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ABSTRACT

The development of modern digital communication systems has been entered a new
era with faster signal transmission and processing capabilitgdchighspeed circuit
systems. As their clock frequencies have increased and rise times of signals have
decreased, the signal integrity of interconnects in the packaging and printed circuit boards
plays a more and more important role. In kggeed circuisystems, the wellesigned
logic functions most likely will not work well if their interconnects are not taken into
account.

This dissertation addresses to profoundly understand the signal integrity knowledge,
be proficient in calculation, sinltion and measurements, and be capable of solving
related signal integrity problem3.he research mainly emphasizesthree aspects. First
of all, the impact of otwafer calibration methods on the measured results of coplanar
waveguide circuits is comphensively investigated, with their measurement repeatability
and accuracy. Furthermore, a method is presented to characterize the physically
consistent broadband material properties for both rigid and flexible dielectric materials.
Last but not least, aybrid method for efficient modeling of three dimensional via
structures is developed, in order to simplify the traditional 3Dléugth via simulations

and dramatically reduce the via build and simulation time and complexity.
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CHAPTER 1 INTRODUCTION

1.1 What is signal integrity?

Nearly two decades ago, IC package and printed circuit board design was a field
that consists oflogic design, CAD, heat dissipation, mechanical engineeaimgjthe
analysis of reliability. The main design challeageere how to route all the signal path
and how to package them so that no cratkgpenedduring assembly. The electrical
properties of the interconnects were not important because they did not affect system
performance. The interconnects were treated b transparent to the signals.
Interconnects include the entire electrical pathway from die of transmitter to die of
receiver. Fig. 1.1 shows a signal pathway from chip A to chip B, the interconnects include
all the vias, BGA balls and transmission linegpackages and mother board.

However, clock frequencies have increased and rise times of signals have decreased.
For most electronic products, signal integrity effects begin to be important at clock
frequencies above about 100MHz or rise timesrtehdhan about 1 nsec[1l]. In this
"high-speed" circuit world, the packaging and interconnect are no longer electrically

Chip A Chip B
IC IC

Mother board

Fig. 1.1 Interconnects from chip A to chip B
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transparent to the signals. Fig. 1.2 shows a insertion dbss2 inch microstrip
interconne t terminated with 50 Y at Dboth ends.
with the trace width of 50 mil on 25mil thick FR4. Loss tangent is 0.003 at 1GHz. The
trace width can vary as much as 20% depending upon the fabrication variation. The
figure slows the insertion loss of designed 50 mil wide trace and fabricated trace with 20%
reduction due to the owetching. The ringing in the figure indicates the impedance
mismatch. The signal can not be transmitted distofftie@ with the required timing
through this interconnect.

Signal integrity refers to all the problems that arise in {sigled products due to the
interconnects. These problems are mainly caused by impedance mismatch, unwanted
reflection, losses, delay, cross talk, electromagnetierference (EMI) of the
interconnects. It says that there are two kinds of systems in the world, those with signal

integrity problems already and those that will have them, which indicates how significant

0.00
-0.05
-0.10—

-0.15—

-0.20

_0_255 —=—Designed
: Fabricated

-0.30 L L B B B O
0 1 2 3 4 5 6 7 8 9 10

freq, GHz

Insertion Loss (dB)

Fig. 1.2 The effed of interconnect width change
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it is to take care of the signal integrity problems. Based on [2], the overall performance,
cost, size, and functionally of a system in package (SiP) will be limited by bathipn

interconnects of the individual microchips well as by ofthip interconnects.

1.2 Transmission line

When the delay of the interconnect is comparable to the rise or fall time of the
signal, this interconnect should be treated as transmission line. A transmission line has a
conductor taransmit the signal, another conductor nearby to be the return path, as shown
in Fig. 1.3. A transmission line usually is modeled in circuit as a distrilpdaesimeter

network, where voltages and currents can vary in magnitude and phase over its length.

The cl assic second order transmi ssion | ine
Fig. 1.4.

i(z,t)

—>

T

+

v(z,t)

zZ
Az

Fig. 1.3 Transmission line
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z'(z, f) V(Z+AZ, l‘)
H %
. AMMAL YN o,
RAz LAz
v(z, t) GAz . E— W(z+Az, 1)
) O O )

Fig. 1.4 Classic transmission line circuit model

Where,Rlunt : q/ m) and L (unit: H/ m) are ser.i
length for both conductors. C (unit: F/m) and G (S/m) are shunt capacitance and
conductance per unit length. The series resistance R represents the conductor loss of the
transmissia line, which increases with frequency due to the skin effect. The shunt
conductance G also increases with frequency because of the dielectric material loss. The
series inductance L represents the total-iselfictance of the two conductors, will
decreaewith frequency since theeduced internal inductancéhe shunt capacitance C is
due to the close proximity of the two conductors, will decrease with frequency since the
relative permittivity of the dielectric materials reduces with frequency.

Based on Kirchhoff's voltage and current law, Fig. 1.4 leads to the following

equations:
v(zt) - RDzi(zt) - LDZM- v(z+Dzt) =0
Wt (1.1)
i(,t)- GDzW(z+ Dz,t) - cm@- i(z+Dz,t) =0

Equations (1.2) telegrapher equations can be derived from equations (1.1) by dividing by
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@z and tmakti ngs tdaYO0.

WD - i - L HED
hz Ht (1.2)

(2D - Gyzy- o ED
. ,

In frequency domain, for the sinusoidal steathte condition, with cosirleased phase,

equations (1.2) are simplified to

V@) R+ ju)i (2
dldz (1.3)
@) _ 6+ jwev ()
dz
which can be solved to be:
V(9)=Vye* +V e* (1.4)

1(2)=1,e% +1,e*

for traveling waves, wherg=a + jb =/(R+ juL)(G + juC) is the complex

propagatiorfactor. The characteristic impedance of the transmission kne defined as

R+ juL
Z = /— 1.5
° VG+juc (1.5)

In gereral, these RLCG are frequency dependent.

There are three well defined and commonly used transmissiosadmerinted
circuit boards: coplanar waveguid€PW), microstrip and stripline, since their planar
and compact configurations, not likelbwaveguide and other structures, are compatible
with printed circuit boed fabrication process. CPW hase signal trace and two ground
on either side, the trace and the two grounds are on the sameSlayefields of CPW

are confined in the substratehile some fields are exposed in the Klicrostrip has one
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trace on top of substrate and ground on the bottom. The stripline has signal trace in the
middle of dielectrics between two grounds. The cross section of these three transmission
lines are show in Fig. 1.5. Within them, stripline is the only otatcan support TEM

mode, while the mode propagated in CPW and microstrip are the reatobi of TE and

TM modes. Due tthe small fields in the wave propagation direction, they can be treated

as quasirEM mode.

1.3 Solving signal integrity problems

Analysis and numerical simulation

There are three ways to solve signal integrity problems: Analysis, simulation and
measurement. Analysis is referred to as calculation, such as rules of thumbgc analyt
approximations. Rules of thumb and analytic approximations can quickly give an
approximate answer, which may not be very accurate. But sometimes an ok answer now
is better than an accurate answer later. When accuracy is important or the rules of thumb
and analytic approximations are not available, the numerical simulation is used to provide
an accurate results. The quality of the simulation is only as good as the quality of the
electrical description of the components. That is why the accurate brabagbgsically
consistent dielectric material characterization is important. It provides accurate relative
permittivity and loss tangent for the use of the high speed circuit interconnect modeling.

Moredetailsabout the material characterizatiill be discussedn Section 1.4.
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Fig. 1.5 Three typical transmission lines from left to right: CPW, microstrip and stripline

Measurement

Measurement is another method solving the signal integrity problems. When the
protaype is fabricated, the only way to verify its performance is by measuring. The
correlation between the analysis and the measurement provide the confidence of the
circuits or system performance. The often used measurement instsumesignal
integrity include: ector network analyzer (VNA), time domain reflecteter (TDR) and
oscilloscope. For ewafer measurement, probe station and probes are essential devices.
For bit error rate and jitter measuremenBERT is usually used. The figures for these
instuments are shown in Fig. 1.6.
VNA Calibration

A network analyzer is used to measure scattering parameters (S parameters) of
device under tests (DUT) as ratios of complex voltages. The configuration of DUT
measurement by using two port VNA isosin in Fig. 17. The network analyzer usually
has two or four channeldgesigned to process the magnitude and phase of the transmitted
and reflected waves from DUT. During the measurement, the RF source is set to sweep
over a specified bandwidth. A two dour port reflectometer samples the incident,

reflected and transmitted waves. The ratio of their magnitude and phase is calculated and



21

displayed on the VNA.

() (d)

Fig. 1.6 Measurement instruments (a) Probe station and VNA (b)TDR (c)Oscilloscope (d}BERT

Cable

DUT

Fig. 1.7 VNA measurement configuration
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The reference plane ofdhmeasurement is usually set at somewhere inside the VNA
by default, so that the losses, phase delays and other errors caused by the connectors,
cables, and even the components within the VNA (such as directional coupler mismatch,
imperfect directivity etg are included in the measurement. In order to obtain accurate S
parameter measurements of the DUT, these errors must be removed. The way to
characterize and remove them from the measurement is called calibration. Take a two
port VNA for example, the erre mentioned above are lumped together in a two port
error box placed at each port between the actual measurement reference plane and the
desired reference plane for the two port DUT, as shown in FEg. 1.

The error parametersiil Tio, To1 and T, can be calculated by measuring several
well-known calibration standards, connected between the two reference planes for DUT.
These standards are such as Open, Short, Match, edesiijned Lines etc. Depend on
the different assumption, there are diéfietr error terms in different calibration methods,
which requires different accuracy for the calibration standards. SOLT (Short, Open, Load
and Thru)[3], TRL (Thru, Reflected and Line)[4], LRM (Line, Reflect and Match)[5]and

the LRRM(Line, Reflect, Refle@nd Match)[6] are commonly used calibration methods.

& —»_ error box DUT error box _—» b,
; eh, To.e : e, T.o : el Tioe :
by 4__5_ gT21 TzzH : € 21l Tzle : gTZl Tzzt_i_<_ &
S U G
Measurement Ref. plane fo Ref. plane for Measurement
plane for port 1  DUT port 1 DUT port 2 plane for port 2

Fig. 1.8 Block diagram of a VNA calibration
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Their name come from the aberrations of the calibration standards used in the calibration.
On-wafer Calibration

Coaxial calibration standards are preferred to use in the calibratiem the DUTs
are easy to interface with coax. Since it is relatively simply to not only make the
connections between the DUTs and VNA cables, but also check if they are connected
well. However, in high speed system the DUTs are usually with planar cesr§aich as
BGA pads, CPW or microstrip etc. A transition is needed to provide field and impedance
match from coax to these planar interfaces. E¥@mgineers spend numerous hours in
the design ofsuch transitions, th&ansition bandwidth is generallyeks than 20GHz.
Some can achieve 30GHz or up with extreme hard workw@far probing is a solution
to measure such DUTwith its commercially availabilityeasy interface with planar
structures and wide bandwidth up to 110GHz.

To make an onwafer calibration, a probe station, probes and planar calibration
standardsire needebleside the VNAFig. 19 shows the devices used in this dissertation.
The probe station has a chuck that can firmly attach the calibration standards and DUTSs,
several posioners that hold probes and can move horizontally alo@xix yaxis,
rotation and vertically along-axis, and a microscope to make sure a clear view during
the measurement. The probes we used is ACRB8G25(7] with bandwidth up to
50GHz. ACP represts air coplanar probe, GSG is the probe footprint with ground
signalgr ound probe tips. 250 means the adjac
calibration standards called Impedance Standard Substratd7{ISS)commercially

available.
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(a) Cascade Summit 9000 probe station  (b) ACP 250 probe

?Taﬁl HTE
ST,

Fig. 1.9 Cascade Summit 9000 probstation, ACP 250 probe and ISS

Before onwafer calibration, three things needs to be checked : 1. The planarization of
the probe tips. 2. Alignment of the ISS with probe tips. 3. Capability of the probe landing
on ISS or DUTs when positer arms are fully down. The probe tip itself is planarized
by the manufacture with high precision. However, during the measurement it may still be
necessary tadjust the positioner arm to fit the probe tip plane to the plane of the ISS or
DUTs. In orderto protect ISS and DUTS, an idle print circuit board is put on the chuck of
the probe station to check the probe tip planarization. Observe from the microscope to
make sure the probe landing on the metal of the board. Then raise the probe and adjust

the phnarization knob on the pasiher to ensure that the marks left by each probe tips
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havethe same size and depth, as shown in Fig. 1.10. The IS®Wslon chuckare
aligned with the probe tips by rotating the chuck, in order to make each probe tip has a
good contact with DUTs during the measurement. If the capability of the probe landing
onthe ISS or DUTs is not tested the first time, omey need to do all these three checks
again when it turns ouhat the arms of positioners hatebe adjusted or cimged to
makecontact.

