on Conventional Filter Design

Insertion losses from high-loss material such as PCB and silicon become a major issue at
frequency beyond 1 GHz. For example, typical FR4 substrate begins to exhibit high in-
sertion loss at approximately 1.5 GHz when distributed filters and circuits or microstrip
topologies are used [91]. This kind of insertion loss degradation mainly affects the pass-
band performance in the filter response. As discussed in Chapter 4, there are two types of
filter design method, namely distributed-element and lumped-element. Although both
methods have their own topology and design procedure, the filter performance of both
methods degrades due to the substrate loss.

To show the effect of the substrate loss on distributed-elements, simulation results

of edge-coupled microstrip bandpass filter [69] is shown in Figure 103.
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Figure 103. Simulation result of edge-coupled bandpass filter.
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The filter is realized on alumina substrate with dielectric constant of 9.9 and loss tangent
of 0.0005. The size of filer is 25.53 mm x 3.175 mm, which is significantly larger than
lumped-element filters. The pink line is the insertion loss from loss tangent of 0.0005
while the green line shows the insertion loss from FR4 loss tangent of 0.025. Without
changing any layout geometry, it is clear to see that the passband response is severely de-
graded from -1.9 dB to -5.64 dB because of the substrate loss.

The substrate loss also affects the passband response on the lumped-element filter.
To illustrate the substrate effect at the circuit level, the narrow-band filter topology that
includes the inductor quality factor as series resistances (R5, R6, R7) and the capacitor
quality factor as shunt resistances (R1, R2, R3, R4, R8) is shown in Figure 104. The fre-
quency response shown in Figure 104 is based on using lossless components: C1= 0.5 pF,

C2=0.23 pF, C3=1.35 pF, L1=1.98 nH, L2= 0.9 nH.
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Figure 104. Conventional filter topology with dielectric loss.
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The series and parallel resistances can be calculated using quality factor equation as

series = 27Z-f . L (47)
0
Rparallel = Q (48)
2rf-C

Assuming the best quality factor (Q @ 2.4 GHz) from a high-loss substrate is 40, 754
mQ series and 5.3 kQ parallel resistances are added for inductors and capacitors, respec-
tively. After adding the series resistance only, the insertion loss is degraded from -0.255
dB to -3.044 dB as shown in Figure 105 (a). For the capacitor case, the insertion loss de-
teriorates to -2.305 dB. From this behavior, it can be stated that the inductor Q is more
sensitive to insertion loss than the capacitor Q. If the lumped-element filter is designed on
high-loss substrate, the passband response is significantly degraded as shown in Figure
105 (c).

In case of the low-loss substrate, the realizable Q is 70 for the inductor and 400
for the capacitor. These quality factors correspond to 430 mQ series and 53 kQ parallel
resistances using (47) and (48). Figure 105 (d) shows that the insertion loss is changed to
-1.88 dB by including the low-loss inductor whereas the insertion loss is slightly in-
creased to -0.47 dB for the low-loss capacitor as shown in Figure 105 (e). Although, the
inductor Q is more sensitive to insertion loss than capacitor Q, the good passband re-
sponse is maintained by using low-loss capacitor from a low-loss substrate because the
loss effect from capacitor (-0.470 dB) is much smaller than the loss effect from inductor

(-1.886 dB).
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Figure 105. Effect of dielectric loss on filter performance. (a) High-loss L (b) High-loss C (c) High-
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6.2 Filter Design in High-Loss Substrate

From Section 6.1, two design guidelines can be obtained to achieve good insertion loss
for the high-loss substrate. The first one is to avoid the use of strip inductor since the loss
in the inductor is more sensitive to insertion loss than the capacitor. The second is to re-
duce number of capacitor elements because the loss in the capacitor is more affected than
the inductor by using the high-loss substrate.

Considering the second design guideline, an important filter passband characteris-

tic can be observed by looking at the filter response as a frequency-dependent capacitor.
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Figure 106 represents the filter response as a frequency-dependent capacitance. The filter
is based on 5 GHz 3" order filter from Chapter 3 except that the loss tangent has been
changed from 0.004 to 0.025 in order to model the high-loss substrate. The pink line is
the insertion loss, the blue line is the return loss, and the red line shows the capacitance as
a function of frequency. It can be seen that the good passband response has deteriorated

because of the high substrate loss.
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Figure 106. Filter response in terms of capacitor.

The capacitance is negative before the passband, which represents an inductive
behavior. It should be noted that the passband starts or ends when the inductive region
approaches the first resonant frequency or the capacitive region approaches the second
resonant frequency, which is the fundamental principle of the passband creation. Since

the passband is in the capacitive region and the quality factor of the capacitor is inversely
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proportional to the substrate loss, good insertion loss performance from the low-loss sub-
strate will significantly degrade by using the high-loss substrate.

