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SUMMARY

Ceramic and silicon substrate interconnection and packaging technologies have been
used for many years in many different types of applications such as integrated passive
devices and modularization. This is especially true for the wireless handheld market
segments. Although more cost-effective, there is an inherent inertia that has built up
towards using organics for similar applications and remains a technology of choice
primarily for circuit boards, IC packaging and flex applications. There is a perception
that organic technology is inadequate and lower in performance compared to ceramics
and silicon technologies for RF and mixed signal integration. This research discusses the
feasibility of obtaining high Q embedded passive components for standards such as the
Bluetooth (2.45GHz) and PCS (1.9GHz) using organic substrates. A system-on-package
(SOP) approach has been taken at the heart of which is a low-cost, low-temperature,
multi-layer organic sequential build-up (SBU) technology. Inductors and capacitors
greater than 1nH and 1pF, respectively, with Q-factors in the range of 60-400 have been
implemented for frequencies from 1-10 GHz. Robust methods to characterize the
materials and process have been developed. Fast and accurate methods have been
devloped to model and optimize embedded passives such as inductors, capacitors, filters
and resonators. Bandpass filters for several different applications that perform similar to
or better than ceramic filters have been implemented for various applications. The filters
are smaller compared to the cavity filters and much easier to construct and fabricate.
Devices such as oscillators and amplifiers with all embedded passive devices have been
implemented which helps achieve the noise specifications for various wireless

communication standards.
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CHAPTER |
1. INTRODUCTION

The trend in the communications industry is to combine digital and radio frequency
(RF) circuits into compact, low-cost, mixed signal modules which support high-speed
communication channels and sustain the demand for increased bandwidth of data and
information that flows through these channels.

The single most important architecture being pursued worldwide towards this
endeavor is system-on-chip (SoC), also known as a single chip radio in the
communications industry. The base band sections of current products have benefited
from the SoC levels of monolithic silicon integration, while the RF/analog sections have
continued to require a range of active device technologies combined with high
performance passive components to provide matching, filtering and biasing circuitry.
This need to combine different technologies in RF/analog functions has continued to be
driven by exacting performance requirements, where a purely monolithic approach can
involve too many performance compromises even with very exotic and revolutionary
processing techniques.

Another area of concern besides active integration on the chip is the physical layer,
which includes the chip, chip to package transitions, package, discrete components and
the board. The package is the housing for the devices, a means by which devices
communicate with the external world. Discrete components such as RF filters work
together with the active components for enhanced communication. Other discrete

components such as high quality passive devices form an integral part of oscillators and



low-noise amplifiers, which form part of RF sub-systems. As the carrier frequency of
modulated signals in wireless communications and the speed for digital communications
increase, current and future devices present very demanding packaging requirements. The
key performance requirements must be satisfied without compromising the fundamental
and overriding need for low cost solutions. The selected package must also present the
lowest possible electrical parasitics, and inherently linked to this, a large silicon
efficiency [1]. A package for high bandwidth digital applications must also support a
large number of input-output signals (I/Os) and ensure the lowest possible overall
parasitic inductances. While RF package /O counts may be small when compared to
digital packages, these packages have stringent requirements on matched impedances,
which imply minimal return losses and smooth RF transitions. The encapsulation
materials employed in the package construction must be carefully selected to minimize
any capacitance loading effects or unacceptable dielectric losses. The chip, package and
discrete components must be compatible with standard surface mount assembly methods
and provide good board level reliability. Lastly, the minimal number of package style
variants should be employed for the ease and scalability of package design,
manufacturing and business management and, for very high volume applications, should
be available in industry standard formats from multiple sources to ensure security of
supply and ready customer acceptance. Similar to SoC, the interconnection of chips with
embedded functions in the package or the board is referred to as the system-on-package
(SoP) architecture.

Although the packaging and semiconductor industry were projected to grow hand-in-

hand towards producing highly integrated mixed signal systems, the single most actively



pursued technology today is based on the SoC architecture. The reason for this can be
attributed to the poor packaging efficiency of only 10-20% available in todays board
level technology. (Packaging efficiency is defined as the ratio of silicon area to the total
package area at the systems level. [1]) Since the 1970’s, packaging has evolved from
dual-in-line, wire-bond, and pin through-hole technologies to ball grid array, chip scale,
and surface mount technologies in the 1990’s. In parallel, the discrete components have
shrunk in size with the smallest discrete capacitors and inductors measuring 1.2mm’ in
size [2]. However, these advances in packaging which includes discrete components
have not been able to compliment the growth in the semiconductor markets. Since a large
fraction of the board area is occupied by discrete components in RF and mixed signal
systems, a method for improving packaging efficiency is to eliminate the discrete

components on the board.

1.2 Discrete and embedded passive components

Discrete passive components such as inductors, resistors, capacitors, filters, and
resonators currently dominate the component count in most RF and mixed signal
electronic products. While the cost of discrete passive components may be low, the cost
of all the components on total product cost can be significant. In addition discrete
components increase the board area. For example a typical cellular phone product may
include well over one hundred passive components, with less than 20 active devices [3].
The passive components can occupy up to 80 per cent of the printed circuit board area
and contribute up to 70 per cent of the product assembly costs. In addition, discrete

components have large tolerances and parasitics and there is a constant need for the



development of design rules for a multitude of packaging styles such as surface mount

devices (SMD), chip-scale packages (CSP), land-grid arrays (LGA) and ball grid array

(BGA). These packages are common methods for packaging discrete components.

A method for eliminating the surface mount discrete components is by embedding the

passive components into the layers of the package or board as shown in Figure 1.1.

Package

Passives
% & mbedded in

Chip Discrete Passive & the package
Comocnents >~ . -

Printed Circuit
‘_,,.,»'“‘Rhard ( PPR\
% . / Passives
[ ] B embedded in
the board

Figure 1.1. Passive component integration in the package and the board

Technologies that enable the integration of passive components therefore have a

potential for the:

1.

2.

Reduction in circuit board area and weight

Increase in functionality for a given product size

Increase in the manufacturing line throughput

Reduction in the inventory and improvement of product reliability

Reduction in the functional block and system level costs

Enhanced design ease by eliminating the problems associated with lead and
pad parasitics, matched impedances, higher tolerances for devices and

reduction in the number of packaging style variants




These integrated packaging technologies can serve as a highly functional platform on
which the optimal set of active devices for the required RF and digital functions can be
attached for the realization of future micro-systems.