The ACP probes by design are used with
movement after I niti al touchdown) , whi ch
movement resulting from overtravel) on the ISS or DUTs, as showhign 1.11.
Someti mes, up to 250 em of overtrav-el can

planar surfaces without damaging the tips, although it may reduce probe life.

Not Planarized Properly Planarized

=

Fig. 1.10 Probe tip planarization check[7]

\/ \ T I

Fig. 1.11 From left: Probe in the air, Probe at initial touchdown and Probe skate[7]
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The SOLT, TRL, LRM and LRRM can still be utilized for -@rafer calibration.
Before making measurements, we need to decide which calibratiblanet will use,
what the impacts is in the measurements using different calibration methods, their
effective bandwidth, repeatability and accuracy. Chapter 2 will discuss more details about

this.

1.4 Challenges in signal integrity

The primary dity of an signal integrity engineer is to reliably transmit signals
through interconnect from the die of transmitter to the die of receiver, and maintain signal
integrity. The main challenges include: impedance discontinuity, termination, material

disperson and via modeling.

1.4.1 Impedance discontinuity

The interconnect is treated as transmission line. The signal only sadjatent
characteristic impedance during the transmission. Any impedance discontinuity along the
interconnect will causeignal reflection. As a signal transmits from region 1 with
characteristic impedance ¥ theimpedance Zin the second region. If:Z Z, some of

the signal will be reflected back. The ref

_ V reflected - Zz B Zl
[ == =
Vincident ZZ + Zl

(1.6)

ZiandZ,are usually complex valueBig. 112 shows the voltage at the interface of

transmission line 1 (T} and 2 (TL), when a 1 volt step signal is transmitted from, TL
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to TL,. The chareteristic impedance ofthe TL s 50 Y i Whe®@0 TY, the r
signal is higher than the original signal, which is called overshoot. While it is lower than

the original signalwhen TLi s 10 Y, it is called undersho
along the transmission ling trying to eliminate this overshoot and undershoot. That is

why the controlled impedance technology and ptortoint topology (Poinrto-point

topology refers to one driver drives one receiver) are applied in high speed circuits to

keep the constant widl of the interconnects.

1.4.2 Termination

In real systems, the driver is designed to have small output impedance (such as 10
Y, it is even assumed to be zero in some instances) to maximize its driving capability,

and the receiver is intendedltoa ve bi g i n YuWhilé tmepntedamec e (D
used to connect driver and receiver 1is oft
is shown in Fig. 1L3.

If there is no termination, as a 1 volt step signal is launched from ther doithe
transmission line, it propagates along the transmission line and hit receiver. Since the
i nput i mpedance of the receiver is b, t he

- 58:1, which means a 1 volt step signalheading back to the

. o}
coefficient r =
o+

driver. When this reflected signal arrives the driver, it sees another discontinuity, the

;= 0- 50
0+50

=-1, and will bounce back to receivagain This reflected signal will

bounce bacland force between the driver and receiwetil it is exhausted by the loss of
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the transmission line, as shown in Fidl4L.

v(t)
*
TL, (50 ohm) TL,

(a) The connection

V (v)
1.5
—rmrm o= Overshoot
1 - [ Expected
05 -~ Undershoot
| | I | | | |
1 2 3 4 5 6 T(ns)

(b) Voltage at interface of Tiland Tl

Fig. 1.12 Reflection along the impedance mismatched transmission line

Driver Transmission Line Receiver

Fig. 1.13model for the connection from driver to receiver
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V (v)

Fig. 1.14 The voltage at the receiver

1.4.3 Cross talk

Cross talk refers to the transfer of an unwanted signal from one net to an adjacent
nefl]. Net includes both the signal and return path. As a signal propagates down a
transmission line, there are electfields lines and magnetiields lines whether
between or around the signal and return path conductors. These fields spread out into the
surrounding volume. If another net is routed in this surrounding region, it will pick up the
noise from the first net when the signal voltage and current on the first net change. The
mutual capacitors and inductors are used to describe this couplinguit anodels. In
order to suppress cross talk, these mutual capacitors and inductors needs to be minimized.

The cross talk between two adjacent transmission linebeameasured as shown in

Fig. 115. The characteristic impedance of two transmisénes Thand Tbi s 50 Y. A

signal is launched ononeendof]JL wi t h t he far end ter minat e
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50 Q
Driver TL, —
50Q 50 Q
Near End TL, Far End

Fig. 1.15 Cross talk measurement configuration

TL, as aggressor. The voltage noise can be measured orefwbtbf TL,, which are
terminat ed by difiinat¥ thes effectaof raflectidn.ypis reterred to be
victim. The near end is defined to be in the backward direction to the signal propagation.
The noise measured at near end is called-eedrcoss talk (NEXT). The far end is in
the forward direction to the signal propagation direction. The noise measured at far end is
called farend cross talk (FEXT).

Noise margin is the noise level that the signal can tolerant. When the noise level is
above this margin, the channel may not work functionally. The NEXT and FEXT

measurement can be used to accurately estimate the noise level.

1.4.4 Material Dispersion

As the signalis transmitted from one point to another point, its amplitud® wi
always be attenuated along the interconnect. This attenuation is not uniform for all

frequencies due to the dispersive loss in the substrate and conductor. The signal is
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attenuated more at high frequencies thathatlow frequencies. Fig. 1.1€howsthe
measured insertion loss of a 12 inch microstrip differential channel on Megtron6.

The loss of the interconnect need to be accurately calculated and compensated in
some applications, such as SerDes for series links. The old design methodology o
building prototypes, hoping they work, and then testing them to find out is no longer cost
effective when time to market is as important as cost and performance. Nowadays,
advanced EDA tools is needed to accurately modeling and predict the performtree of
design before fabricating the prototypes.

When simulatinghe highspeed interconnect models in EDA tools, the broadband
physical consistent frequencgpendant relative permittivity and loss tangent are the
most important parameters for teabstrate of the interconnecBtoadband isusually
used to describe a signal when its spectrum spreads from DC or low frequency o multi

GHz range. Corresponding to broadband, narrow blapdtts the signal with tens or

FO00 | esaeanl >1: |11.000000 GHz  -J3.191 B

H0.00

30.00

[20.00

10.00

0.00

S,, (dB)

+10.00

120.00

130.00

(40.00

1S0.00

>Ch1: Start 300.000 kHz — Stop 20.0000 GHz

Freq (GHz)

Fig. 1.16 Measured insertion loss of a 12 inch microstrip differential channel on Megtron6
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hundreds of MHz bandwidthThe dielectric permittivity usuallyprovided by the
manufacturer aa single value with a tolerance at a specific frequency point. Bediges, t
value is not measured as "as packaged" subsifageinappropriate constant assumption
for a broadband frequency range violates the causattyyill yield non-causal results.

The way that quickly characterizing “packaged” dielectric nterials, and
integrate them into EDA tools will not only validate the high speed interconnect
modeling, but also save the time andtcfis new product developmenChapter 3

emphasizes on this method to characterize both rigid and flexible dielectritatsate

1.4.5 Via Modeling

Vertical Interconnect Access (Via), as shown in Fig. 1.1, is commonly used in
printed circuit boards and packages to provide vertical electrical connection between the
conductors of different layers. The density requiretmand the in@ased functions
makes the via asignificant structure on printed circuit boards. In hggeed
interconnects, vias play amcreasinglyimportant role, and can even be the bottleneck of
the entire interconnect performances.

There are through vias, blind vias and buried vias, shown in Fig. $dme high
density multilayer printed circuit boards may need to use a smaller version of vias known
as microvias. Through vias connects the top circuitry of the printed circuit board to th
bottom circuitry or any layer(s) in between. Both sides of the through vias are visible on
the board surfaces. Blind vias allow connections be made from an external layer to an

internal layer with minimum via height. They are exposed only on one sitie pfinted
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circut boards. As shown in Fig. 1.17he blind via connects from layer 1 to layer 3.
Buried vias connect various internal layers without being exposed on either surface side.
Fig. 1.77 shows the buried via connects from layer 3 and layer 4.

Considering the high price of the blind and buried vias, through vias are widely
used in industry to realize the vertical electrical connection and reduce the product cost.
However, as the data rate increase into ntiips, an open stub in a hiayer printed
circuit boards acts as a quarteave length transformer to transfer the open stub to a
short at the junction of the signal path and the stub. The cavity resonances from the power
and ground planes attached to the stub are involved iquhiserwave length effects|[8].

When resonances and reflections are excited, it can severely degrade the signals and
produce signal integrity issues. Fig. 8.8hows a measured insertion loss of one
differential serial link channel without via backdriinA resonance at 9GHz is observed.
When the signal includes components higher than 9GHz, it will be seriously distorted.
The more detailed discussion about the open stub are in [9] and [10]. Decreasing via stub
length by back drilling through vias is affestive and low cost way to eliminate the

effect of this impedance mismatch. Hence, the vias in this dissertation are all back drilled.

1

B~ W~

L
L
L
L
= 1

Fig. 1.17 PCB side view, from left to right: through via, blind via, buried via and
backdrilled through via

5
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Fig. 1.18 The measured insertion loss of one differential channel without via backdrilling

At slow signal speeds the via often treated as if it has no affemt the signal.
Engineersonly need to etxact capacitances and inductances based on -sladisi
assumption. In high speed circuits, the affects of via is remarkable in signal integrity.
These affects include impedance mismatch, creation of stubs, discontinuity of the return
path and electromasgtic interference (EMI). More acrate via modeling is required at
high data rates, since the overall signal performance at high frequency components is
needed.

The traditional way of via modeling is to perform the 3D-fullve simulation with
full-length vias for each interested cases tedious and errgorone to create via models
for an integrated packaging structure with many vias. A hybrid method for efficient
modeling of 3D via structures ideveloped in Chapter 4 to simplify the via mbde
creation and simulation and save the product development period and time.

In this dissertation, the efforts primarily focus on investigating thevafer
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measuremest extractng the properties of frequendependant lowoss materials and
effectively modeling threelimensionalvias, in order to solve theicontributiors to
interconnect problems such as @ispon, impedance discontinu@ydcross talk in high

speed printed circuit boards.

1.5Research Exploration andDissertation Outline

As stated abovehe signal integrityanalysisis indispensibleo the design omodern
high speed digital communicationis. this dissertation] comprehensively exploretthe
following researchareasduring the PhD study in University of Arizonaddresmg the
signal integrity problems due to PCB substrate dispersivity and complexity of via
modeling.
1. developed amethod tocomprehensivelyevaluate the impacts of amafer
calibrations on théroadbandup to 40GHz)circuit measurementgcquirenment
of the fundamentalsf broadband measurement technique @és@pplications is
an important skill to properly characterize the circuits under test indpghd
electronics industryThe measurement repeatability and accu@yparison on
diverse CPWcircuits in this workwas consideredb be practical interest aral
goodreference to engineers in signal integrity and RF fi¢iiasn the published
paper reviewers)Besides, the results of this work was used to support the
material characterization ohé measurement methodology.
2. Presented anethod tocharacterizethe relative permittivity and corresponding

loss tangenof low-loss dispersive matergabver abroadfrequency bandbased
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on CPW andconductor backed coplanar waveguideB{CPW). The method
integrates radeling, simulation and measuremeamdwas proved to work well
on both rigid and flexible substrate. provided a way to obtain theausal
frequencydependent permittivity of materials within a short tjmmadeliminate
the noncausal phemmenon in broadband interconnect simulatibhe method
can be extensively applied in signal integrity and related areas.

3. Proposed #&ybrid method of effectively modeling three dimensional viag/as
verified to implement on via insertion loss and stakk simulations up to 20GHz,
anddramaticallysimplified the via modeling complexity and save simulation time.
The methodwvas believed to be valuable tine electronics industrip accelerate

product development period and save the cost.

The dissertation is illustrated in a sequential manner, and each chapter is subdivided
into sections or subsections for clearly identifying the discussed topic. In this chapter, the
background of signal integrity is first introduced. Its importance i Isigeed systems
and the three basic tools to solve the signal integrity problems are discussed afterwards.
The main challenges in signal integrity are categorized and the ones solved in this
dissertation are addressed. The remaining chapters in thistatisseare organized as
follows.

Chapter 2 compares four commotnised orwafer calibration methods including
Multiline TRL, LRRM, LRM, and SOLT, for three diverse coplanar waveguide circuits.
The magnitudes and phases of &d $; of the CPW aicuits are compared to quantify

how the specific calibration method influences measured scattering parameters. Special
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care is taken to ensure that the measured scattering parameters are normalized to the same
reference impedance and reference plane fourate comparison. The measured results
are compared with fullvave simulations to provide additional assessment of accuracy. A
method to deembed the discontinuity of the CPW at the probe tip and the CPW of the
test structures is presented. The effectpodbeto-DUT discontinuity is effectively
modeled by oneor two- section of shunt capacitor and series inductor. The results show
that the Multiline TRL calibration method provides the highest transmission coefficient
repeatability on not welinatched cicuits and highest accuracy on the three used circuits
in this paper up to 40GHz.