To avoid and minimize the high-loss substrate effect, the filter can be designed so
that the passband is in the inductive region. It has been shown that the passband starts
when the passive component approaches the self resonant frequency. Therefore, a capaci-
tor can be designed in such way that the self-resonant frequencies occur at start and end
of passband frequencies. For instance, a single capacitor can be used to obtain good inser-
tion loss with wide bandwidth. As shown in Figure 107, simulation result of a capacitor
realized in FR4 substrate (tand=0.025) shows the passband insertion loss of -0.38 dB
while two notches in the return loss come from the first and second self resonance fre-

quencies of the capacitor.
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Figure 107. Wideband bandpass response using a capacitor.

The first guideline stated that the strip inductor should be avoided because it is

most sensitive to the insertion loss. The major loss of the strip inductor comes from the
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fringing capacitance between the lines and to the ground, which also relates to the sub-
strate loss. However, the substrate-loss effect can be eliminated by using the via as an
inductor. Because the via is a vertical structure going through dielectric material, fringing
capacitance can be minimized.

The concept of using the via as an inductor can be extended to the coupling be-
tween vias. If the coupling between two vias gets strong, the substrate-loss effect will be
minimized since the fringing capacitance will be very small. Good insertion loss can be
obtained especially at high frequency since coupling is increased as the frequency goes
higher. Therefore, a passband characteristic can be obtained without using a resonator
structure. This proposed idea is useful for the TSV structure which has stronger coupling
between TSVs than through-hole via. Details regarding via and TSV coupling characte-

ristics are explained in Section 6.4.

6.3 Validation using FR4 Substrate on PCB

To support the filer design method for high-loss substrate from the previous section, two
bandpass filters are realized in commercially available PCB (FR4) technology. The stack-
up used has two 43 um metal layers with a single 62 mils thick FR4 substrate. The bot-
tom metal layer is used for the ground plane so that the top metal layer is selected for the
layout. Dielectric constant of 4.6 and loss tangent of 0.025 have been used for the FR4
substrate. The minimum space and line width are 6 mils, and 14 mils through-hole via

with 31 mils pad has been used.
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Since only one metal layer is used for layout, interdigitated capacitor [92] has
been used to make the passband into the inductive region. As mention in [93], an equiva-
lent circuit model for the interdigitated capacitor is available in commercial circuit simu-
lator such as ADS [75]. However, the model is only valid before the first resonant fre-
quency because multiple couplings between fingers are difficult to model at the circuit
level. Therefore, full-wave simulator should be used to observe the first and second reso-
nant frequency of the interdigitated capacitor. The basic design guideline is that the
bandwidth between the first and the second resonant frequency can be increased or de-
creased by reducing or increasing the number of fingers. In addition, if the number of
coupled fingers is increased, the center frequency can be shifted to the lower frequency.

Figure 108 shows the physical dimension of the interdigitated capacitor and its
measurement correlation result with the simulation. The measured ultra-wide band FR4
filter is centered at 7.5 GHz with 3 dB bandwidth of 8 GHz. The measured insertion
loss was -0.285 dB while the return loss was better than -19 dB. Moreover, the size of the
filter is only 5.029 mm x 1.067 mm. Therefore, the measurement result clearly verifies
that the effect of the dielectric loss can be eliminated if the passband is in inductive re-
gion.

The concept of using the via as an inductor has also been verified through the
second design. Figure 109 represents the proof-of-concept FR4 filter that is realized by
using interdigitated capacitor and two vias. The bandwidth of the filter has been con-
trolled by placing two inductors using through-hole vias. The measured insertion loss at
4.2 GHz was -0.45 dB. Considering the measured insertion losses for 18 mils wide and

150 mils long transmission line are -0.235 dB @ 1 GHz and -1.87 dB @ 4.2 GHz, the
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passband response is fairly decent. The VNA screen shots of both filters are shown in

Appendix.
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Figure 108. (a) Physical layout and (b) measured result of UWB FR4 filter.
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6.4 RF Characteristics of Through-Silicon Via (TSV)

The two design guidelines can be applied to silicon interposer with two additional advan-
tages. The first advantage is a miniaturization effect that resulted from high dielectric
constant in silicon interposer. The other advantage is different RF characteristic in
through-silicon via (TSV), which shows higher coupling between TSVs than through-
hole via based on low-loss organic substrate.