However, different systems and sub-systems place varying constraints on the passive
devices in terms of tolerance, quality, value, size and operating frequency. Table 1.1

shows an example of the different requirements for inductors and capacitors for various

applications.
Required range Desired
Application for capacitors and | unloaded | Tolerance | Frequency | Comments
inductors Q Factor
. e High  Self Resonant
Filter &
. 0.01 < C <100pF Frequency
g‘::::::f 0.5<L < 100nH >150 <2% 0.01-8GHz | | High unloaded q-factors
¢ Tight Tolerance Required
gp':’p"ss 0.001 €C <0.1uF | >50 <15% | DC-8GHz | e Low impedance (<<l Q)
Decoupling e Low inductance, low
Caps. 0.001 £C< IuF N/A <15% N/A impedance
RF ChokeL | 0.1<L<IuH >15 <10% (1)00(:;'2 o Low resistance (<<1 Q)

In Table 1.1, the unloaded quality factor (Q) is a measure of the performance of a
passive device and is the ratio of the stored energy to the loss in the device. In Table 1.1,
the passives with high Q and low tolerances are the most difficult to implement using
standard semiconductor and packaging or board level technologies. Section 1.5.4 of this
chapter further expands on the need for high quality factor passive devices in current and
future wireless standards. Since the push for SoC has always been historically greater
than SoP, the first attempt towards integration was to integrate passive devices on silicon.
The primary disadvantage with this approach is that passive devices such as inductors
consume a major part of the expensive silicon area. In addition, the losses in the silicon

substrate and the thin aluminum metallization limit the performance of inductors and




capacitors. An unloaded quality factor in the range 5-15 for spiral inductors and an
unloaded quality factor of 20-30 for capacitors have been reported for devices integrated
on silicon [4]. Currently technologies are being developed to integrate passive devices
such as inductors on silicon using non-standard materials and process technologies that
use thicker aluminum, copper metalization, high-resistivity silicon and sapphire
substrates. However, the increase in Q for inductors has not scaled with the increase in
processing complexity. An alternate approach, as suggested earlier and shown in Figure
1.1, is to embed inductors and capacitors requiring high unloaded Q in the package or in
the printed circuit board (PCB).

Low-temperature  co-fired ceramic (LTCC), thin-film deposition on
glass/silicon/ceramic (also called multi-chip module deposition, MCM-D) and laminate
multi-chip module (MCM-L) technologies have become the most prevalent choice for
integration of passives into the package. The advantages and disadvantages of these

technologies for integrating passives are discussed in the following sections.

1.3 Low-temperature co-fired ceramic technology (LTCC)

LTCC technology [5] is a multi-layer ceramic process. The ceramic layers are tape-
cast in their pre-fired “green-state” and the tape is cut to the required size. Registration
holes, via holes and cavities are then punched or drilled into the different tape layers. The
via holes are normally filled, often with silver, and then thick film processing is used to
print metalization patterns on each, or selected tapes. When the common thick film
processing is used, the minimum line width/gap is around 100um. The different layers

are then inspected, registered and laminated and then co-fired at around 850°C.



Electrically LTCC has a number of advantages, namely:

Lower loss dielectric (0.003<tan8<0.009 from 1-10 GHz)

Better controlled dielectric properties (€, tandand thickness)

Assembly of bare dies on LTCC modules

Mixed dielectrics that allow for the integration of different product specifications
on a single module

Possibility for a large number of layers (>50)

LTCC processes allow for the integration of passive devices such as inductors and
capacitors. For example,

o Inductors from 1nH-25nH have been fabricated and tested by companies
such as National Semiconductor using 20 layer processes [5]. The highest
Q obtained for the 20 layer process is ~150 using straight “resonators” for
inductors in the range of InH-3nH [5]. Typical Q’s are ~ 50, with a
tolerance of 20% [6].

o Interdigitated capacitors or dual plate structures have been fabricated with
capacitance < 1 pF and multiple plate capacitors with high dielectric
constant ceramic material have been fabricated with capacitances up to 30
pF for filter applications. The tolerance is + 5%. The unloaded Q’s are in

the range of 50 - 200 [5].

A conceptual 3D integrated transceiver module functioning at 5.8 GHz, which uses a 20-

layer LTCC process from National Semiconductor, has been discussed in [5]. The cross-

section of the integrated module is shown in Figure 1.2a. Three different layers for

transceiever, filter and antenna are vertically stacked and connected through vertical vias.



The antenna and filter are directly fabricated in the module using LTCC technology for
reducing the size and interconnection losses. The antenna, filter and transceiver utilize 8,
12 and 2 layers respectively. The filter uses two coupled embedded inductors and five
parallel plate capacitors. The total size of the module is 14 x 19 x 2mm>. A photograph of

the integrated module is shown in Figure 1.2b.

Transceiver
OniOfY Chip Matching
Wire-bonding

Bandpass Filter
Embedded

Connect thru VIA

Antenna Side

(b)

Antenna
Made on Backside
Via Fed

Transceiver side

Figure 1.2. a) 3D integrated LTCC module with cavity backed antenna and bandpass filter
b) Photograph of the integrated transceiver module for 5.8 GHz

Though LTCC has many advantages some of the disadvantages are:
e RF characterization data, for both the integral passive components and the
material, are not often available
¢ During the firing process there is tape shrinkage of between 12% and 16% in the

X and Y dimensions and a larger amount in the Z direction



The high temperatures associated with the processing adds process complexity
and thereby increases cost
Commercial manufactures can currently have an automated system for 5" x 5™
parts [6]. Athough the use of LTCC substrates for packages with embedded
components and attached chips is justified, it currently cannot be used for the
replacement of an entire board for commercial wireless applications. All LTCC
modules are almost always mounted on a larger carrier which is generally
processed using laminate technology, which is currently automated for 18” x 24”
panels.
Medium to high dielectric constant material (>7.8 [6]) prevents the realization of
high speed digital interconnects. The high dielectric constant also increases the
parasitic capacitance for devices such as inductors limiting the Q for inductors to
150 [5].
Although the limit on Q from dielectric loss for capacitors is as high as 300, the Q
realized is only 200 due to the following reasons:
o Thin metallization levels of 2-5um increases the conductor losses in the
devices
o When using parallel plate capacitors the use of vias which are typically
4mils in diameter and 3.8mils in height adds to the inductance and reduces
the effective capacitance

Solid ground-planes are difficult to fabricate due to warpage issues



e The minimum tape thickness available in production is 3.8 mils (fired) while the
thickest tape is approximately 8 mils fired. Multiple dielectric layers would
therefore have to be used to provide for thicker fired layer dimension.

o Smallest via size in a typical process is limited to 4 mils, which may be
insufficient for high density requirements in the future. In addition, larger vias

through a thicker dielectric adds to the parasitics of interconnects.

1.4 Polymer Thin film or Multi-chip module deposition (MCM-D)

In this technology, thin (<15um) polymer dielectric films are deposited on a stable
base substrate such as silicon/glass or alumina. Thin (2-Sum) conductor film, usually
copper, is then deposited and processed photolithographically. The lower dielectric
constant of the polymers (Polyimide) and Sum-15um thick dielectrics make 50 Ohm lines
more practical. In [7] the authors have presented a MCM-D module for embedded
passive devices. The technology in [7] consists of sputtered metal layers (3 um thick)
separated by thin spun-on layers of BCB (5um thick), which has a dielectric constant of

2.65 and a loss tangent of 0.0008. The BCB is stacked on a glass carrier substrate, which
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Figure 1.3. Cross-section of a MCM-D substrate and a schematic of possible mounting
solutions [7]
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has a dielectric constant of 6.2 and a loss tangent of 0.0009. The cross-section of the

substrate and supported assemblies are shown in Figure 1.3 [7].