Chapter 3 presents a method to extract the congaaxittivity and loss tangent of
the dielectric materials over a broad frequeband, based on the CPW and-CBW
lines. The effective frequency range is from 1 GHz to 40 GHzw@fer coeplanar
waveguide measurement techniques are employed to obtain the real part of the effective
dielectric permittivity, which is mapped to the corresponding real part of relative
pemittivity by a closedform dispersion formulaThe imaginary part of the relative
dielectric permittivity is solved from the Debye model equation. The loss tangent is
calculated afterward. This method is designed to produce accurate broadband dielectric
maerial model for signal integrity.

In Chapter 4, a cascade method to simplify the traditional 3Dlefjth via
simulations on the miglanes is developed. The fldingth via model is split into small
basic parts. The final simulation resultsist of the cascade of the scattering parameters

on the order of these parts. Based on these basic parts, more via simulations can be
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obtained only by cascading them in different way, instead of creating more brand new
full-length models and taking a lgpnime waiting for the simulation results. The method

is easy to be implemented to other via modeling with similar multilayer stackups, and
dramatically reduce the via build and simulation time and complexity. The simulation

accuracy is compared to traditial 3D fullwave fultlength via simulation in HFSS.

Conclusions and future work are summarized in Chapter 5.
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CHAPTER 2 THE IMPA CT OF ON-WAFER CALIBRATION
METHOD ON THE MEASUR ED RESULTS OF COPLANAR
WAVEGUIDE CIRCUITS

2.1 Introduction

The high frequency performance of higheed digital and wireless circuits has
attracted increased attention. High frequency modeling and simulation tools can be used
to rapidly develop new circuit structures, yet the models must often be verified b
comparison to broadband measurementswafer measuresnts of coplanar waveguide
structures are widely used since they can easily interface with probe stations. This
eliminates the need for connectorized test structures. The important factors torconside
include which calibration method to use, how to fabricate the necessary calibration
artifacts, and the impact that the calibration method may have on the measurement results.
The increase in clock speeds and the push to higher frequencies of operaiothate
many of the calibration approaches typically used at lower frequencies must be re
evaluated. The verification of accurate high frequency design and analysis tools mean
that the measured results on the test structures must also be very accagasingly
higher frequencies. In thhapterthe differences in the results and the implementation of
some commonhused calibration methodsre comparedThe repeatabilityis assessd
and the results of the measurements of several different types Wf c@euits are
compare to full-wave simulations.

The calibrations are based on different error models and may have significant effects
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on the measurement accuracy and repeatability. Multiline TRL-TRL), LRRM, LRM,
and SOLT are the most widelisedon-wafer calibration methodsl]]. The ML-TRL
calibration artificts and the DUTypically reside on the same substrate. This dramatically
reduces errors due to differences of the substrate materials or CPW dimensions between
the calibration standards and DUlhe standards used for LRRM, LRM, and SOLT are
realized on a commercialigvailable inpedance standard substrafEhere may be
differences between the CPW dimensions and materials of the ISS (for calibration) and
the DUT (for measurement) that affect theasurement results at high frequent3j[

Previously reported calibration comparison techniques primarily focus on the error
bound of the worstase measurementt?] 13]. Some other comparison techniqua$]
are based on measurements of different icatibn standards, such as op#ubs and a
straight line standard. This chapteresents a new approach that provides guidance and
insight into the impact of calibrations on measured results. The impact of the calibration
method is applied to specific CPWircuit structures used by design engineers. The
investigation includes a diverse set of CPW structures that include a straight transmission
line, a stepped impedance line, and a bandpass filter. These structures exhibit diverse
responses, such as lowlegtion (for the line), and a narrow filter response. In this work,
the average and standard deviation of the measwgala8eters are compared. This
chapter compares the impact of the measured results obtained from the different
calibrations to fulwave simulations. The simulations are used to provide another
assessment of measurement accuracy. The discussion is intended to be broad and to

relate to engineers who must compare measured results with simulations. Some of the
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previous work on this subjectite focused primarily on the measurements and relate to
those generally familiar with the techniques and terminology. Before the comparisons are
conducted, all of the scattering parameters are normalized so that the measured results are
referenced to theasne port impedance and reference plane. This is an important point to
consider, since some calibrations approaches are referenced t¥ aef@ination and
some are not. An accurate comparison of accuracy and to simulated results requires that
they all be normalized to the same reference impegland plane. The current wask
inspired by the interest in the work discussed1®].[ The workin [15] compared ML
TRL, SOLT, and LRM calibrations up to 20 GHz. The comparison was done with the
ML-TRL results normalized to the characteristic impedance of the DUT, while all of the
LRM and SOLT results are normalized to ¥&. In this new work, thealibration
comparisons are revisited with some significant changes. LRRM is now included, full
wave simulations are included, the results are compared up to 40GHz, and all of the
results are normalized to the same reference plane and impedance. Ouspr@vriofL6]
discussed the comparisons based on reflection coefficients only. Ichier the
magnitude and phase for both reflection and transmission coefficients are compared.
Section 2.2 provides a brief review of the different calibration methedd in this
work. Section 2.3 describes the various CPW test structures, the fabrication of these
structures, and the associated calibration standards. Section 2.4 discusses the approach
used to compare the impact of the choice of calibration on theunegda€PW test
structures. The results are presented in Section 2.5. Section 2.6 models the effect of the

probeto-DUT transition discontinuity. Section 2.7 provides some conclusions.
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2.2 Overview of OnWafer CPW Calibration Methods

This section provides larief overview of the typical ewafer calibration methods. It
also provides some guidelines on the fabrication of the calibration artifacts. Note that the
designatorL, in the different abbreviated names for the calibration methods has different
meanings The designatot,, means flYoadodrasSOLT,5@et means
straight section of transmission line for most of the other calibration methods to be
addressed. It is also important to note that the typical reference impedance for which the
measured results are normalized is ¥B0This is not mandatory, but if the reference
impedance of the DUT is not the same as the reference impedance of the calibration
standards, then normalizedp&rameters is measured. In many methods, the calibration
artifacts and the DUT can be fabricated thie same test coupon. This is the most
desirable case, since small fabrication process variations may result in line over or under
etching. This may result in line impedance values that vary slightly from a nomiiYal 50
value. One challenge in making accurate and repeatable calibrations over a large
frequency range is the availability of a broadbandY5Sinpedance load standard. There
is wide availability of calibration substrates such as the impedance standard substrat
(ISS). The ISS contains many of the calibration standards needed for the calibration
methods discussed here. One challenge in using the ISS to perform the calibrations is that
the cross section (in terms of both material thickness and CPW conductowitiéts)
for the ISS may be different for the fabricated DUT. This creates a small-pitche
discontinuity that is not accounted for when the calibration and the calibration check is

done entirely on the ISS.
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2.2.1 SOLT

SOLT (ShortOpenlLoadThru) usesour CPW line standards: an open circuited line,
a short circuited line, a load with characteristic impedans®@Y, and a straight thru
50 Y CPW line. SOLT has been the most widely used calibration standard for coaxial
based measurements up to 26 GHzs Inot suggested for use with CPW structures for
frequencies above 1 GHz since it is quite difficult to fabricate ideal open and short

circuited line standards in CPW above 1 GHz.

2.2.2TRL

TRL (Thru-ReflectLine) [4] uses three distinct calibration igatts. These include a
thru standard; a neideal reflect standard that has a large reflection coefficient (that may
be slightly less than one); and an ideal or known line standard. In this work, a short
circuited CPW line is used as the reflect stand@te characteristic impedance of the
line and thru standards must be identical to one another and the insertion phases of these
two standards must be different from one another. TRL is popular for use at frequencies
above 1 GHz since only the line standardst be well characterized. At low frequencies,
the calibration line standard becomes increasing longer. CPW transmission lines are
dispersive and have a frequeragpendent characteristic impedance. It is important to
determine the port impedance of tPW lines when dembedding measured- S
parameters. The reflect standard can be used on both ports. The insertion phase of the
line standard and the thru standards must be different from one another. They should

ideally differ by 90° at the center frequeraf interest. This occurs at only one frequency,
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so to extend the usable frequency range of measurements acquired using this calibration
method, the phase difference is relaxed. The frequency range of applicability for TRL is
when insertion phase of theé¢ and thru standards is between 20° and 160°. This range of
phases ensures that the difference in the lengths of thadandasds is not a multiple of

2. An additional line standard can be used, yet there will be a discontinuity in the
calibration. Ths occurs when the calibration switches from using one line/thru pair to the
second line/thru air. This must be avoided at specific measurement frequencies of interest

for the DUT.

2.2.3 ML-TRL

ML-TRL (Multi-Line ThruReflectLine) is an extensiono TRL. ML-TRL uses
multiple line standards.MIIRL is ideal for measurements over a very large frequency
band. In TRL, the user must divide the measurement frequency range into smaller
frequency bands in order to avoid inaccuracies (indeterminacy) whenletigth
difference oftheiln e/ t hr u p ai 2sMLIiTRL uses multiplethrelise pairs o
throughout the entire measurement frequency range and avoids the discontinuities
observed in TRL. In this way, MIRL extends the measurement bandwidthamiatble
with a single calibration procedure. The measurement of multiple lines also allows ML
TRL to solve for the propagatiofactor This allows convenient shifting of the
measurement reference planes. Several line standards are needed for wideband
measirements 12].

Multi-line TRL is generally known to have improved accuracy compared to LRM
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and SOLT, improved bandwidth (using one calibration) over TRL, and allows the
reference planes of the measured results to be conveniently shifte@RMIequires

several different line standards to be fabricated. This may include long line standards if
very low frequencies (below 1GHz) are to be considered. All of thelKL calibrations

line standards should be fabricated on the same substrate as the DUT strlicisirasy

impose certain layout limitations in the case where long calibration lines must be
accommodated. It is important to note that the measured scattering parameters obtained
after either a TRL or MLTRL calibration are normalized to the charactesistipedance

of the CPW lines used for the thru and line standards. This may or may not be precisely
50 Y. Experience shows that although one may layout the lines for fabrication in order to
yield 50Y lines, fabrication variations may actually result in\ZRines with slightly

lower or slightly higher characteristic impedance thanY50This does not necessarily

pose a problem when all the calibration artifacts are fabricated on the same test coupon. It
does require renormalization when the desired referanpedance for comparison is 50

Y.

2.24LRM

LRM (Line-reflectmatch) calibration uses a line standard, a reflect standard, and a
match standard. The original version of LRM required the match standard tovheo50
the same as the port impedance. Thehot now allows match standards to have a
frequencydependent impedance. This allows a much broader band calibration when the

load is welicharacterizedpriori. LRM is most typically employed with the 50 match
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standard because of the extra processingpbtexity needed to reliably fabricate a
prescribed frequenegependent match standard. LRM is a modification of TRL where

the TRL line standard is replaced by a known match standard. The impedance of the
match standard is the only artifact that needs tedpletely characterized with this
approach. The reference plane after an LRM calibration is always set at the center of the
line standard. LRM does not allow for convenienshéting of the reference plane since

the propagatiorfactor is not determinedn this method. LRM is a good approach for
measurements at low frequencies, since long line standards do not need to be fabricated.
LRM uses the same set of standards as SOLT, yet only one reflect (typically the open) is
used in LRM. LRM only requires thahe match standard be welharacterized. The

bandwidth obtained by LRM is greater than that of TRL.

2.5 LRRM

LRRM (Line-reflectreflectmatch) calibration uses a line standard, two reflect
standards, and a match standard. It is a variation of LRMinbilis case, two reflect
standards (an open circuited CPW line and a short circuited CPW line) are used.
Compared with LRM, there are several advantages of LRRM. First, since LRRM only
measures one match standard at one port, the inconsistencies inMhealiitation due
to the small discrepancies in resistance of the two match standards or the misalignment of
the two ports will be avoided. Secondly, both the open and short are used as reflect
standards in LRRM, since they are the most widely separatgte@mith chart. In some

commercial measurement software, the inductance of the load in LRRM can be
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automatically calculated and corrected during the calibration, which results in more
accurate resultsThe calibration standards needed in each calibra@hthe standards
substrates used in this chapter are listed in Table 2.1.