The electrical modeling of TSV requires careful consideration of its complex
electrical behavior because of the insulating oxide liner around the conductor. Using ac-
curate TSV modeling method and tool [94], RF characteristics of the TSV has been com-
pared with the via in organic substrate. The simulated via has a radius of 15 um, a thick-
ness of 100 um, and distance between two vias (pitch) of 50 um. Figure 110 shows the
geometry of the simulated vias where from P1 to P4 represents the port location, and Fig-
ure 111 represents S-parameter responses from 1 GHz to 100 GHz. Oxide thickness of
0.7 pm and 10 S/m silicon conductivity are used, and dielectric constant of silicon and

silicon dioxide used are 11.9 and 3.9, respectively.
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Figure 110. Geometry of simulated vias.
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Figure 111. (a) S31 (IL) and (b) S21 (NEXT) of conventional vias and TSVs.

The S31 (the signal integrity through the via) shows that the conventional via
based on low-loss organic substrate has better signal performance than TSV because of
the oxide thickness and silicon conductivity [94]. On the other hand, S21 (the coupling
between vias: near end cross talk) of TSV always lies above the S21 of the conventional
via. That is, TSV has stronger coupling than the conventional vias, and this coupling cha-
racteristic is increased as the frequency goes higher. To quantify what cause the differ-

ence, the frequency-dependent circuit parameter of two parallel TSVs is shown in Figure

112.
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Figure 112. Model equivalent circuit of two TSVs [94].

For the silicon substrate, there are oxide capacitors between two TSV equivalent
circuits. It was shown that this oxide capacitance is important to model the TSV accurate-
ly. These oxide capacitances will decrease the coupling capacitance between two TSVs
because they are in series connection. Moreover, the capacitance of the frequency-
dependent coupling capacitor is significantly decreased as the frequency increases.
Therefore, the oxide capacitance is not the source of coupling enhancement because the
coupling impedance is increased.

Since the TSV behaves differently compared to the via because of the oxide
thickness and silicon conductivity, the effect of oxide thickness and silicon conductivity
on the coupling has been studied. The geometry of TSV remains the same while the oxide
thickness of 0.1 and 1 um and the silicon conductivity of 1 and 100 S/m have been simu-
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lated. The simulation results from 1 to 10 GHz with different oxide thickness and silicon
conductivity are shown in Figure 113: Blue line is the reference, pink line is the oxide
thickness of 0.1 um, green line is the oxide thickness of 1 um, black line is the silicon

conductivity of 100 S/m, and cyan line is the silicon conductivity of 1 S/m.
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Figure 113. TSV coupling by varying oxide thickness and silicon conductivity.

As it expected, the different oxide thicknesses have little effect on the coupling.
The thinner oxide thickness provides higher coupling because the oxide capacitance will
be greater than the thicker oxide thickness, which will contribute to higher coupling ca-
pacitance. In contrast to the oxide thickness, the silicon conductivity mainly affects the

coupling. The silicon conductivity is determined by the level of doping. The low-
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conductivity substrate has similar characteristics to organic substrate while high-
conductivity silicon substrate has considerable substrate coupling [94]. Hence, the coupl-
ing impedance of TSV is smaller than the conventional via because of the silicon conduc-
tivity. The coupling can be even stronger if the pitch becomes smaller. The example of

TSV based filter is discussed in the next section.

6.5 Filter Design in Silicon Interposer using TSV

Ultra wide-band filter based on ‘passband in inductive region’ design guideline can be
applied to silicon interposer as well. Since silicon substrate has higher dielectric constant
than FR4 substrate, the size of capacitor can be further miniaturized. As shown in Figure
114, the simulation result of 1.88 mm x 0.914 mm planar capacitor shows 10 GHz 3dB
bandwidth and good insertion loss in silicon interposer.

By using TSV coupling characteristics, a highpass filter can be realized in silicon
interposer. Since the coupling in TSV becomes stronger as the frequency goes higher, the
cutoff frequency (-3 dB coupling point) can be obtained from increasing the coupling by
reducing the pitch between TSVs and adding a capacitor between TSV. To demonstrate
the highpass filter using TSV, two highpass filters have been designed using 100 um di-
ameter TSVs with 25 um pitch as shown in Figure 115. The cutoff frequency can be con-
trolled by changing the capacitance value or TSV pitch. Both highpass filters show less

than 0.2 dB insertion loss after the cutoff frequency.
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Figure 114. Simulation result of UWB filter in silicon interposer. (a) Filter response and (b) physical
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The barrier of low Q inductor in silicon can be avoided by using a novel filter
schematic, which the filter performance does not heavily rely on Q of the inductor. Figure
116 represents a high-rejection highpass filter by additional capacitor and inductors. The
dimension of TSV used for the simulation is a radius of 15 pm with thickness of 100 um

and 50 pm pitch.
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Figure 116. High-rejection highpass filter by TSV.