The advantages of MCM-D technology are the following:

Narrow line widths are possible (~10um)

Small to medium via holes can be fabricated (10-50um).

The process interlayer polymer dielectric material can be employed for achieving
small capacitors with capacitance density of ~ SpF/mm’ for typical layer
thicknesses. These capacitors have a very high Q >200 because of the low loss
properties of the substrate. Intermediate capacitance values can be realized with
plasma deposited silicon nitride films that have very good RF performance.
Higher value capacitor components, principally for RF decoupling functions, can
be realised with anodized aluminium oxide or tantalum oxide films with
capacitance density of SO0pF/mm? and above [8].

Through careful inductor design optimization and prudent choice of materials,
inductor quality factors from 40 to 100 in the frequency range of interest can be
achieved for inductor values between 0.5nH-20nH with self resonant frequencies
between 2.5 and 15GHz [7].

High self-resonant frequencies for capacitors and inductors can be achieved due

to small form factor of the devices.

Though MCM-D has several integration and size advantages, the disadvantages of

MCM-D technology are as follows:

No through-holes which limits the poss'ible packaging formats to CSPs, BGAs

and wire-bonded devices.



It is difficult to fabricate beyond two metal layers, which limits the design of
inductors and transmission line interconnects to a coplanar waveguide topology.
In [7] the authors have indicated that the CPW topology allows for greater
freedom compared to a microstrip and stripline configuration due to the variable
spacing the between the ground and signal lines. However, the thin metallization
level of 2-5um increases losses significantly in a CPW topology, lowering the Q
of inductors.

The limit on Q from dielectric loss for capacitors is ~ 400 with standard
dielectrics but conductor losses reduce the Q to ~200.

This is a high cost, high temperature process (400 °C < T< 600 °C)

The manufacturing is currently limited to 4-6 inch wafers compared to 18" x 24”
panels in standard laminate technology.

It requires a glass core for realizing high Q passive devices, which adds further to

the cost and processing complexity.

The next section discusses laminated multi-chip module (MCM-L) technology, which is

the focus of this research. It is a technology, which has been disregarded as a choice for

embedded passive devices for RF applications due to the inadequacies of the materials

used in the past. However, the next section introduces recent advances in laminate

technology with an emphasis on density and dielectric materials.

1.5 Laminated Multi-chip module Technology (MCM-L)

MCM-L technology is currently the technology of choice for the fabrication of

printed circuit boards. A thick copper-cladded (9um-35um) FR-4 organic substrate

(epoxy-glass fiber composite) is used as the core laminate. Etching copper, which is

12



cladded on the laminates or using electroplating baths, forms the line patterns. Each

copper level is insulated from the other using thin-film epoxy-glass composites (25um-

100um). The layers of conductors and organic dielectrics are laminated together using

vacuum pressure type laminators and then heat cured. Appendix A discusses the process

steps in more detail.

Some of the processing and electrical advantages of MCM-L technology are as

follows:

Lowest cost due to the inherent low cost of the materials and lower temperatures
of processing (<250°C) compared to 800°C (LTCC) and 450°C (MCM-D)

Large area (12” x 187, 18” x 24”") processing further reduces cost compared to the
smaller area LTCC and MCM-D processes due to the economies of scale involved
Recently standardized higher packaging densities allow for Imil wide lines with
Imil spacing with Imil diameter vias for dielectrics as thin as 1 mil which
exceeds the densities in ceramic technology and compares well with MCM-D
technology

Arbitrary layer thicknesses (10um to Imm) allows for realizing mixed signal
modules that combine RF and digital functions

High conductivity copper metalization 10um-35um helps reduce DC losses in
transmission lines and passive devices compared to the losses in deposition and
ceramic processes

Through vias are possible for direct backside connection

Organic/polymer dielectrics offer the benefits of low dielectric constant (g, = 2.0-

4.0), leading to higher signal propagation speeds, as shown in Figure 1.4 [8,9].
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Figure 1.4. Propagation Delay vs. Dielectric Constant for Various Dielectric Materials [9]

The primary disadvantage with the MCM-L technology when using low-cost epoxy

based laminates are as follows:

o Epoxy-glass laminate are the lowest cost materials and consequently hold a large
market share in package substrates and PWBs. However, traditionally the
relatively high loss tangent (0.015-0.025) of epoxy laminates and films limits
their use to digital systems operating below 1 GHz.

o The highest Q achievable for capacitors using these dielectrics is on the order of
60 at 1GHz and degrades at higher frequencies.

o These epoxy based dielectrics also exhibit frequency dependent electrical
behavior which is not suitable for integrating passive devices for RF applications.
A new breed of polymer laminate dielectrics are emerging to fill the gap between

low-cost epoxy dielectrics and high-end, expensive materials like

polytetrafluoroethylene (PTFE). These include polyphenyl ether (PPE) based
materials, liquid crystalline polymers (LCP), and lower cost polymer and ceramic
filled composites. Table 1.2 lists these new dielectric polymers along with their
dielectric properties at high frequencies. The research program at the Packaging

Research Center (PRC) at the Georgia Insititute of Technology (GIT) is evaluating
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these new materials for use in mixed signal SOP applications at frequencies up to

20GHz and beyond.

Table 1.2. Common Low Dielectric Polymers and their Electrical Properties

Material & (1 GHz) | Tand @ | GH?
Dupont Vialux“‘(epoxy-glgss based)) 3.3-3.7 0.015-0.025
Asahi A-PPE™ (PPE based) 35 0.007
Rogers Zyvex™ (LCP based) 295 0.002
PoTymer ceramic composites 10.75 0.08-0.1

When considering materials such as A-PPE™ and Zyvex™, the possibilities for
integration are immense because of the comparable low loss nature with materials used in
LTCC and MCM-D. A maximum unloaded quality factor for capacitors as high as 110
for A-PPE™ and 500 for Zyvex™ can be achieved unlike MCM-D and LTCC processed
capacitors where conductor losses reduce the maximum available Q’s significantly. The
capacitance densities when using the available thicknesses of the laminates is ~1pF/mm’
which is again comparable to LTCC and MCM-D processes.

However, the commonly associated process variations with MCM-L processes (such
as varying dielectric thicknesses during lamination, heating and curing, non-uniform
conductor profiles and uneven metallization levels) have detered the RF industry from
even suggesting the use of the newer laminate materials like A-PPE™ and Zyvex™ for
embedded passive devices, despite the fcat that these materials have low losses and stable
dielectric behavior.

However, if a design for manufacturability (DFM) approach is adopted ensuring

controlled and predictable process attributes, materials such as Zyvex™ and A-PPE™ can
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provide replacements for ceramic and deposition technologies for many applications
where epoxy-based materials have failed. These solutions can result in a lower-cost
alternative to LTCC and MCM-D technologies for RF systems. Moreover, the materials
used in laminate technology and shown in Table 1.2 have an inherent lower dielectric
constant compared to all the materials used in ceramic technology making them also a
better choice for high-speed digital applications. Though high Q passive devices
associated with Zyvex™ and A-PPE™ are needed for some RF systems, other
applications may not require such specifications. Materials such as Vialux™ which can
provide Q’s ~ 60 can be used as an even lower cost alternative to Zyvex™ and A-PPE™
for integrating passive devices.