One important factor to consider when comparing different calibration methods is the
definition of the reference impedance and the reference planes. The reference impedance
in ML-TRL is the characteristic impedance of the line standagda/tzich may not be 50
Y and the reference plane, is at the center of the thru standard on the DUT. The reference
impedance for LRRM, LRM, and SOLT is set by impedance of the match standard,
which typically equals 50¥, while the reference plane is set at the probe tips. In this
work, the results obtained by MIRL are also renormalized to a 50 reference
impedance and the reference planes are shifted so that they are at the same location as the
LRRM, LRM, and SOLT results. Once this is done, then the accuracy and repeatability of

the different methods are compared.

2.3 Benchmark Structures

Fig. 2.1 shows the fabricated DUT board and ISS from Cascade Micro#ch [
LRRM, LRM and SOLT use the same séstandards on the 625um thick ISS. The DUT
board on al um98) aonssts bf dlibragidn estandatils for MRL and
DUTs. Scattering parameter results obtained from network analyzer measurements
assume that only a single mode propagates @tradmsmission line. To ensure this is the
case, the propagating modes on the CPW lines were analyzed usingvalsimulations

on HFSS 17]. The results demonstrate that only one mode propagates on the CPW line at
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Table 2. 1 On-wafer calibration comparison

Calibration Standards Standards Substrate
SOLT Short, Open, Load, Thru ISS
LRM Line, Match, Reflection ISS
LRRM Line, Match, Reflectionl, ISS
Reflection2
TRL Thru, Line, Reflection Design by own
ML-TRL Thru, Multi-Lines, Reflection Design by own

all frequencies below 40 GHz. In addition to this, HFSS was also used to help place
the standards on the MLRL test coupon shown in Fig. 1. HFSS was used to confirm
that there is no coupling between adjdcgtandards. The calibration standards for-ML
TRL include: one thru, two shorts and seven lines, the lengths of which are summarized
in Table2.1. The cross section of the standards is shown inZ2y.with w=4.2mil,
g=2.3mil and t=0.24mil. The three flifent DUTs are a line, a step and a filter, as shown
in Fig. 2.3. These three structures each have a unigue characteristic; the line has a low
overall §; and near zero dB,§ the step is matched at some frequencies and mismatched
at others, and the fdt has a bandpass response. BathaBd $; were used to evaluate

the calibration response.
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Fig. 2.1 DUT board and ISS

Table 2. 2 Lengths of ML-TRL calibration standards

Calibration | Length difference | Total Length (mil)
Standards with Thru
(mil)
Thru 0 32
Offset Short 32
Line 1 33 65
Line 2 43 75
Line 3 65 97
Line 4 98 130
Line 5 130 162
Line 6 195 227
Line 7 390 422
g W g

3

t h=0.635mm

_T_

Fig. 2.2 Cross section of CPW standards on DUT board
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Fig. 2.3DUTs

2.4 Comparison Approach

The calibrations are compared in two different ways. First, a statistical analysis of
measurement repeatability ofi&nd $; for each circuit and each calibration was
performed. Second, the average values, p&fBd $; (both magnitude and phase) for
each circuit are compared with fullave simulation results. The fullave simulations
were done usi ng A rssuotiirg Sinalatet (HEFSS)IEINnthey u e nc y
simulation, the thickness of conductor, frequedependent loss of the substrate, and the
fabricated dimensions are taken into account. In all cases thERMldata is processed,
as shown in Fig2. 4, so that theasulting reference impedance and reference plane is
coincident with those for the LRRM, LRM, and SOLT measurement results. For each
calibration case, one calibration was performed and then twenty different measurements
of the DUT of interest were performé@dorder to obtain the mean value and the standard
deviation from 1 GHz to 40 GHz.

Since the S parameters represent both the magnitude and phase relations between the
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incident and reflected traveling waves for a microwave network, it is very importdnt an
meaningful to set all of the S parameters that are used for calibration comparison to the
same reference plane. However, in the measurement ofRRAL. the reference planes are

set by the calibration algorithm to be the center of thru (plane A ir2Fsg, which is one

of ML-TRL calibration standards. While, the reference planes of the other calibrations are
at probe t i ps2 5] phe eferenceAgdanei ohtheMMIRY results can be

shifted to the probe tipsylusing the propagation faci@hown in equation.1).

LRRM, LRM&SOLT ML-TRL

Shift the reference plane
Renormalize to specific reference impedance

A 4 h 4

Compared to the simulation

Fig. 2.4 Data process flow chart
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| | DUT | :
; i l |
' | | |
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(b) DUT
Fig. 2.5 Shift of reference plane
&e? 0 &? 0o
[SMLS — é ﬁsMLm]é L‘j (21)
60 ey @0 ey

Where, [§"] represents the S parameters after stjfti[S"""] is the measured S
parameters using MIRL calibration,| is half the length of the thru standard used in
ML-TRL. The propagationfactor 2 can be S 0 | -pagathetefs robtmwo t h e
transmission lines with different lengths, by using equatioB).(2Vhere, Sy1 jiner and

S iine2 @re the measured forward transmission parametefos CPW line 1 and 2
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standards, respectively. They are deﬁnedszl;)ytv—z+ which can be obtained by the

1 lvS=0
measurements of MIRL. |; and |, are the lengthsf the two CPW line $., and

S;1 2 are complex number.

- In(SZl_Iinell SZl_line)

g 2.2)

|1 |2

The circuit ABCD matrix was used to renormalize the-WIRL S-parameters to 5,
(the reference impedance used for tHeeptalibrations.) The elements of ABGnatrix

can be described asg1

A= 3+ %1)(1 '%2) 6 S

2S,
— (1+ Sll)(l +%2) '§2 %1
5= 2S,, (2.3)
D= (1‘ S_Ll)(l +§2) '@2 %1
2S,

All the terms given in (2.3) are complex quantitiésr a given tweport network, ABCD

matrix is determinedby the network itself. When the ports are terminated with different
impedance Z, the corresponding S parameters are changed. The ABCD matrix; however,
does not change. Thus, the S parameters can be renormalized to a specific reference

impedance through thReBCD matrix. This strategy is shown in equatio@s4).
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where the MuWpeamXc riieptr 2TRE and 50%) lrespectively.sMt,
si- and s)- are the measured-@@rameters directly obtained from MIRL. s%°, 39
and si%are the MLTRL Sparameters renormalized to 50. ZY" is the refeence
impedance used by MIRL [19] and Z2%is 50Ys. Since all the test circuits are passive,
S1=S,;. Three unknownsY, s3? and s52 are numerically solved from the above three

equations. In this wa direct comparison of the calibrations is realized.

2.5 Measurement Setup and Experimental Result

The calibrations and -Barameter measurements are performed on the HP8510C
network analyzer for a frequency range of 1~40GHz. The line and step are pyobed b
using Cascade AR50GSG250 probesq], whi ch have e2ipbentarido pr ob
center spacinga) and 56 m pertippgad (b)as shown in Fig2.6. These results are
plotted to 40 GHz. Because of the fabrication processing limit, the filter is fabricated with
the interface for ACP5GSG500 probe (a=500¢em) ,s mwehdesigdn | eav
tolerance for CPW dimension. These results are plotted to 22 GHz. TH&RULLRRM,

LRM and SOLT are implemented in Cascade WinCal XE softwdijeAfter each
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Fig. 2.6 Enlarged view ofthe GSG probe tips[1

calibration,verification is employed to confirm the calibration accuracy. The repeatability
study consists of test set and measurement aspects. We evaluate test set repeatability by
performing a MLETRL at the beginning and at thad of the measuremen2(]. The
results show that the maximatlp@rameter error bound in worsase is 0.012 within
1~40GHz. Therefore we consider that the test set yields repeatable measurements.
The measurement repeatability is quantified by the starttavidtions of § and $;
among twenty measurements for each calibration, which are illustrated & Figig. 2.
12. From these figures, we noticed that the standard deviation for Q@hdsS; varies
with frequency. They tend to increase when dietpy goes to higher. In the;;S
measurement repeatability comparison, we observed thaTRILhas lowest standard
deviation on the filter (lower than 0.0025 fod@ GHz), but the highest one on the step
(0.0073@ 32GHz). The SOLT has overall low standkdation on these three DUTS. In

the $; measurement repeatability comparison, the standard deviation of these four
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calibrations on the filter is smaller than those on the line and step[RILhas lowest
standard deviation on the step and filter (loviemt 0.005 for 40 GHz), but the highest
one on the line, which indicated that MIRL may have best ;5 measurement

repeatability for not wellmatched DUTSs.
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The measurements of the four calibrations are compared to the simulations on the

three DUTs, as shown in Figs 13- Fig. 2.24. Each measurement plot is the average
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value of twety measurements after each calibration. Bigl3 and Fig.2. 14 illustrate
the §; and $; magnitude comparison for the line DUT. Fop,She four calibrations
agree well with the simulation below 14 GHz. For frequencies above 14GHZ,RUL

agrees betteThe shift of the resonant frequency in the-WIRL is 2.04%, while the
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Frequency (GHz)

Fig. 2.14 S;; Magnitude of line
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frequency shift for other calibrations is morerth87%. For &, the underetching
during the test board fabrication theesul t e
designed and fabricated dimension obsy section are shown in Table3.2This
fabricated 39Y c hcantributes tehe ripple 0fS; iniFig1 2.84d en ¢ e
ML-TRL measurements agree better with the simulation for the frequencies less than 29
GHz. When the frequency goes above 29GHz, all the measurements deviate from the
simulation. The deviation of SOLT measurements fomulation is obvious when the
frequency is higher than 7 GHz.

For the step DUT, the magnitude of processedTNRL measurement results agree
well with the simulation for both;pand $; throughout the whole frequency range40
GHz, shown in Figs2. 15 and2. 16. LRRM, LRM and SOLT start to deviate from the
simulation at 17.7 GHz in Splots and at 24 GHz in,Splots. The maximal shift of
resonant frequency is 4.8% in1&nd 2.8% in &. For the filter, the simulated and all
measured results for BotS; and $; have almost the same resonant frequencies and
agree well with each other at the measurement frequency ra2@)&Hz, shown in Figs.

2.17 and2.18.

Table 2. 3 The designed and fabricated CPW cross section dimeins

Cross section dimensio Designed Fabricated

CPW on Alumina w=4.2mil; g=2.3mil | w=4.6mil; g=1.1mil
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Figs. 2. 19-2. 21 show the relative phase difference between measurements and

simulation for $ on the three DUTsDue to the low reflected energy dugi the
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measurement, the phase $f is usually with more uncertainty. The phase of iS
investigated in this chapteks being observed, the phase differenceg{&erage lower
than 0.2 rad) for the calibrations except NWIRL is small for the three DTS. The main
phase shift of METRL happens at the resonant frequencies, while LRRM, LRM and
SOLT have phase shift in whole frequency range.

The deviation of LRRM, LRM and SOLT from the simulation is due to discontinuity
of the probe tip to DUT interfaceyhich is caused by the different substrates and launch
dimensions between the calibration standards and DUTs. According to these results, the
ML-TRL has more repeatability of transmission coefficient on notmatiched DUTSs. It

is the most consistentlyeurate calibration on these three DUTs up to 40GHz.
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2.6 Modeling of probeto-DUT transition

The discontinuity of the probe-DUT transition can be modeled as a series inductor

and a shunt capacitor, shown in Fi.22 (a). To obtain these parasitic parameters,
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Agilent Advanced Design System (AD$21] is employed to optimize the model. The
optimal model in ADS is shown in Fi@. 23, which is designed to easily indicate the
effect of this probgo-DUT discontinuity in the calibrations other than MIRL. The
processed S parameters of MRL are inported into the DUT term. The solver in ADS
optimizes the values of L and C so that these simulated S parameters of this optimal
model match the measurement results of LRRM, LRM or SOLT. The results for LRRM
are presented in this paper. The optimized patara are L=171.2pH, C=5.7fF. The
results of the optimal model and LRRM measurement for line are shown i&.F4,
which illustrates the good agreement fe22AGHz. When twesection probdo-DUT
transition (Fig.2. 22(b)) is applied, the results agreeliwvfor 1-40GHz, shown in Fig2.