As shown in Figure 116, a good highpass filter response is obtained by adding a
small capacitor between TSVs while low Q inductors are attached to the bottom of TSVs.
The cutoff frequency is also adjustable by tweaking the capacitor between TSVs. In addi-
tion, the insertion loss in the passband region is not much affected by the Q of the induc-
tors since the passband relies on the coupling between two TSVs.

Beside of the coupling characteristics of TSV, this proposed method is to use the
TSV as a passive element such as an inductor. Since the major difficulty of filter realiza-
tion in the silicon substrate is the low Q inductor performance, the filter performance es-

pecially insertion loss can be improved by applying TSVs to millimeter-wave region (>
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25 GHz) where a small inductance value is required for the filter response. As shown in
Figure 117, a preliminary bandpass filter response is obtained by grounding the bottom of

TSVs and connecting a capacitor between TSVs.
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Figure 117. Bandpass response in 60 GHz by TSV.

6.6 Summary

This chapter presented filter design method for the high-loss substrate such as FR4 and
silicon interposer. The effect of the substrate loss for insertion loss has been discussed
and avoiding substrate-loss effect has been proposed by making the passband in the in-
ductive region. The proposed idea can be extended to silicon interposer with TSV tech-
nology. As proof of concept, ultra wideband bandpass and typical bandpass filters have
been realized in high-loss FR4 substrate. Measured insertion loss showed extremely good
passband responses (< 0.3 dB @ 6 GHz and <0.7 dB @ 10 GHz), which verified that the

proposed method can be used for the high-loss substrate.
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Silicon interposer and TSV technology have had so much attention. To apply the
proposed method to the silicon technology, the unique RF characteristic of TSV has been
compared with the via in organic substrate. Finally, the simulation result of TSV based
filter has been shown. The fabrication of TSV based filter and development of a new
high-rejection filter topology based on the proposed method are recommended as a part

of the future work.
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CHAPTER 7

CONCLUSIONS

Wireless application has evolved dramatically due to the demand for low cost, compact
size, and high performance solutions. Increasing system complexity has brought the need
for higher levels of integration in RF front-end module. The passive component occupies
most of the area in wireless products. Therefore, system on package (SoP) has been used
as a solution for supporting the convergence of multiple RF front-end components by
providing more functionality in the package through integration of passive components
such as inductors, capacitors, and resistors

The goal of the research in this dissertation was to realize high-performance pas-
sive circuits along with developing techniques for system-on-package integration using
ultra-thin advanced polymers called RXP (Rogers experimental polymer), material cha-
racterization, and filter design for high-loss substrate up to millimeter-wave frequency
applications. In Chapter 2, the material characterization method for extracting organic
and inorganic substrate properties has been presented. Using the extracted material prop-
erty, high-performance miniaturized bandpass filter, dual-band filter, and duplexer were
designed from WLAN to millimeter-wave frequency and their performance was verified
through measurement from Chapter 3 to Chapter 5. For the high-loss substrate such as
FR4 and silicon interposer, a new method to design passive circuits has been presented.

In conclusion, the new ultra-thin RXP substrate is a promising solution for next

generation wireless application. Section 7.1 presents the contributions in this dissertation,
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and future work for millimeter-wave design using RXP and improved TSV filter is ad-

dressed in Section 7.2. The final section shows published papers and inventions.

7.1 Contributions

The contributions of this research are summarized as follows:

Major Contributions:

Efficient and accurate material characterization method for frequency-dependent ma-

terial property extraction

e Extraction of ultra-thin RXP material properties from 1 GHz to 110 GHz for the first
time

e Development of high-rejection bandpass filter topology for narrow and wide band

applications and realization of the world’s smallest high-rejection bandpass filters in

RXP substrate

e A new method of designing filter in silicon interposer with TSV

Minor Contributions:
e A new capacitor design called 3D stitched capacitor to provide balanced shunt para-

sitics and layout symmetry

Design of lumped-element dual-band bandpass filter using the proposed single band-

pass filter topology for the dual-band module application
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e Realization of miniaturized high-rejection WLAN duplexer for chip-last embedded
technology

e Design of lumped-element passive circuits for millimeter-wave frequency

7.2 Future Work

Passive circuits based on lumped-element for millimeter-wave application has been pre-
sented in Chapter 5. To further validate the proposed idea of using lumped-elements at
millimeter-wave frequency, two-port inductor and capacitor model can be designed so
that the inductance and capacitance along with the quality factor can be measured. Then,
bandpass filters, dual-band filters, and duplexers can be designed with much better accu-
racy by optimizing the process. To minimize the measurement parasitic, the probe pitch
of less than 250 um is recommended.