The earlier sections have discussed the state of the art LTCC and MCM-D
technologies, which can provide unloaded Q’s for inductors and capacitors as high as 150
and 200, respectively. This serves as a good starting point for the specification for the
inductors and capacitors in MCM-L technology. However, these Q factors may not be
adequate for current and future RF applications. The next section discusses the specific
demands that wireless systems place on passive devices and elaborates on the issues that

need to be addressed.

1.6 Systems and Sub-systems for Wireless Applications

For digital applications, the performance of the substrate is judged based on delay,
attenuation, and noise that signals experience when traveling from chip-to-chip over
electrically long distances. However, the performance criteria for substrates used in RF

applications change based on the system, architecture, and standards used. In this
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dissertation, the requirements for passive devices have been limited to front-end wireless
receiver architectures.

Heterodyne and image-reject receivers are front-end architectures that are currently
used in wireless products [10). Digital IF and sub-sampling receivers are a few of the
other architectures being investigated by the telecommunications industry [10]. The
following sections provide a comparison of the heterodyne, homodyne and image-reject

receiver architectures.

1.6.1 Heterodyne Receivers

A heterodyne receiver is perhaps the most traditional design for a receiver. It is
primarily used to relax the need for an extremely high Q channel select filter. This is
done by translating the high frequencies to lower frequencies using a mixer, which in its
simplest form is an analog multiplier. A typical heterodyne architecture is shown in

Figure 1.5 [11].

R
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I
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Synthesizer Integration LC Tank LC Tank
==l
Discrete Component
Figure 1.5. Super-heterodyne wireless receiver architecture

The RF front-end filter helps remove the out-of-band energy and performs rejection of

image-band signals. The noise or image-rejection filter (IR filter), which follows the
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Figure 1.6. Slgnal Spectrum through a super-heterodyne [11].

low-noise amplifier (LNA), further attenuates the undesired signals present at the image
frequencies. An RF channel-select frequency synthesizer tunes the desired band to a fixed

intermediate frequency where a filter performs a first order attenuation of out-of-channel

energy. This translation is explained in Figure 1.6.

The following are some of the advantages of the heterodyne architecture:

L.

Relaxed loaded Q (loaded Q for a filter = Center frequency + 3dB
Bandwidth) on channel-select filters by having more than one band-select
filter. Relaxing the loaded Q helps reduce the insertion loss of the filter as

given by equation 1.1. Ignoring radiation and mismatch loss, for a single

resonator bandpass filter,

Insertion Loss (dB) = 20 x log [Qu +(Qu-Qv)]

Where, Qr and Qy are the loaded Q of the filter and the unloaded Q of the

resonator, respectively.
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Since, the Noise Figure (NF) for a filter is its insertion loss in dB, reducing
the insertion loss helps reduce the overall NF of the system.

2. The frequency at which I and Q phases are separated is about one or two
orders lower than in the homodyne counterparts. This makes the two paths
much less sensitive to mismatches.

3. Careful selection ensures maximum selectivity and sensitivity compared to
any other architecture [10].

4. Each component can be used as a stand alone component and scaled to
other architectures and system needs. This reduces time to market for
subsequent designs and architectures.

The following are some of the disadvantages of this architecture:

1. Since the gain and NF of each stage depend on those of the previous stage,
careful iteration is necessary. For example: the gain of the LNA is
degraded due to the 50ohm input impedance of the filter in the next stage.
Ideally, infinite output impedance is ;iesired.

2. This architecture requires too many external components such as the RF,
IF and IR filters.

The challenge of fully integrating a receiver is to replace the functions traditionally
implemented by high performance, high-Q discrete components with integrated on-chip

or off-chip solutions.
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1.6.2 Direct-Conversion or Homodyne Receivers

The direct-conversion receiver eliminates many of the discrete components because
all of the in-band channels are frequency translated from the carrier directly to base-band
using a single mixer stage. Energy from undesired channels is removed with on-chip
filtering at baseband. In a direct conversion receiver, the IF stage is eliminated as is the
need for image-rejection filtering. Although ideally suited for monolithic integration
homodyne receivers, suffer from various problems, whick are listed below:

1. Since the front-end band-pass filter and a low-pass active filter accomplish
the rejection of all out-of-channel interferers, there is added pressure on
the design and specifications of these devices. The front-end filter requires
a high loaded Q and also very high attenuation of the unwanted signals,
which is currently accomplished using bulky ceramic resonators
(>1000mm3 ) coupled to each other.

2. DC offsets due to coupling of “LO leakage” through substrate and
capacitive coupling from mixer to LNA.

3. I/Q mismatch is one of the most severe problems in this architecture since

the I and Q components have to be separated at the carrier frequency.

1.6.3 Image-Reject Receivers

An architecture that alleviates many of the DC offset problems that plague direct
conversion receivers is the Low-IF receiver architecture, shown in Figure 1.7 [11].
Similar to direct conversion, a single mixer stage is used to frequency translate all of the

desired channels to a low intermediate frequency (IF) which is on the order of one or two
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channel bandwidths. The primary advantage of a low IF system is that the desired
channel is offset from DC. Therefore, the typical problems arising from DC offsets may
be bypassed [11]. This architecture is one of the most widely used architectures in present
CMOS processes. It offers the advantage of complete integration, which ties well with
the goal for a SOC architecture. However, it does suffer from a few disadvantages and
design constraints. In the low IF receiver some method of image-rejection must be
performed because the desired carrier is down-converted to a low IF. This is
accomplished by using some variant of an image-rejection mixer, which are most
commonly the Weaver and Hartley mixers. A major problem that the Hartley and Weaver

architectures share is incomplete image rejection due to gain and phase mismatch [10].
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Figure 1.7. Low-IF Receiver System and Spectrum Flow [11]

Although ideally suited for monolithic integration, low IF receivers suffer from

various problems, which are listed below:

1. Since the IF is on the order of the channel bandwidth, all of the image band
attenuation must be performed by an on-chip image-rejection mixer where

the image rejection is limited by matching considerations to ~30dB.

21



2. Any additional image frequency attenuation needs to be accomplished by the
front-end filter. This is accomplished by adding extra resonator elements to
the filter, which adds to the loss of the filter and also increases the size of the
device significantly (>1000mm*).

3. The major problem is the performance compromise due to the reduction in
the number of external components in a homodyne or image reject
architecture. Key design considerations need to be made to minimize external
components while maximizing the signal to noise ratio. For the LNA an
external input and output matching network is almost always used which
provides the lowest input noise figure. Having external circuitry is crucial at
the input and output of the LNA. Noise figures close to the minimum possible
noise figure can only be achieved with stand alone components with unloaded
Q-factors greater than 50 [12]. However, when using on-chip passives with
Q’s as low as 5-10 the noise figure increases by a factor of 2 to 3. All other
circuitry such as bias, interstage and output matching can be integrated into
the device [13]. High-quality, low phase-noise voltage controlled oscillators
(VCOs) are typically realized with discrete-component high-Q inductors,
crystals, ceramic resonators and varactor diodes. Even using other
technologies such as Gallium Arsenide (GaAs) and Silicon Germanium
(SiGe) does not solve the problem of low quality passives as they provide Q’s
only as high as 30.