25. The corresponding parasitic parameters agelT1.2pH, G=5.7fF, L,=100.3pH,
C,=0.8fF. Similar improvement should be observed if applying the transition model to

magnitude and phase of;S

L 1.2 L1
CT 2 T Cl =
(a) One section (b) Two sections

Fig. 2.22 Probe-to-CPW transition model
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Fig. 2.25 S;; magnitude of line--ML -TRL+two -section transition VS LRRM

2.7 Conclusions

The four widely used calibrations are compared by the simulated and experimental
results based on the differentcircuits. The reference planis shiftedand renormalize
to 50Y for ML-TRL to implement a direct comparisddoth the magnitude and phase of
Si11 and $; are compared in order to thoroughly evaluate the effects of calibrations on
reflection and transmission coefficients. The results show thafTRIL has the best
measwement repeatability of transmission coefficients on the not-nvatched DUTs
and best accuracy up to 40GHz on the three DUTs used iohiéyier. The deviation of

LRRM, LRM, SOLT from the simulation are considered to be primarily due to the
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discontinuiy between the probe tip and DUT interface, which can be effectively modeled

as oneor two-section series inductor and shunt capacitor.
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CHAPTER 3 PHYSICALLY CONSISTEN T BROADBAND
PERMITTIVITY EXTRACT ION OF BOTH RIGID AN D FLEXIBLE
DIELECTRIC MATERIALS BASED ON CO-PLANAR
WAVEGUIDE LINES

3.1 Introduction

As the demand of a variety high performance packaging structures fosgegh
digital, analog, RF and high frequency applications, the accurate electrical modeling of
broadbad frequencydependent properties of dielectric materials is of significance
during the design and analysis proce&zd.[The complex permittivity of a substrate is
one of the most important dielectric material properties used indpgbd and wideband
circuit modeling and designUsually, the dielectric permittivity provided by the
manufacturer is a single value with a tolerance at a specific frequency point. In
electromagnetic simulatioroware, the dielectric permittivitis often assumed to be a
congant. For narrow band frequency simulations, such as antenna design, the bandwidth
is usually within tens or hundreds of MHz in microwave frequency range. This
assumption can be accepted. However, it violates the causality of the response of the
medium to an electromagnetic excitation 32 and is not acceptable for accurate
broadband simulations, such as Mu@tbps digital circuit design, since the spectrum of

these baseband signals spreads from DC to couple of GHz or even higher.

3.1.1Broadband Constant permittivity assumption violates the causality

The dielectrigpermittivity of a material is defined as the relative permittivity. It is a
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complex quantity and is a function of excitation frequency. As we know, applying an

external electric field i the free space, the electric flux densigi®given by:

Do (w) = &, E(W) (31)

If the dielectric material replaces the free space, the electric flux density D is:
D(m) = & E(w) + P(W) (3.2)

where P is electric polarization vector. The magnitudébecan be expressed in terms of

applied electric field intensity E as:

P(n) = &,c.(WEW) (3.3)

Ge IS electric susceptibility, which is a dimensionless quantity. Thus, we can write:

D(W) = & E(w) + P(w)
= & (1+ C,(W)EMW)
= 6,6, (WEW)
= e(W)E(w)

(3.4)

U is the relative permittivity of the dielectric material. D can also be written in time

domain as:
D(t) = eogE(t) + r:] "t - t)E(r)dtg (3.5)

where h(t) 1s the i gwer. s & rarusrddpandgIpyaant si foonr

we can derie that:

ol

e (W) - 1= F[h(t)] = i @ )e dt (3.6)

DN

which leads to:
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e(-m=ew)e(-w=-gW (3.7)
While, tand(- w) = 22 % = 'e.ei (M':’)/) = - tand(w) (3.8)

If we assume the loss tangent is constant, it violates equ&i8)) thus causes
non-causal phenomenoriThe real part of relative permittivity and loss tangent are
interdependent, so that the constant assumptiforelative permittivity violates the

causality as well.

3.1.2 Mechanisms of material relative permittivity

The four distinct mechanisms are used to derive the classical model of dielectric
behavior p4], as shown in Fig. 3.JAt low frequencis, loss mechanism is produced by
the conduction electrons. However, in mds&lectrics the polarized ions avery small,
thus the losses for dielectric materials are usually neglected.

At intermediate frequencies, polar molecules in the dietecan be treated as
polarized dipoles, which partially align with the applied external 4ilgendent electric
field. As the applied electric field goes to higher frequency, the molecular inertia turns to
difficultly to follow the applied electric fieldo align with it, making the losses to
increase. Accordingly, the inability of the dipoles to follow the external fields results in a
decrease in the dielectric permittivity along with an increase in the dielectric losses. The

intermediate frequencies vaigr different dielectrics.
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Fig.3. 1 The four physical mechanism dictating the complex frequency
dependent dielectricpermittivity [26]

In this intermediate frequency range, the behavior of dielectric material atobe can
modeled as classic masgring system moving along a platform with damping friction,
as shown in Fig.3.2. The external electrical field is applied to the mass and make it move
on the platform. It was damped by the spring and the friction force with #féen the
acceleration is zero, the first order equation is proved to be sufficient to describe the atom
behavior, as shown in equation (3.9). Fig. 3.3 illustrates the typical relative permittivity

for such model.

1 —
W, x+k x=eE (3.9)
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Fig.3. 2 Classic massspring system

Fig.3. 3 The typical relative permittivity for first order equation

At very high frequencies, induced dipoles can be created in individual atoms or
molecules when the applied electric field is oscillating near a natural frequency. This
resonance induces large losses wittorresponding decrease in the dielegieamittivity.

The massspring system mentioned above can be expressed with second order equation:

m T —
mx+W, X+ Kk x=eE (3.10)
which deduces to Lorentz model. The typical relative permittivity of Lorentz model is

shown in Fig. 3.4
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w (rad/sec)

Fig.3.4 The typical relative permittivity for Lorentz model

At even higher frequencies, plasma oscillations of conduction electron clouds cause
an additional loss mechanism. These frequencies are rarely reached in practice and the

effect is normally embedded in a hifflequency constant.

3.1.3 Choices bDUT

The dielectric permittivity of materials can be measured by using-dongain
measurements or frequenrdgmain measurements. A tindemain reflectometer (TDR)
is simple to use and can be quickly set up for general applications. Howevethehen
device under test (DUT) has low insertion loss and low levels of mode conversion, the
frequencydomain measurement method is betB&].[The work reported in26] and 27]
present methods for extracting dielectripermittivity using the timedomain
measurements. In frequendpmain measurements, the complex dielectric permittivity
can be measured by resonators, as reporte2Blrahd 29]. The resonators provide the
dielectric permittivity only at discrete resonant frequencies.

The accura¢ electrical modelingof frequencydependent properties fofi a s



75

p a ¢ k a digedtiic materials is demanded for higheed digital applications.
Transmission lines thus attracts more attergtioThere are three commonly used
transmission lines: CPW, microgt and stripline, as shown in Fig. 1.5. The advantages
and disadvantages of choose any one of them are summarized in the Table. 3.1. In this
chapter, a method of@hysically consistent broadband dielectric permittivity

Table 3.1 Advantages and disadvantages comparison for CPW, microstrip and stripline

CPW  Easy to interface with on wafer probe O n | y' frdin meaurement

All etched traces are visible (measurab (s £ conveision

Li ne o n ,dulbstrates dremarrol Radiation loss is involved

Widely used in industry Requires via interface to probes {gilmbedding)

) De-embedding thru vias not trivial
Micro

Vias are irregular & depend upon fab. process
-strip

On | o' frdih measurement
CQy  { conveision

Radiation loss is involved

Fields contained in the dielectrics Requires via interface to probes

I Me a s u,rdiesctly 0 De-embedding thru vias not trivial
Stripli

Vias are irregular & depend upon fab. process
-ne

Etched traces amot visible



76

extractionofmat er i al-pac kageadd asnvironmensplanars pr es
waveguide lines. There are three main reasons for the choice of CPW. Firstly, CPW is a
commonly used planar structure in higipreed circuits and intensnects. Secondly, it is

easy to measure by using-asafer probes without a transition structure such as that in
co-planar waveguide to microstrip lines. Thus easy to achieve broad bandwidth up to tens

of GHz. Besides, CPW does not require demandingi¢aion process. In fact, the
aluminatest board used in this chapter was fabricated in the university clean room by

myself.

3.1.4 Material characterization procedures

Some research on extraction of the dielectric permittivity is showrB0h[B2].
However the frequency range iBJ] was only up to 20 GHz. The results reported3i [
do not present a continuous dielectpiermittivity as a function of frequency, and the
work in [32] was based on microstrip lines.

Multiline TRL (ML-TRL) [33] is used in this chapteio measure the propagation
factoro and real par t peofitiviy €4 of the GPWdinesi Mudtiline c t r i ¢
TRL gives excellent repeatability and accuracy for high frequency measurement on CPW
circuits [34]. A closedform dispersion formula is used to extract real part of relative
permitigffivaimyt e gneaBlhue edawsal ity amddHeat i on
i maginary part o fiscbmihehbyKramerskioeig relations. iSimce t y U
Debye equatiosatsfies the Kramer&ronig relation and is easy to implement, it is used

to calculate(+in this chapterThe loss tangent is calculated from the real and imaginary
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p ar t. Thedtratdgy of this method is shown in Fig. 3.5.

3.2Material characterization on rigid substrate

3.2.1 Test board design and fabrication

Two dielectric materials will be discussed in this section, Alumina and RT/duroid
6010.The thickness of substrate for both materials is 0.635mm. The Alumina substrate is
with a reported’}=9.9 and tafi=0.001 at 1MHz 35]. The metal is gold witta thicknesst
of6em. The sRTsOid60tIO dfs wi 3t 10.2D.25qndvagir U
0.0027 at 10GHZz3p]. The metal is copper with a thickness tlo? € m.

CPW calibration standards fédlL-TRL wi th 50 Y <characteris
fabricated on each substrate. The cross section of CPW design follows the procedures

shown in Appendix. The cross sections on the two samples is presented in Fig. 3.6. The

f-';ﬁr by measurement Closed-form formula
| |
6‘; Debye model
|
tané

Fig3.5The flow charfanadf tentirdcoimmdg U
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center conductor width w=0.1070 mm, and gap width g=0.0584 mm for the CPW on
Alumina substrateWhile w=0.1200mm, and gap width g=0.100mm tbe CPW on
RT/duroid® 6010 The CPW model with the designed w and g is simulated in HFSS to
make sure only one mode is propagated in the structure. The FapdBFig. 3.8 show
the propagatiofi act®r 44 di s cus s e avhen threeerpdeseiexcaeh ( 1. 4 ) )
and propagating along the CPW.HFSS,three modes are launchedthe wavepos on
both ends of the CPWhode 1 is set to be the lowest mode by default, other 2 modes are
higher modesif a mode can propagate in a low loss DUTUshould bevery small (~0),
b should not be zero instead. Otherwise the mode is highly attenuated, it will die out
along the propagation direction very soon. Fig. 3.7 and Figcdhfirmed the one model
propagation in the CPW structure for the designed frequengge faom 1GHz to 40GHz.
Sincebased on the theorem ¥NA measurement, it is always assuming ttiating the
measuremerthere is only one mode propagated in the DUT, otherwise the measurements

may not be correct.

h=0.635mm

Fig.3. 6 Cross-section of CPW
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Fig.3.8 The simulatedBetawith 3 excited modes

The distance between adjacent CPW calibration standards is verified during the
layout, to make sure there is no coupling between any two standards. One isolated Thru
line and two adjacent Thru lines with 4.07mm ceitdecenter separation, as shown i
Fig. 39, are simulated in HFSS respectively. Figl®Band Fig. 3.1 are the simulated
return loss for them. Observed from these two figures, the return loss is the same. The

results confirm that 4.07mm is the right certtecenter distance between tvadjacent



Thru lines without coupling.

s

(a) Isolated Thru line (b) Two adjacent Thru lines

S11 (dB)

Fig.3.9 The investigated CPW calibration standards

'55 III\|I\\\|II\I|III\|I\\I

0 10 20 40 30
Freq (GHZ)

Fig.3.10The simulated return loss disolated Thru
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25
= -35-
= i
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5-45—//
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0 10 20 30 40 50

Freq (GHZ)

Fig.3. 11 The simulated return loss oftwo adjacentThru lines

The CPW calibration standards are designed to cover the frequency range from 1GHz
to 40GHz. The design of these calibration standards are shovppendixll.

The alumina test board was fabricatedha nanemicrofabricationclean roomat the
University of Arizonaby myself with wet etching method. The detailed procedures are
the same as the stegsmmarized in Appendidll. The RT/duroid6010 bard was
fabricatedby an outside vendoFig. 3.12 shows the fabricated two test boards, referred

as sample 1 (Alumina) and sample 2 (RT/duGfid0).

3.2.2 Measurements otkgj

S-parameter measurements were performed by using 50C P W p(Casdade s

ACP50GSG250 [7]) and an HP8510C vector network analyzer. The enlarged view of
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(a) Sample 1 (alumina)

|
I

«— 4inch —>
(b) Sample 2RT/duroid® 6010

Fig.3. 12 Coplanar waveguide samples

CPW probe is showim Fig. 2.6. The centeto-center distance of adjacent probe tip a is
250em. The pr obe {TRipcalipratiahthdt impleanened i @ascadé L
WinCal XE [1]] software was used for a frequency range b0 GHz.

The propagatiorfactor o alizccan be solved from the-fBarameters of two

transmission lines, bysing equation3.11) and 8.12).
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_ In(§,,/S, )
g= o (3. 11)
e =Re[ -M] (3.12)
& &7

where | and b are the lengths of the two CPW lin&; 1 and S;1 » are the measured
forward transmissioparameter § for CPW line 1 and line 2, respectively, referring to
their own characteristic impedanoeS;; 1 andS$y; » are complex number.