Filter design method for high-loss substrate can be extended to high-performance
filter for the silicon interposer using TSV technology. The proposed method in Chapter 6
showed a way to achieve good passband characteristics, which was not possible using the
conventional filter topology. The capacitor that was used as an inductor for the passband
in inductive region technique can be miniaturized using high dielectric constant from sili-
con property. In addition, highpass filter designs using via or TSV coupling needs to be

verified by measurement.
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7.3 Publications

In the course of the dissertation research, the following journal articles, conference papers,

and invention disclosures have been published.

7.3.1 Refereed Journal Articles

= Seunghyun Hwang, Sunghwan Min, Venkatesan Venkatakrishnan, Madhavan
Swaminathan, Hunter Chan, Fuhan Liu, Venky Sundaram, Scott Kennedy, Dirk
Baars, Benjamin Lacroix, Yuan Li, and John Papapolymerou, “Characterization
of next generation thin low-k and low-loss organic dielectrics from 1 to 110
GHz”, IEEE Transactions on Advanced Packaging, vol. 33, no. 1, pp. 180-188,
Aug. 2009

= Seunghyun Hwang, Sunghwan Min, Madhavan Swaminathan, Venky Sundaram,
and Rao Tummala, “Thin-film high rejection filter integration in low-loss organic
substrate”, will be published in IEEE Transactions on Component, Packaging,
and Manufacturing Technology, 2011

= Seunghyun Hwang, Madhavan Swaminathan and Ki Jin Han, “Filter design
techniques for high-loss substrate including silicon interposer with through-silicon
via (TSV)”, to be submitted to [EEE Microwave and Wireless Components letters

= Seunghyun Hwang, and Madhavan Swaminathan, “Miniaturized Lumped-
Element Dual-Band Bandpass Filters from WLAN to Millimeter-Wave Applica-
tions”, to be submitted to /IEEE Transactions on Microwave Theory and Tech-
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7.3.2

Conference Papers

Seunghyun Hwang, Madhavan Swaminathan, and Venkatesan Venkatakrishnan,
“Extraction of material properties for low-k and low-loss dielectric using cavity
resonator and efficient finite difference solver up to 40GHz”, Electrical Design of
Advanced Packaging and Systems, pp. 53-56, Korea, Dec. 2008

Sunghwan Min, Seunghyun Hwang, Dachyun Chung, Madhavan Swaminathan,
Vivek Sridharan, Hunter Chan, Fuhan Liu, Venky Sundaram, and Rao R. Tumma-
la, “Filter integration on ultra thin organic substrate via 3D stitched capacitor”,
Electrical Design of Advanced Packaging and Systems, pp. 1-4, Hong Kong, Dec.
2009

Seunghyun Hwang, Sunghwan Min, Hunter Chan, Venky Sundaram, and Mad-
havan Swaminathan, “A compact third-order 5 GHz bandpass filter with en-
hanced stopband characteristics in ultra thin organic substrate”, Radio and Wire-
less Symposium, pp. 452-455, New Orleans, Jan. 2010

Madhavan Swaminathan, Seunghyun Hwang, and Nevin Altunyurt, “RF system
integration and miniaturization using advanced polymers”, International Micro-
wave Symposium, pp 1708-1711, Anaheim, May 2010

Madhavan Swaminathan, Nevin Altunyurt, and Seunghyun Hwang, “Advanced
polymers for advanced RF packaging applications”, European Microwave Confe-
rence, pp 695-698, Paris, Sept. 2010

Vivek Sridharan, Sunghwan Min, Venky Sundaram, Vijay Sukumaran, Seung-
hyun Hwang, Hunter Chan, Fuhan Liu, Christian Nopper, and Rao

la, ”Design and fabrication of bandpass filters in glass interposer with through-
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package-vias”, Electronic Components and Technology Conference , pp. 530-535,

Las Vegas, June 2010

7.3.3 Invention Disclosure

=  Sunghwan Min, Seunghyun Hwang, Dachyun Chung, and Madhavan Swamina-
than, “Stitched capacitor for filter integration”, GTRC ID: 4877, July 2009, Provi-

sional Application filed by Georgia Tech
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APPENDIX

Figure 118 shows the VNA screen shots of filter response demonstrating good insertion

loss performance on FR4 substrate.
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