It is also important to note that the design of filters in all architectures required at the

front end is becoming a major problem since center frequencies are scaling towards the
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multi-gigahertz range for most RF standards. This drives the loaded Q for filters higher,

which increases the need for higher unloaded Qs for maintaining low insertion losses.

1.6.4 Common design issues in wireless receivers
Based on the discussions in the previous sections, some of the issues that need to be
addressed for current and future wireless receivers are:
1.6.4.1 Integration of the front-end RF bandpass filter
Currently the most prominent technology of choice for front-end RF filters are
multi-layer ceramic filters and ceramic cavity filters. Ceramic cavity filters
provide very high attenuation, low insertion losses and narrow bandwidths.
However, the form factors associated with cavity filters are extremely large.
Multilayer planar filters can have a volume 1/40" that of ceramic cavity filters
and are being developed for cellular telephones, data communication equipments,
and digital cordless telephones, where narrow bandwidths and large roll-offs are
not required [14]. Shown below in Table 1.3 is a comparison of filters in ceramic

technology with a few examples of products currently available:

Table 1.3. Comparison of Ceramic Cavity and Multilayer Ceramic Technology
Center Freq | 1dB and 3dB | Insertion
Type ) Bandwidth loss in Size Attenuation
(Application) (BW) 1dB band
1) 5 layer 1.9GHz 60 MHz and 40dB at
' 30dB | 18mm’
ceramic filter | (W-CDMA) 120 MHz f,-400 MHz
2) 3 section 24 GHz
o 60 MHzand | 1.6dB —p 700mm’ 40dB at
ceramic cavity (IEEE
90 MHz 2.4dB—¢ 300mm’ | f,+200 MHz
filter 802.11b)
3) S layer 24 GH:z 100 MHz and 30dB at
_ 25dB | 18mm’
ceramic filter (Bluetooth) 300 MH:z f,-300 MHz
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As seen in Table 1.3, the attenuation achieved with the ceramic filter is large
at the undesired frequencies compared to the multilayer filter. However, the size
of the cavity filter can be 50 times larger than the multilayer filter if very low loss
is desired.

The filters shown in Table 1.3 represent state of the art filters available in
ceramic technology, but come with the disadvantage of higher costs due to the
processes used in making multilayer ceramic packages or cavity based structures.
Examples of filters implemented in MCM-D technologies compare well with
multilayer ceramic filters with slightly higher losses, but cannot provide the
combination of low loss and roll-off available in the cavity filters.

Equation 1.1 provides an estimation of the unloaded Q required for a single
resonator bandpass filter to achieve the desired loaded Q with a specific insertion
loss. Front-end RF filters which require more than one resonator section such as
those discussed in Table 1.3 can be simulated to provide an estimate of the
required unloaded Q of individual components to attain the necessary loaded Q.
For example, the loaded Q for filter #3 in Table 1.3 is f/BW=8.0. Figure 1.8 is an
example of a coupled-resonator filter, which meets the specifications of filter #3
in Table 3 for Bluetooth applications operating at 2GHz. The inductors and
capacitors have been simulated as non-ideal components in Agilent’s Advanced
Design Suite (ADS) [15). Figure 1.9 shows the simulated S, (insertion loss) and
S11 (return loss) for the filter in Figure 1.8. As seen, a maximum unloaded Q-

factor of ~150 is required for inductors with inductance values greater than 1nH,
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and a maximum unloaded Q-factor of ~100 is needed for capacitors with
capacitances greater than 1pF. As mentioned in [5,6] and also in section 1.2 these
are also approximately the highest unloaded Q reported for capacitors and
inductors in ceramic processes. For any filter or device, which requires higher
performance, current multilayer ceramic process would prove to be inadequate
and the use of larger ceramic cavity resonators would be necessary.

Combline RF bandpass filters integrated into the FR4/epoxy based multilayer
MCM-L substrates have been realized in [16] and satisfy the low-cost and
compact realization requirements. Since the epoxy-based material exhibits high
loss, the design required the use of two discrete ceramic capacitors. However, due
to lack of proper characterization of the discrete capacitors the performance of the
filters deviated significantly from the predicted results. Although the sizes of the
devices in [16] are comparable to multilayer ceramic filters, the 3dB bandwidth
for the filters are rather large (>450 MHz) and the roll-off is insufficient. In [17]
the authors use coupled-inductive resonator filters, and eliminate the need for
discrete capacitors. However, due to the long length of the inductor coils the loss
in the filter was greater than 4dB for 3dB bandwidths greater than 400 MHz at
~2.45 GHz. While these results show promise for using laminate technology
along with novel design ideas for filter applications, key design changes need to
be explored to push the performance limits of epoxy-based laminates further that
emulate or better the multi-layer ceramic filters. Another option would be to use
the newer materials like Zyvex™ which could potentially provide Q’s as high as

500 and serve as a replacement for the bulky ceramic cavity filters.
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While the Q’s required for filter type applications are fairly high, other

applications may not need such high performance from the passive devices.

Examples of these circuits are LNAs and

VCOs.
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Figure 1.8. Schematic of coupled-resonator filter with non-ideal components.
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1.6.4.2 Integration of the Low-Noise Amplifier

Low-noise amplifiers (LNAs) are internally biased devices, eliminating the need
for external bias resistors and chokes. In a typical application as shown in Figure
1.10, the external components needed are the input and output matching

networks; input and output blocking capacitors, and a Vc bypass capacitor [13].
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Figure 1.10. Schematic of a 900 MHz LNA application from RFMD showing
the external components required for minimum NF [13]

Traditionally the input and output matching networks, blocking capacitors and
bypass capacitors are implemented using discrete components. Similar to filters,
most of the integration of these passive devices has been demonstrated using
multilayer LTCC technologies and MCM-D technologies while little has been
done to explore the fabrication of such devices using MCM-L technologies. The
reason for using off-chip integration is because the NF of a LNA with inductor
and capacitor Q’s ~ 50 is 2-3 times lower than the NF obtained using on-chip
passives where the Q’s can be as low as 5 [12]. This decrease in NF is crucial to
the success of long-range highly sensitive communication standards. However, it

has also been shown in [12] that an unloaded Q greater than 50 for the passive
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devices decreases the NF only marginally. Since the unloaded Q’s for the
components that comprise the input and output matching circuits need to be ~ 50
the use of very low cost epoxy-based Vialux™ dielectric material which provide
Q-~60 is also a possibility. This can reduce the cost of implementing the devices
significantly. Moreover, since the Q’s required are not as high as those required
for filters, design optimizations are possible for achieving the desired reactances
and Q factors in very small form factors which are comparable to the smallest
discrete passive components (~1.2mm?).