The CPW structures wemdso simulated using Ansoft HFSS fulave simulation
package 18]. The measured and simulated propagafiactor for both samples are
plotted in Fig. 3.8 and Fig. 3.4. The physical pnoerties of the samples were included
in the simulation. For Sample 1, the metal for CPW central strip and ground is set to be
gold with conductivity 4.098x10S/m with a thickness ofe6 mtani=0.0017. For Sample
2, the copper conductivity is set to be B810 S/m with a thickness of £7m,
tani=0.0025. From the figures, it can be observed that the simulation and measurement
agree well with one another other.

Theoretically, thézdof a CPW should first decrease with frequebegause othe
frequencydependence of the line inductance due to the skin ef8ajt3B], and then
increase with frequency, which is caused by the increased concentration of the field in the
dielectric material at higher frequenci@8]. The measuretls; for both samples ifFig.

3.15 satisfiesthis theoretical analysis



-t
o

o
o

alpha (dB/cm)
o
D

)
-
-

0.9 — Measured
R N Bt Simulated
O E - - - E
0 10 20 30 40
Freq (GHz)
(a) Alpha
20+

beta (rad/cm)
[
o

Measured

""" Simulated
O L - - - L
0 10 20 30 40
Freq (GHz)
(b) Beta
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3.2.3Extraction of Gj from Clgj

When an electromagnetic wave propagates on a CPW, the electric fields above
conductors are in the air in general, while those below conductors experience the
permittivity of the substrate, thus the CPW structuiahgrently dispersiveA dispersion
model[40] combines botlsemiempiricaltechniquesand conformal mapping used @
extract the real part of the dielectgermittivity from the effective dielectripermittivity.

This compact closetbrm analytic approximation takes into account the dispersion of the

line inductance and the effects of the field confinement and stébstrdace wave, which

is accurate in a wide frequéihsy, bawhdr é€ot , f
are themetal thickness, half width of the CPW central strip, and its conductivity
respectively.It is important to choose a model that incogies as many physical
properties of the structure as possible. This will ensure thepbsasible accuracyhe

closedform dspersionformulais shown in equation (3.13)

\ - 2
6 (1) =RUKL) ¢ & ¥ \/e_\ﬁ? f (3.13)
KK € F Lra(f/ )™ -
where

log(a) =ulog(w/ g) (3.14)
u=0.54 -0.64% 0.01% (3.15)
v=0.43 -0.86 H.54 (3.16)
p =log(w/ h) (3.17)

_e+l
= (3.18)

as 2
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fre :4h—e;-1 (3.19)
a=1/\ g1 (3.20)
K, =% k =41 K (3.21)
K, =WJ\rN2+g2 2 5 k, =1 K (3.22)
Ds =2pt—ﬁ" .0 H‘1(@\/) (3.23)

K(k) is the complete elliptic integral of thei r st ,j ik ihen dal patd of relative
dielectric permittivity o f t he Sqd ib dhe rqaasseatic effactive dielectric
permittivity of the line assuming perfect conductors in the t = O limg,d the cutoff
frequency for the surface jEuface waves of the substrate, h is the thickness of the
substrate. The range of parameters for which this formula is valid is shown below. Within
these ranges,jisbdite than 5%4d] r. a cTyh eo fg fetibothesantplesd U
are shown in Fig3.16.

The range of parameters:

0.1¢w/g ¢5 0.1 w/h 5

. (3.24)
1.5¢e ¢50; 0 € /f. 1¢

[

3.2.4 Cal gfsoma)t i on of U

The assumption of causal material, leads to equation (3.7) in 3.1.1, addhthers
Kronig Hilbert transform relations (equatio.{5) must hold 41]) as well. Thuste

relation between the real and imaginary parts ottmplex permittivity must satisfthe



KramersKronig relations, based on the assumption of causality.

(3.25)

9.8

.q_;_ 96 ‘k

94

9.2 ; ; r ;
0 10 20 30 40
Freq (GHz)

(a) Sample 1 (alumina)
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(b) Sample 2 (RT/durofti6010)

Fig.3.16E x t r a c forebath séimples
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However, it is not practical to use tKeamersKronig relations.In order to apply the
equation (25), we must have complete knowledge of the( ¥ ) Uto(r¥) alf or
frequencies from zero to infinity. Second, makrican have absorption bands at low
frequencies in generallhe integral in equation (&) cannotbe performed without
addressing the presence of lirequency absorption bands.

The proved casual permittivity models for dielectric materials: [Reloyodelis
recommended tdescribe the frequency dependent complex permittiltityatisfiesthe
KramersKronig relation ands valid up to THz frequencies.

Debye Model

Debye modeis based upon physical principles rather than heurislits Déye
eguation comes from the electrical equivalent model of the simple harmonic oscillator.
Model is accurate for a wide variety of materials withdoas and medium loss. It states

that[42]:

e(p= €e)u (& w 615‘

k11+JW4<
e( W= £ 4?1m (3.26)
e wt
& ( Wal“(wfk)
Soe wt
tand = ef.( W "=l%<+(Wfk)2 (3.27)
e( v 6. +3 &
Pl we)

( : relaxation time constant

G: a constant, the value is equalidvariation between zero (DC) and very large
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frequency,

a constant of real part permittivity

Qu

U
k=1, &eautknowncoeffidents.
0 5 G and(} are calculated bysing the knownJj (f), which is converted from the
effective permittivity in section 3.2.8o0r example, if k is set to bévthich is the case to
fit the Debye model for rigid materials in this chapténen only threecoefficientsin
Debye modeli{],  andJ § need to be calculated in order to fit the model. Thus three
values of the convertedi ) at t hree frequenci/e(s¥)arien cengsae!
(3.26). Three equations solved thedeee coefficientsThe calculateccoefficientsare
shown in Table 2. These coefficients substitute into the imaginary part of Debye
equationy ' ( ¥) i n endwsave theoloss tingentdyBusing the equation (3. 27).
The solved loss tangent s are shown in Fig. 3.17.
The theoretical tendency of real and imaginary part of the permittivity versus
frequency in Debye model can be depicted by doing some sidgigation For
simplification, choose K=1. Thus, the real part of Debye touas simplified to be:

&

e =e, + W (3.28)

sincee =€, - €, is a constanThus(J8decreasewith frequencyas shown in Fig. 3.3.
Debye model is selfausal. The imaginary part of permittivity extracted from the
real part of permittivity should be an odd function vs frequency. Based on physics, it

should increase with fgeiency



Table 3.2 The parameters in Debye model

Samplel (alumina)

Sample2(RT/duroii6010) 0.20 3e9  10.48

-3

3_x10
2.5
g 2
8
1.5
1+ . . . L
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Freq (GHz)
(a) Sample 1 (alumina)
-3
x10
3.5¢
3 L
2
3 2.5
2 L
1.5° ’ ’ ’ ;
0 10 20 30 40
Freq (GHz)

(b) Sample 2 (RT/durofti6010)

Fig.3.17Cal cul ated tanid for both

92

sampl es



93

3.2.5 Model Accuracy

The manufactur er disfor Alynena is 19.0. By interpolatingethe o f
extractedlj of Sample 1 (Alumina) to the frequey of 1 MHz(Fig. 3.18), the extracted
value is 9.907which compares tohe givenspecificationof 9.9 at that frequencyror
Sample 2 (RT/duroidgnéotapi gheewal oeshbs
to those derived using microstrip (tger o u p 6 s p r &N, which are shavn lkn |
Fig. 319 and Fig. 3.20For;, The difference betweds computed using microstrip and
CPW is less than 1% at frequencies greater than 3.5 GHz difference increases when
thefrequency is less than®5Hz. The maximum difference is 2% at 1 GHz. For the loss
tangent, the maximum difference between the results of CPW and microstrip is 0.0002.

The differences between the extractions using CPW and microstrip lines result from
several factors. First dll, the anisotropism of the material contribute to this difference.
Theelectricalfields distribution in CPW are along the lateral direction, while the fields in
microstrip are in longitudinal direction. Furthermore, in the measurement of CPW lines,
the Ui is more sensitive at low frequencies, which may be caused by the effect-of non
uniformities in the longer lines. Measurement uncertainties also contribute to these
differences. Besides, the accuracy of the cldeeh dispersion formula is anotherctar

that affects the results.
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Fig.3.20 The comparison of loss tangentn RT/duroid ® 6010
obtained from CPW and microstrip lines

3.3 Material characterization on flexible substrate

The artifacts for flexible material charaetization projectwere provided by
Rambu§43][44]. The goal of this projectis to extend the range of the material
characterization work to include the emerging area in packaging electronics for
backplanes using thin flexible materials. The main objectis to create causal
dielectric permittivity models for a new and very tHiexible material over a wide
frequency bandThe University of Arizona provided an initial design layout of the circuit
artifacts based upon our findings in material charactévizdbr rigid materials. Some of
the initial designs were changed in the fabrication prodssmaterial and test board
fabricationare provided byRambusIn this section, both the original design dimensions
and the results of the final fabricated stuwes will be presented'he originaldesign

includesa set of 7 5 CPW calibration standards on the flexible substratith the



desiredrequency rangof 0.5GHz to 110GHz.

96

The probesused in this project arevo GGB 67A-GSG150 with 15C rGmil)

adjacent tipto-tip distancea n d
designed CPW ta/2+g<6mil. The fabricatiorprocess sets the limit of a minimum of ah
2 mil width for the conductoror the gap between adjacent conductors 2vrail &
mil. For a CPWijf the center conductor is made wider, then the characteristic impedance
is smaller. Similarly if the gap is madearrower, then the characteitsimpedance gets

smaller as well. This ishown in Table 3. Table 3.3 shows that far gap width of 2mijl

B2mip tp pad which limits thecrosssection of the

g02

thelowest characteristic impedance, is obtained from a conductor width 8mail.iZ, in

t his

cross sectionThus it was determined that a tremission line of75Y was usedChapter 2
also shows that neb0 ohm lines can bihe successfullyConductorbacking was added
to theCPWin order to improve the mechanical strengthhe test boardrhus the design
of the test board with flexible materid CB-CPW The frequency dispersion of B
CPW is less severe comparedBW and microstrip based on the full wave analyBw.

very thin flexible substrates, the characterization needs to BERMB in order to provide

case

i s

71.

5Y.

some mechanical strength or ellse tircuit may tear.

Thi s

i scompétible with probes t

Table 3.3 The impedance of CPW

0=3.2 H=2mil t=0.35mil sigma=5.813e7 tand=0.004

fix g=2mil

w(mil)
2

coouUlh W

Z0
95.9
87.7
82.5
78.7
75.8
71.5

fix w=15mil

g(mil)
2

ool h W

Z0
63.1
72.8
80.7
87.6
93.7

104.2

con
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3.3.1 Design of test board

The cross section of this flexibleaterial is shown in Fig. 312 The cross section
designfor CB-CPW follows the procedures in Appendixas well The CBCPW is
desi gned withow=38eil dhdg=2ril. The widtdesignof the side ground (m)
is a tradeoff of field leakage and bandwidth, #se higher modes are excited at &aw
frequencieswhen it is getting widerwhile the fields are not fully confined ithe
structure and easily coupleith other surrounded standardden it is getting narrow
Fig.3.2 shows the simulated insertion loss of the @®W with different side ground
widths (A=w+2g+2m). Theesults show relatively low insertion loss up8@GHz when
m=4.1mil. The E fields along the GBPW structure at differérirequencies are shown in
Fig.3.23. As being observed in the figwgeahe higher mode is excited when the frequency
is higher tharBOGHz Thus in the design, the frequency range that can be achieved is 0.5
80 GHz.

Due tothe reducedength of sideground,the fields in one $ructure probably easily
coupleto the other structuresearby This requires more careful investigation tbie
center to center distance between two adjacent standards in the Byading the
simulatiors similarly as in setton 3.2, it is finally determinetb be 45milto make sure

no coupling between two adjacent €W artifactsas shown in Fig. 342
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CB-CPW
}; 45 mil 4{

G G

Fig.3. 24 Cross section of two adjacent CBECPW

The lengthdesignof calibration standards folloswhe procedures in Appendik as
well. The lengths for each standardse listed in Table 3. Considering theCPW
interfaceof the probesextra CPW pads have to be added to both ends of thREFR3B
standardsn order to land the probes during the measurement. Towstdhdesign this
CPW pads and how ttransit the figds from CPW to CBCPW needs to be carefully
thought about. Finally the suggestion isrmeed to desigextraCPW pads antransition
they are enpirically deerminedduring layout without any specific care and simulation,
which turns out to be a possible mistakethe layout, he CPW pads are the extension of
the traceand two side grounds of GBPW, and aperscan used tobe the transition
between CPW andCB-CPW, as shown in Fig. 32The lengths of tapersan be modeled
using full wave simulation.

The fabricatedtest boardincluded several differences from the original designed
values. First, the tapers were determined empiricBbgand, thevery important"Thru"
standard was only half of the designed lengthshown in Fig. 3&and Fig. 3.Z. Since

all of the line standards on the board are referenced to the length of the Thru standard, the



100

error means that thdL-TRL calibrationmethod can not be useth this work, there was

no second opportunity to fabricate the boards due to access to the relatively new thin,
flexible material. Thus another approach was used to extraeffdative permittivity of

this flexible substratavith the existing artifact®n the test board he research in Chapter

2 shows that the LRRM calibration method has the second best calibration accuracy.

LRRM utilizes the impedance standard substrate.

3.3.2 Effective permittivity measurement on the flexible boal

The profile of thestandards on the flexible test board is shown in Fi@. J&is test
board shows a CPW launching section followed by theGPBV line. The length of the
CPW launch section was the same for all of the lines fabricated onsthbo&rd.A
LRRM calibration is performed othe ISS to eliminate the error caused by tlables,
probes, adapters and VNA. The reference planesedte probe tig after this calibration
During the measurement, these reference planesnatiee CPW at the probe/CPW
interface.on, asindicated by the green arrows in Fig22.0n these test boards, the line
standards are not uniform, i.e., CPW transitions tcGFBV. The line measurements
available in the LRRM method include results of a mixed type afstrgssion line, and
thus the propagation factor obtained by LRRM contains a mix of the propagation in CPW
and CBCPW. Reference plane -@gnbedding as discussed in 2.1 is not available. After
LRRM, it is important and careful laboratory practice to verife taccuracy of the

calibration.
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Table 3.4 Length of CB-CPW Multiline -TRL calibration standards (1-80GHz)

Standard Length(mil)
2 thru 200mil/each
2 open 100mil/each

linel 231mil
line2 293mil
line3 418mil
line4 854mil
line5 1071mil
line6 2814mil

T |

Top View The place to land probe

Fig.3. 25 Enlarged Thru on the flexible substrate
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Fig.3.26 Test board on flexible material

line Fm———
g ——
line5s
' —y
line4

liney F——
liney F———
. ——
&Wrong Thru!
i

Fig.3. 27 Fabricated calibration standards on flexible material

A two-line methodthat compares the scattering parameters using pair of lines from
lines 1 to lines 6 on the test boardan be used tand moves the reference plamegher
to the CBCPW as the green arrows indicated ig. B.30. After the LRRM calibration on
probe tips, the line-line 6 on test boards are measured by using probes. The measured
reflection coefficient and transmission coefficient of each lines are used in equation (3.29)
to calculate propagation factaithin this method, the transmissioulelay between two
calibration standaslwith only the different CBCPW lengthis assumed tde caused

only by their length difference.
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CPW-CBCPW tr:ansition CPW—CE;BCPW transition

Fig.3.28 The standard profile on test board

CB-CPW CP

Fig.3.29 The LRRM on-wafer calibration moves the measurement reference
plane to the planes indicated by the green arrows

Fig.3.30The 2-line methodfurther moves the measurement reference
plane to the planes indicated by the green arrows
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Thepropagation factoon CB-CPW isthuscalculated by 9],

o 2
e.g — L52+T122' (T11' L11)2 \/[L52+T122' (T11' L11)2] - 4L§2T122

(3. 29
2L12T12

where L, and Ly; arethereflection coefficient and transmission coefficient, respectively
of the linem (m=1,2...6) T1» and T3 are thereflection coefficient and transmission
coefficient, respectivelpf the linen (n=1,2...6, n<m),L1p, L1y, T12, Tioand 2 are a
complexquantities.m always has longer length thanl is the length difference between
the linemand linen. Equation (3.29) can be solved in Matl&{l. possible combinations
of m and n are calculated to look for the combination with best bandwithin all
combinations with line (shortest linejare shown in AppendiXV. The combinationof
line 1 and line Zthe shortest two lines on the test boaslexpectetlrns out to be with
the highest bandwidftwhich isfrom 1GHzto 8GHz. The calalatedpropagation factor
and effective permittivity of the GBEPW are shown in Fig. 3.13and Fig. 3. 3. The
results show large (negphysical)spikes betweethtOGHz~15GHz and 20GHz~25GHz.

There are two possible reasons for such results: 1. CP@GB{GPW transition,
which is not well designedt may causehe impedance mismatch in the calibration
standardsind resulting irthe degradeof the bandwidth2. The measurements are limited
by the available standards on the test board. They are nohe@dimy broad bandwidth
without Thru.

If we consider reasori, thenthe spikes would occur at nearly thesame

frequency for all combination, sinceach standard includes the same transifidre

resultsshownin Appendix IV; however,do not follow this tedency. The results in
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Appendix IV show thathe nori physicalspikesoccurat lower frequencieshen the line
lengths differ quite a bit. It is most interesting to compare the results if line 1 is used,
since line 1 is the shortest én When a much longer line is used to withe 1 ©
calculate propagation factor, many spikes occline design process of tlealibration
line standards for MITRL requires thathe difference in the electrical lengthetween
eah linestandard and th&hru standardshould be in the range of 2B0 degree at tire
center frequenciesvhich provides the highest frequency rastgt frequency : stop
frequency=1:8)and accuracy calibratiohe longer the line difference with Thru, the
lower center frequecy the calibration covers within 260 degree. That is why the
shortest length differena®mbination(line 1 and line 2) has the highest bandwidth.

The possible solutions include: 1. Only convert the effective permyttwithin
valid bandwidh (1GHz7GHz) to correspondingelative permittivity. Then fit Debye
model with these converted relative permittivitp obtain theDebye casualrelative
permittivity and loss tangent on the full frequency rang@Hz-40GHz). 2. Try to fit
propagation fator in Fig. 3.31 in the full frequency rangelGHz40GHz), and fit the
Debye model to obtain the loss tangent in full frequency range. The advantage of solution
2 is the more choices of the relative permittivity values for Debye model fitting. However,
the error of fitted data may be acowlated in the later procedures, that is whg

solution 1 issmployed in this dissertation.
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Fig.3. 31 The calculatedpropagation factor of CB-CPW by using line 1 and 2
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Fig.3.32The solved real part of effective permittivity

3.3.3 The converted relative permittivity

The closedorm formulaconvers the real part of effective permittivity shown in
Fig. 3.2 to relative permittivity. ie formula used for this GBPW is shown in equation

(3. 30 [45], which is different from the one used for CPW conversion in section 3.2.

_ez3@+qg)-1

e = (3.30
q
while,
a, =2 +05D
b ="*29 15p

(3.30)
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kgztmméiw
tanh%)

ks =1- k3 (3.32

KKK (k)
KWK (K
D=1.25tl+|n(2h/t)

yo,

where, K is the complete elliptic integral of the first kind.and g are the width of trace
and gap in the CEEPW. h is the thickness of the subtdra is the thickness of metal.
The effect of finite metal thicknesss descri bed by t he o.
The valid range of parameterrs this closeeform formula and its accuragre the
same as in equation (3.24Fig. 3.3 shows the converted real part @rpittivity on the

flexible substrate, which compares to the 3.2 given by Rambus.

4

3.5

e

2T 2 3 4 5 8 7

Freq (GHz)

Fig.3. 33 Real part of relative permittivity of the flexible substrate
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3.3.4 Fit Debye model

The same procedura & the section 3.2 s followed to fit the Debye modetome
values of converted real part permittyv(as shown in Fig. 3.33are chosen to calculate
the coefficients in the modeThese coefficients u ¢ h , paxs (| dde then used to
calculate imaginary part of permittivity argblve loss tangent, as shown in equation
(3.27).For this flexible material, 8erm Debye model is fitted compared with theefim
Debye modeldr rigid materials, since ih®wsthat the more terms included in tbebye
model, the more accuracy the model can achi&he. valus of thesecoefficientsare
shown in Table3. 4. The calculatedrelative permittivity andoss tangent of the flexible
material is shown in Fig3.34 The Debye fitted relative permittivity agrees well with the
converted ones from the measurement in Fig. 3[B8.loss tangens around0.004the

valueprovided by manufacture amacreass with frequencyas expected

Table 3.5 Coefficientsused to fit Debye model

3.948E8 1.974E9 2.962E18 1.004E18

Us 0.2775 0.2775 0.005550 0.02775

s 1.053E19 1.017E19 9.834E20 8.157E20
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Fig.3. 34 The Debye model fitted relative permittivity and loss tangent of flexible material

3.4Conclusions

The method to accurately extract the complex permittivityadh bigid and flexible
materials based on CPW and ©®W lines is proposed in this chapter. The results
indicate that this method is effective on the alumina, RT/dfi®@10 and LCP substrates
from 1 to 40 GHz. O+wwafer measurement techniques are empldgembtain wide band

real part of the féective dielectric permittivity Dispersion formulaareused to map real
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part of the effective permittivity to its corresponding relative permittivity. The imaginary
part of permittivity is solved by applying the By equationThe coefficients used in
Debye equation are calculated through curve fitting of the real part of relative
permittivity from the converted relative permittivity from the measuremiéns method

can be applied to the accurate wighnd dielecic characteristics modeling on other rigid

and flexible materials.
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CHAPTER 4 A HYBRID METHOD FOR EFFICIE NT MEDELING
OF THREE DIMENSIONAL VIA STRUCTURES

This chagter develop a method to simplify the fulwave simulationof three
dimensonal via structures in the miolane regions of thredimensional package
structures. In this approach, a fulave model of the entire via is divid&ato smaler
unit sections and then each section is modeled individudily.final simulation results
are obtained by cascading the sm@mng parameters of the individuala sections This
hybrid method (orCascadeViethod) provides great flexibility and simulation time and
complexity reduction for various via simulations. The bandwidth of this methaghdsp
on how the unit celboundaies are sein the model. With proper boundaries, thedad
crosstalk (FEXT) simulation accuracy of the cascadethodis comparable to the
accuracy btained with simulations obtained with full wave (HFSS) simulatiorthef
entire via structuréor frequencies up to 20GHz fewoth uniform via structuresand the
structures with discontinuitieI heinsertion lossimulation of the cascaded structures is
accurateup to 20GHz for uniform structure and up t&Hz when there ith

discontinuity.

4.1 Introduction

At slow signal speeds the giareoften treated as theyhave no affecton thesignal.
The impact of the vie camot be neglected when the speed of signal goes up to tens of

megahertz. Simulation dhe vias $ often performed bgxtracting the capacitances and
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inductances using quasiatic approach€gl6]. As the data rates increase and signal rise
time decreases, theffects of via become a big concern in signal integrity. Tleffeets
include impedance msatch, creation oinwanted stubs, discontinuities in the signal
return path and electromagnetic interference (EMI). More accunatieling and full
wave simulation of theia is required ghigh data ratep47], since thecharacterization of
theoverall sgnal performance at high frequency components is needed.

The vertical return current transition and the distance to the signsigvigicantly
impacts the inductance dhe via. It is difficult to predict exactly where theurrent
transition @curs, and thus fullvave simulationis needed to model the entire vicinity
around and including the viad§. The traditional way to perform the fuNave
simulation withthe entirevia for each interested case3B full-wave electromagnetic
simulation bols such as HFS3t is tedious and erregprone to create via models for an
integrated packaging structure with many viB®ards with midplane designs may
contain thicker layers and layers for via escape routing. This work considerspdamad
PCB whid has a total of 46 layers with 12 layeused for via escape routing, as shown
in Fig. 4.1.By carefully design, the frequencies with global radiation ofvie on mid
plane foot print ar@ushed beyond theperatingfrequency range, therefore the cres&
simulation can beeduced to a case witnvictim line with a few concerning aggressors
nearby Consider a case whero aggressors need to be considered for crosstalk
simulation, there will be a total ofl2*12*12=1728 possible via combinations. Thi
results in a difficult and time consuming task simulate allof the via combinations

using a full-wave simulationapproach for each complete via structdree methods in
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[49][50] present method® accurately model the via or reduce the via simulatime,
however they are not easy to apply.