Additionally, the gain of the LNA, which ideally requires infinite output
impedance, is usually degraded due to the following 50 ohm input impedance of
the IR filter in the following stage of a heterodyne architecture. By modifying the
conventionally used L or Pi matching networks at the input and output of the
LNA into bandpass networks while maintaining the matching conditions can help
eliminate the need for the IR filter and also reduce the number of components. In
an image-reject architecture, this would reduce the strain on the image-reject
mixers which otherwise would only have ~30dB image rejection as the upper
limit.
1.6.4.3 Integration of Oscillators
High-quality, low phase-noise oscillators are typically realized with discrete-
component high-Q inductors, crystals, ceramic resonators and varactor diodes.
Similar to the LNA, the authors in [18] show that the reduction in phase noise of

an oscillator beyond a Q=80 for inductors is marginal. Once again little work has
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been done to explore the possibilities of using MCM-L technology with
embedded passives for integrating the oscillator into the package or the board.
The other issue in realizing integrated passive devices, and always overlooked, is that
there is no fast way to accurately model the embedded passive structures. Although
empirical models found in advanced RF/microwave simulators may be fast, they are only
limited to certain fixed geometries for simple embedded components. Moreover, they are
available for mature technologies and are not relevant for new processes. Only EM
solvers are suitable for a wide range of complex structures. However, even with today’s
rapid advancement in computer processors, currently EM tools are still very slow.
A fast and accurate technique is needed to model the parasitics related to embedded
passive devices and then use the same technique to optimize their performance for the

desired specifications and sub-systems.

1.7 Accomplished Research

Given the technical challenges arising in the use of multilayer MCM-L technology for
the integration of wireless receivers, the following research work has been accomplished
in this dissertation:

1. Development of a method to characterize thin-film organic dielectric materials
This method uses a combination of parallel plate capacitors and transmission lines
for characterizing dielectric materials as a function of frequency. These material
properties are required for the design of embedded passive devices.

2. Development of a method to model integral passives
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This technique involves the segmentation of a complex passive device into
multiple-coupled line sections and discontinuities, which can be individually
modeled using a hybrid of quasi-static and full-wave techniques. This method
works well in the frequency range SOMHz - 10 GHz for the structures studied.
The modeling technique enables the incorporation of process variations such as
non-uniform signal lines, conductor roughness, and dielectric constant variation
as a function of frequency. This method works well for passives cenfigured in a
microstrip, stripline or coplanar waveguide topology. The method enables the
development of models that include frequency dependent loss ;ffects such as
skin-effect, current-crowding, and loss tangent through interpolation techniques.

. Demonstration of very high-Q embedded inductors in epoxy based organic
substrates

The inductors use aggressive features such as 2 mil microvias and 2 mil lines with
2 mil spaces. This ensures small device sizes ideally suited for integration with
other devices. The results also show that the performance of inductors is weakly
dependent on the loss of the materials and strongly dependent on the conductor
type and conductor thicknesses. Using the information from the fabricated
inductors, design rules have been developed for the implementation of high-Q
inductors for RF communication standards such as GSM (900 MHz and 1800
MHz), Bluetooth (2.4 GHz) and Hyperlan (5.1-5.8 GHz).

. Demonstrated the need for newer organic materials for embebbed capacitor

applications
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Capacitors require much lower loss tangent dielectric materials as compared to
inductors for achieving similar Q-factors.

. Comparison of dielectric materials for integral passive devices

The dielectric materials, Dupont Vialux™, Rogers Zyvex™ and Asahi PPE™
were compared based on loss tangent, dielectric thickness and dielectric constant
for inductors, capacitors and filters. The Rogers Zyvex material evaluation was
done as a result of a contract between Georgia Tech and the Army Missile
Command (AMCOM). This particular research effort was led by Dr. White at the
Packaging Research Center, Georgia Tech.

. Demonstration of RF filters

Filters with integral passives in organic substrates have been implemented for
standards such as Bluetooth, IEEE 802.11b and W-CDMA applications as
mentioned in Table 3.

. Design of integrated sub-systems

Integration of filters and low noise amplifiers can result in significant reduction in
number of components. The impedance matching networks required for a discrete
LNA can be integrated into the filter, thereby effecting a 30% reduction in the
total number of embedded components. An example of an integrated bandpass
filter and amplifier has been presented. In addition, the use of integrated passives
in the design of active circuits such as oscillators and amplifiers have been studied

for operation in the 2 GHz range.
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1.8 Dissertation Qutline

The remainder of this dissertation is organized as follows. As the first step towards re-
evaluating this technology for embedded RF passive applications, process parameters
such as signal line profiles, conductor thickness, dielectric thickness variations, etc. were
studied using several test vehicles processed under different conditions. Design rules
were established which ensure low tolerances, repeatability and manufacturability. Next,
the primary materials under consideration were characterized using different techniques.
The processes, development of design rules and the characterization of materials, such as
Dupont Vialux™, Rogers Zyvex™ and Asahi PPE™, are discussed in Chapter 2. In
Chapter 3, the modeling of inductors and capacitors using a combination of fullwave and
quasi-TEM techniques is presented. The design and comparison of inductors and
capacitors on different substrates is discussed in Chapter 4 followed by the design and
comparison of RF and IF filters on different substrates in Chapter 5. The section on filters
will also include the analysis of key interconnects and the construction of equivalent
circuits for filters which include several passives and interconnects. The design of low-
noise amplifiers and oscillators is discussed in Chapter 6. Finally Chapter 7 concludes

this dissertation and recommends future work.

32



CHAPTER I
2. MATERIAL CHARACTERIZATION
Introduction

The design of devices and modules using new technologies requires the availability of
electrical properties of the dielectric material used. A characterization method is therefore
required to obtain the frequency dependent properties of the dielectrics, which includes both
the permittivity and dielectric loss.

A popular and widely used characterization technique is the utilization of transmission
line and waveguide resonators [19]. The major problem with this method is that the
dielectric constant and loss tangent can be estimated only at discrete frequency points where
the structures resonate. Moreover, if the resonant frequency is not close to the designed
frequency (f,), the shift in resonant frequency (Af/f,) is related to the error in the
measurement of the dielectric constant using the relation, Ae/e=(Afy/f,)%, because f, is
proportional to 1/Ve,, where €, is the relative permittivity of the dielectric [19].

Unlike the method in [19], the dielectric can be characterized as a continuous function of
frequency using the method discussed in [20] and no assumptions are made regarding the
permittivity of the material. This chapter discusses the method presented in [20] in detail
along with its application to the structures and dielectric materials used in this dissertation. In
addition, a few more characterization methods have been discussed which have been used to
verify the results.

2.1 Characterization method for MCM-L dielectrics
In [20], two transmission lines with the same characteristic impedance are used, where the

characteristic impedance can be different from 50 ohms. One line is longer than the other by
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a distance Ad. For both lines the measured two port parameters, M expressed in ABCD
matrix form can be considered as a product of three parts: an input matrix X including the
probe-to-line transition, transmission line T and an output matrix Y including the line-to-
probe transition:
M, =XT\Y 2.1
M, = XT,Y 2.2)
where M;, X, T; and Y are ABCD matrices for the corresponding sections, shown in Figure

2.1, for the two different line lengths.

Figure 2.1 Two transmission line technique used to characterize materials

Multiplying the matrix M, by the inverse of M,, and assuming X=Y, the following
equation is obtained
M, M, =XT,T," X" 23)
Since (2.3) is a similar transformation,

Tr (M, M,~1) = Tr (T, T,-1) = 2 cosh (YmeasAd) (24)
where, Ymeas is the complex propagation constant of the transmission line and Ad is the length
difference in the two transmission lines. Although the method described in this section can be
used to extract Ymeas uUsing (2.4), a suitable structure is required. In the next section, the

rationale for choosing the grounded coplanar waveguide (GCPW) transmission line or hybrid
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coplanar waveguide microstrip (CPWM) transmission line for material characterization is
discussed.
2.2 Grounded CPW transmission line

Since ground-signal-ground (GSG) probes are considered most suitable for high
frequency signal launches, it is appropriate to have coplanar waveguide (CPW) transmission
lines for characterization in order to eliminate pad-to-line discontinuities. These
discontinuities produce errors, which would require de-embedding if microstrip or stripline
transmission lines are used. A CPW transmission line is one where the ground is coplanar
with the signal lines as shown in Figure 2.2 with dielectrics above and below the

transmission line.

Dielectric A

T [T Signal
ielectric B

Ground

Figuré 2.2 CPW transmission line

However, a pure CPW line without conductor backing introduces another interface
between the build up material and the core that could cause errors in the interpretation of
measurements. A core dielectric is a requirement for MCM-L processes and is used for
rigidity, as explained in Appendix A. However, a conductor backed CPW line is problematic
because of the higher order parallel plate modes that can be introduced between the ground
and the conductor backing. The use of the CPW-microstrip (CPWM) or grounded-CPW
structures (conductor backing connected to the coplanar ground with the use of vias as shown
in Figures 2.3a and 2.3b), alleviates this problem, especially for thin dielectrics, leading to

smooth transitions and improved signal launches. By using this hybrid design, there is no
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Ground-signal-ground probes

Conductor

>

Figure 2.3 a) Top view of characterization CPWM structure
b) Cross-section of characterization CPWM structure

need to have a separate calibration structure for the pad to line discontinuity and the only
interface that needs consideration is the probe tip to pad transition, which can be eliminated
using the equations 2.1-2.4. The measurement setup is calibrated up to the probe tips using 2-
port short-open-load-thru calibration structures available on impedance standard substrates

(ISS) from Cascade Microtech.

2.3 Model to Hardware Correlation
The next step in the characterization procedure is to use ANSOFT 2D [21] to simulate the
cross-sections of the grounded-CPW line. ANSOFT2D [21] is a 2D finite element method
(FEM) based tool, which can be used to obtain the inductance (L), capacitance (C), resistance
(R), and conductance (G) per unit length for the transmission line as a function of frequency.
The R, L, G, C parameters can then be used to find the propagation constant from

simulations:

Vim = J(R+ jOL)G + j&)C) = Osim+iBsim 2.5

where w is the angular frequency, oy is the attenuation per unit length and Psin represents

the wave propagation constant.
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At high frequencies, using the low-loss approximation R << @l and G << @C, equation

2.5 can be simplified to estimate the propogation constant f3;;, in the form:

B. =olLC

sim

For extracting the dielectric constant, the relative permittivity of the dielectric is changed
until Bsim equals Prmess. The use of ANSOFT2D for estimating the dielectric constant rather
than using an empirical equation makes it possible to analyze non-uniform conductor
profiles, large metal thickness and conductor roughness in the simulations. However, at
lower frequencies and for lossy materials, the R and G values will influence the derived
results for y and .

At lower frequencies, capacitors with large areas (each dimension much greater than the
thickness of dielectric) have been used for the characterization of the material. Large area
capacitors have small fringing effects and small conductor resistances due to the large size of
the plates used. Additionally, small area capacitors (high self-resonant frequency) have been
used to characterize the dielectric loss as a function of frequency. The unloaded Q and
reactance of 1-port capacitors have been measured using a network analyzer. The unloaded Q
factor of a capacitor is primarily affected by the dielectric loss of the material, which makes
up the capacitor. The capacitors are then simulated in Advanced Design Suite (ADS) [15]
with the relative permittivity extracted using the transmission line technique, whereby the
loss in the material is altered until the measured and simulated unloaded Q for capacitors
match.

The next section discusses the characterization of Asahi’s A-PPE™ material using
multiple structures, which includes the use of transmission lines, large area capacitors, and

small area capacitors.
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2.4 Test vehicle for extracting dielectric constant

Table 2.1 shows low frequency capacitance measurements for several parallel plate
capacitors fabricated using A-PPE™ as the dielectric. The measurements were done on

various substrates and repeated at different times to include possible variations due to
moisture absorption, and changes in temperature and humidity. One such substrate is shown
in Figure 2.4. The capacitor measurements were done at 120 kHz using a standard LCR
meter from Hewlett Packard with the setup shown in Figure 2.4 after performing cable and
open-short corrections. The results indicate very good correlation in the low frequency range.
The capacitor measurements give an average dielectric constant of about 3.48. The thickness

of the Asahi A-PPE™ film measured at different points was found to be 30tlum. The

1 meter cables

| Top Electrodes for
different capacitors ¥ 1

Ground
Electrode

(b)

Figure 2.4 a) Top view of test vehicle for low frequency characterization
b) Cross-section of testbed for low frequency characterization

Table 2.1 Dielectric Constant from Capacitor Measurements at 120 kHz.
Length | Width | Diameter | Area Capacitance Thickness E,
mils) | (mils) | (mils) | (mil®) (um)

Capl 8.78 | 60.5 6.25E-11 30 3.48
Cap2 668 | 35 3.64E-11 29 3.48
Cap3(rectangle) | 6.46 4.77 31 3.22E-11 29 3.48
Capd 8.78 61 6.14E-11 31 3.48

Cap5 (rectangle 6.47 4.75 31 3.10E-11 31 3.48
Average Dielectric 301 3.48




substrates were processed using the steps outlined in Appendix A.

Having characterized the material at low frequencies the next step is to characterize the
material at higher frequencies. Figure 2.5a shows the cross-section of the CPWM lines used
in the characterization of the A-PPE™ material while Figure 2.5b shows the top view of the
CPWM structure. The spacing (d2, Figure 2.5a) was chosen so that the signal and ground are
as far apart as possible and at the same time complies with the dimensions of wide-pitch
probes such as the Cascade GSG 500um pitch probes. This ensures that d (thickness of

dielectric) much lesser than d2 (pitch of probe). With this relationship, the return currents for

d2 = Ground Sienal snacing = 3105 um d = Dielectric Thickness = 30

00000
00000
00000
00000
00000
00000

Figure 2.5a. Cross-section of CPWM Structure on A- Figure 2.5b. Top View of
PPE CPWM Structure

]
Figure 2.5¢. Cross-section of 100 um Microvias Figure 2.5d Cross-section of
Signal Line

Figure 2.6 Electric fields at 1 GHz for the CPWM structure showing
concentration of energy directly underneath the signal
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the signal line will be concentrated in the ground plane directly below the signal line. This
can be verified with a simulation of the CPWM line in ANSOFT2D {21}, as shown in Figure
2.6. This figure shows the E-field distribution at 1 GHz over the cross-section of the
transmission line. As can be seen, all the fields are concentrated directly underneath the
signal line.

Since the current flows entirely on the ground below the signal line, the coplanar ground
connected to the ground underneath with vias can be ignored in the simulation. Reducing the
number of metallic conductors/surfaces in the simulation helps decrease simulation time in
FEM based solvers significantly and helps prevent memory overflow. No capacitance is
observed between the CPW grounds and the backplane ground because they were connected
to each other through multiple vias, as can be seen from Figure 2.5a, 2.5b, and 2.5¢c. The
attenuation (Olmeqs in dB/m) and €efr.meas = (Bvacuum/Prmeas)’ are derived using equations (2.1-2.4)
where Olmeass=Real(Ymeas) and Pmeas=IMag(Ymeas) and are shown in Figure 2.7a and 2.7b,
respectively. To obtain good model to hardware correlation, the microstrip structure with the
trapezoidal profile from Figure 2.5d was simulated in ANSOFT 2D. The cross-section was
simulated using the profile at different points, and then the dielectric constant was varied in
the simulation until the measured effective dielectric constant, Efrmess agreed with the
simulated effective dielectric constant. Since, the CPWM transmission line has air on one
side and the dielectric on the other side, €. is in between the permittivity of air and the
dielectric. Figure 2.7b also shows the relative dielectric constant simulated at different
frequencies, which correspond to the measured €. The dielectric constant at low frequencies

as seen in Figure 2.7b for the A-PPE™ material shows good correlation with the data shown
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in Table 2.1. The attenuation for the lines shown in Figure 2.7a correlates well with data for
other laminates such as polyimide [22] which is currently used in high frequency
applications. The dielectric constant is stable over a broad frequency range. Asahi’s A-
PPE™ is a relatively new laminate material and characterization of this material was the first
step towards evaluating the feasibility of using this material at higher frequencies.

The dielectric constant for Dupont Vialux™ and Rogers Zyvex™ materials were also
extracted using the transmission line method and then verified using small 1-port capacitors

with high self resonant frequencies. The results are shown in Figure 2.8.
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Figure 2.8 Relative Permittivity of three laminate materials vs. Frequency (GHz)
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The CPWM line technique is a fast, robust and accurate technique for characterizing
materials up to high frequencies. With the present method, dielectric materials have been

charactized upto 6 GHz in this dissertation.

2.5 Verification of transmission line method

Several small capacitors were also fabricated on A-PPE™ substrate. These capacitors
were then measured using 1-port Short-Open-Load (SOL) calibration on Agilent’s 8720ES
Vector Network Analyzer. The measurements were done with an averaging factor of 36 and
1601 points for the frequency range: 100 MHz to 6 GHz. The capacitors were then simulated
in Agilent’s Advanced Design Suite (ADS) [15] for the same frequency range. The
schematics for the capacitors on A-PPE™ are shown in Figure 2.9; the schematics include
the discontinuities in the layout that come about because of the differences in the size of the
probe pads compared to the device under test. The discontinuities are shown in the dotted
boxes in Figure 2.9. The electrical properties of the substrate used in the simulations in ADS

are the same as that obtained from the transmission line technique. The roughness and
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Figure 2.9 Schematic for two capacitors on A-PPE™ simulated in ADS using the
characterization data from the transmission line technique.
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thickness of the conductor were obtained by cutting and polishing a section of the substrate.
The simulated and measured data for effective capacitance is shown in Figure 2.10. As seen,
there is very good correlation between simulated and measured data. These results show the
validity of the two techniques, namely CPWM transmission line technique and small parallel

plate capacitors, for extracting the dielectric constant.
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Figure 2.10 Measured and Simulated Effective Capacitance

2.6 Extraction of Dielectric Loss

The loss tangent for the material can be extracted by matching the measured Qs for the
capacitors and simulated Qs for the I-port capacitors such as those shown in Figure 2.9.
However, care should be taken to include parameters such as conductor roughness and
correct conductor thickness in order to include all losses in the device and not overestimate or
underestimate the loss in the dielectric. The loss tangent for A-PPE™ material, Vialux™ and
Zyvex™ was extracted after taking these parameters into account. As can be seen in the

circuit schematic in Figure 2.8, the data used for the conductor roughness for A-PPE™
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substrate is 3 um and the metal thickness is 19.5 um. Figure 2.11 shows the measured and
modeled Q factors for the capacitors represented in Figure 2.8. The model shows good model
to hardware correlation. This method enables the characterization of material loss as a
continuous function of frequency. The results have been verified with vendor-supplied data in

the next section.
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Figure 2.11 Modeled and measured Q factor vs. Freq (GHz) for capacitors in Figure 2.8

The loss tangent of Vialux™ and Zyvex™ was characterized using the same method. A
20um Vialux™ laminate and 5S0um Zyvex™ laminate were used for the respective testbeds.
Figure 2.12 shows the loss tangent of the three different materials evaluated in this

dissertation.

Figure 2.12 Loss of three laminate materials vs. Freq (GHz)
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2.7 Comparison between vendor data and extracted data

The comparison between the vendor supplied data for the three materials at 2 GHz has
been shown in Table 2.2. As seen from Table 2.2, there is good correlation between vendor
supplied data and extracted data for all numbers except the dielectric constant of A-PPE™
material. This is probably because A-PPE™ is a relatively new material in the industry and

the material composition of the laminate is not standardized currently.

Table 2.2. Comparison of vendor supplied and extracted data for Asahi A-PPE™, Dupont
Vialux™ and Rogers Zyvex™ at 2 GHz

Material __ [ DicleAnc Consant @he Oz |2, Lots Tangent @ 2GHz
Vendor Data | Extracted Data | Vendor Data | Extracted Data
Asahi A-PPE™ 29 3.49 0.009 0.009
Dupont Vialux™ 33 3.27 0.015 0.015
Rogers Zyvex™ 2.95 2.95 0.002 0.0025
2.8 Summary

In conclusion, three different materials were evaluated and characterized to obtain the
frequency dependent loss and relative permittivity of the materials. While materials such as
Vialux™ exhibit strong dependence of the electrical properties over frequency, materials
such as Zyvex™ show very stable properties, which is similar to materials used in LTCC and
MCM-D processes. The next chapter discusses the modeling of passive devices such as
inductors and capacitors, whereby a method to include the frequency dependent losses and
electrical properties of the materials is discussed.

The primary difference between the three materials is the loss characteristics. While the

strong dependence of the loss tangent on the Q of capacitors has been used in this chapter for
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extracting the loss of the material, the influence of loss on inductor performance has not been
evaluated. Chapter 4 discusses in detail the design of inductors and capacitors and shows the
importance of parameters such as dielectric loss and dielectric thickness on their
performance. The three materials characterized in this chapter have also been used to

fabricate filters and active modules, which are discussed in later chapters.
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