This chapterdevelos ahybrid approachio simplify thefull-wavesimulations 6
via structuresn the midplane layers of PCBJ heelectromagnetic properties of thias
arelocalized bypartitioning the via structure into smaller unit cell sectigbd]. One
challenge is determining the proper boundaries in which to divid®tigevia structure
into unit cells Some vias are divided uniformly while other vias incldigontinuities
such asnid-planeconnector feedn structure, via pad and esedpaces. The simulation
of a uniform structure can bdurther simplified byportioning it into evensmaller
segments. The final simulation results cossistthe cascadintpe scattering parameters
of the various sectionsf theseparts. The scattering parameters of the various sections
are obtained by full wave simulations. The full wave simulations on the much smaller
sections can be completed relatively quickly. This approach is ideal for impleimentat
when additional via sections are inserted to the layout since only new scattering matrices

that model the new sections must
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Connectors

Fig. 4.1 Mid -plane connections

be added in the proper location. This method is accurate andds quicker than
running a fulwave simulation of the complete via structure for each new modification.
The method is easy implement with other via modelgith similar multilayer stackups,
and dramatically redusdhe viamodel creationsimulation time¢ and complexity The
simulation accuracy is compared to traditional 3D-fudlve fulklength via simulation in
HFSS in the later sections.

The hybrid modeling approach is applied to uniform via structures in Set®on
The reslts show a good agreement to fldhgth via simulation for both parameters of
interest, insertion loss and fand cross talk (FEXT), from 1GHz to 20GHz. In Section
4.3, the hybrid method is applied to model the vias that include discontinuities sach as
connector feedh, a via pad, and escape traces etc. The results show that FEXT results
with the CascadeMethod agrees well fulwave simulation of the entire via for the

frequency range from 1GHz to 20GHz. The insertion loss computed by the cascade
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mockl is sensitive to the boundary settings, and varies from thevéwie simulations of
the entire via when the frequenciae higher than 6 GHz. The source of deviation and
effect of boundary setting are investigated. An example is presented in Skdtion
show how to implement the hybrid method and presents its benefits. Skbjpavides

a summary and conclusion.

4.2 Cascade Method on uniform structures

Signals traveling on wia segment willradiate if there is no nearlygturn pathThe
radiatian is not uniformand necessitates aodel of the entirestructure When the
groundsignatground (GND-GND) structure on the miglane of thePCB stackups
(shown in Fig.4.2) is repetitive, therocalization ofthe radiation possibleln this case,
the full-length via can be split into smaller unit cell that ceamatically decrease the
model build andsimulation time, considering ¢hvolume meshing in HFSS. The S
matrices of the unit cellsan then be cascadeding simulation tools such as AD&
MATLAB . This paper explores how to implement this cascade method to simulate via
structures compared tdull-wave modelingof the complete via structure in its entirelty
also exploreshe time savings and accuraafythecascade method for via modelimgnd

whatis the accuracy of this method.

4.2.1Single Via Pair

Fig. 4.3 (a) shows a picture of a continuous via structure with consisist GND
GND segmentsThis figure shows a set of two active vias that are fed differentially. The

active vias are surrounded by a fence of 8 +seowited vias.Fig. 4.3 (b) shows an
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exploded view of the same structure that depicts howsthecturecan be divided intd1
identicalcascaded GNE5SND segmentgor unit cells) Elevenidentical [S] matrices of

the unit via cell structurecan becascadedogetherto computethe differential mode
insertion lossand crosstalk. The calculation of time and accuracy of cascade method is
first verified on uniform structures. A uniform structure does not have a discaytinui
such avia pad, escaping trasetc. The boundaries of the unit cell is set to the center of
the ground plane as shown in Fig.4.2.

Signal 1
GND 2
Signal 3
GND 4

via

GND
Dielectric
GND i

GND 44
Signal 45
GND 46

(a) One GNDGND Segment (b) PCB stackup

Fig. 4.2 Side view of differential via structures

(a) Full length of differential vias (b) Exploded view to show unit cell of 11
GND-GND segments

Fig. 4.3 Uniform Via Structure in PCB
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The two simulatiormodels of the differential via structure in F§3 were compared.
One model I-l aebnegl tehdd ifisFuan HFSS model of the
The model @sCraed bydfiestoperfermiren HFSS simulation to compute
the Smatrix of the one cell (a GNHBGND segment) and then by cascading the el¢8gn
matricesof GND-GND segmenin ADS. The active vias are fed differentiallyhe two
input ports are numbered as ports 1 and 2, while the output ports are 3 @hd 4.
insertion loss is computed usirtsf]

So1_ad (SertSuz-Su1-Se0)/2 (4.1)
and the FEXT is givehy Sa;.

Thedieleat i ¢ mat er i al o3/ and thicknesd haOy3em. Theaappet)
is 0.5 OZ on each layefhe boundaryof the unit cellsis set tothe middle of the GND
layer. Other HFSS parameters inclugaveports are used to excite the modztlta
S=0.01for the mesh adaptatipandadiscrete sweep.

Table 4.1 lists thisime comparison of the fulength via and th€ascadeMethod
model for the uniform via simulation ini§. 4.3. The cascadgart of the method is
realized in ADS that runs in Windemon a personal laptop. HFSS runs on a UNIX
platform LSF (Load Sharing Facilityenvironment. The server has d25 GHz Intel
Xeon X5680 CPUs with 96 GB of RAM. Themarkableadvantage of using the cascade
method is the dramatitme savings in th@ia model build andimulation ime. The
accuracy of the cascade method on this uniform one pair of vias is comparedlwith fu
length viassimulation. Figs. 4t and 45 compae the amplitude and phase of the

differentialinsertion loss and FEXT.he maximun amplitude difference is 0.017dBr
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insertion losfrom 1GHz to 20GHz, and0.25®8 for FEXT. Phase of both insertion loss

and FEXT agrees well in trentirefrequency range from 1GHz to 20GHz.

Table 4.1 Via model build and simulation time comparison for Cascade Method
and Full Length model for differential vias in Fig. 43

Cascadévethod Full length
Model build | Simulation| Model build | Simulation
1 pair 10 min 2 min 300min 18 min
2 pairs 15 min 2 min 330 min 25 min
0.00
-0.05—
-0.10—
g -0.15—
g -0.20—
.§ -0.25—
g
= -0.30—
- 1 - Cascade
0354 ——Full length
'040 T I T I T 1 T I T I T l T | T ‘ T | T
0 2 4 6 8 10 12 14 16 18 20
freq, GHz
(a) Amplitude
200
11 - Cascade [\
T 100 Full length
& ]
E -
2 o
c ]
S ]
g -100—]
7200 T I T I T I T | T ] T | T I T | T I T
0 2 4 6 8 10 12 14 16 18 20
freq, GHz
(b) Phase

Fig. 4.4 Insertion loss for single set of uniform differential vias
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Fig. 4.5 FEXT comparison for single set of uniform differential vias
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4.2.2Two pairs of vias

The next model included activepairs ofdifferentialvias asshown in Fig4.6. The
active vias are surrounded by twelve ground vias. This comparison includestitie of
an HFSS simulation on the entire structure with theults from the Cascade Method
The cascaded and fuéngth simulation results aswmparedn Fig. 4.7 and Fig.4.8. In
this case

So1 ddF (Ss1tSa-Sa1-Ss)/2 (4.2)

S rex1=(Sr1+Se2-Se1-S70)/2 (4.3)
Theamplitude of the insertion losgyrees welat the low frequencies (lower tharis8iz)
and the high frequencies (fronbGHz to 20GHz) have deviation between 3GHz to
15GHz The maxmum amplitude difference is @B at 10GHz. The amplitude of
FEXT andthe phase of both insertion loss and FEXJree quite welfor the whole
frequency rangeThe resultsndicate that the cascade method works well up to 20GHz on

uniform structures.

Fig. 4.6 Two pairs of via model in HFSS
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Fig. 4.7 Insertion loss for two pairs of differential vias
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Fig. 4.8 FEXT for two pairs of differential vias
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4.3 CascadeM ethod with discontinuity

The via of the mieplane in reality always needs to feed in with the connectors on the
top and ecape from a specifianid-plane layer. These cases naturally include
discontinuties such as via pahnd escape trasetc. Somedeviation ofthe results from
Cascade Method from the fullength model simulation after including these
discontinuitiesis expected since these discontinuities may cause some reflection,
resonance and radiation, the interaction of them mayeadll included into the basic

segments.

4.3.10ne pair of vias

Fig. 4.9 showsa picture of a structure with omeng diffential via pair with realistic
discontinuities The structure is similar to the one shown in Fig. 4.3, except this structure
includes a via escape trace on layer 23 and connectors on ports 1 &gl 2.9 (a)
shows the complete model, while Fig. 4.9 (b) shdhe exploded viewThe cascade
approactsplits thismodel into 3 parts. The first part part is considered the top part that is
created by splitting the model on the middle of GND2. The top part includes a connector
feedin and via pad). The second pagttie middle parthat consists of a set of vias that
is modeled as eleven GNGND segmentssimilar to what was done im Fig. 4.3. The
third part is the bottom that includes a full sectionhwtite via escape later on layer 23.
The signal vias in thisase stop at layeb2o represent the effects of a very short hanging

via stub The top and bottom parts includes discontinuitilse ports in this case are
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numbered in a similar manner as in Fig. N8te that and this structure could have been
divided into four sections, but three sections was sufficient in order to demonstrate the
efficiency and accuracy of tiéascadeMethod.

The amplitude and phase of insertion loss and FEXT comparisodscade
Method and fulwavevia simulation of ther@ire structure are shown in Fig10 - Fig.
4.13. The resuls in this case are a bit differefrom the previous case. Sord#ferences
between the results are observed. The difference in the insertion loss ampelsuite
for occur atoth low freqencies(from 3GHz to 9GHzpand high frequencigd3GHz to
20GHz) Below 13GHz, the maximum difference is around 0.07dB at 6GHz. The
amplitudeand phase of FEXT; however, for both cases agree well oventire LGHz

to 20GHzfrequency range

Bottom

(a) Full length of differential vias (b) Exploded view

Fig. 4.9 One pair of full-length via simulation with discontinuities
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Fig. 4.13 Phase of FEXTfor one pair of vias with discontinuities

4.3.2Deviation Source investigation

In order to locatéhe maincause of the difference in the resulég investigation of
the results computed by separating the model even further was axhdircthe first
model only the top and middle parts are simulated, as shown in Fig. 4.14. In the second

model, only the middle and bottom parts are simulated, as shown in FigTel5.
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insertion loss and FEXT comparisbatween the fullvave model anchie Cascade
Method for both these casa® shown in Figd.16-Fig. 4.19. From these figures, we

cometo a

(a) Full length model (b) Modelsfor Cascade Mthod

Fig. 4.14 One pair of via model without the bottom part

(a) Full length model (b) Modelsfor CascadeMethod

Fig. 4.150One pair of via model without the top part
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Fig. 4.17 FEXT of the model without the bottom part
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Fig. 4.18 Insertion loss of the model without the top part
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conclusion thathe deviations dominatel by thediscontinuities in théottom part.The

effects of the escape traces and the veoytstanging stubs introduce additional radiation
effects that are not accounted for in the insertion loss calculation. In this case, it is
recommended that the bottom part structure include a few of the layers included in the
middle section to increase tlaecuracy in the insertion loss calculation. The results do
show that theCascadeMethod predicts more loss at frequencies above 10GHz than does

the full wave simulation.

4.3.3Boundary setting

The specifications of the unit cell boundaries in thas€ade Methods very
important Fig. 4.20 and Fig.4.21 comparethe insertion loss and FEXISsing thefull -
via model and two different simulations using thes€adeéviethod Note, that this ishe
most complex structure witdiscontinuities. In one of ¢hCascadenodek all the unit
cells are split in the middle of the GND layer, while in the second Cascade model, the
unit cells are split at the top of the GND layéfhen splitting on the top of GND, the
bottom boundaryor top and GNBGND segmenis setto PEG as shown in Figd.22. In
this comparison, it is most interesting to see which Casklalleod approaclcompares
better with the full wave simulatioiThe results show that the cases where the unit cell is
split at the middle of the GND layer genlgramatch the full wave simulations better.

Since we figured out that the deviation mainly comes from the escape trace, moving
the split layer for bottom part from layer 22 to the layer above may obtain some

bandwidth improvement. HoweverFig. 4.23 and Fig.4.24 show an opposite trend
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which include the comparison to full length via simulation with the split layer for bottom

part moving to layer 22, layer 20, layer 18 and layer 16.
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Fig. 4.20Insertion loss comparison of full length via model and cascade method splitting the
boundaries on middle of GND and on top of GND
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Fig. 4.21 FEXT comparison of full length via model and cascade method splitting the boundaries on
middle of GND and on top of GND
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Fig. 4.23The Insertion Loss comparison when splitting on the middle of GND22/20/18/16
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Fig. 4.24The FEXT comparison when splitting on the middle of GND22/20/18/16
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4.3.4Two pair of vias

More complex cases witlvo pairs of vias have the similar characterization as the
one pair of vias. Applying th€ascadeévV ethod to two pairs of vias apgesented in the

examples.

4.4 ComplexVia Simulation Example

The accuracy of th€ascadeMethod for via simulation has been provedsettion
4.2 andSection4.3. By using this method, th@omputation ofnsertion loss androsstalk
is the combinton of several basic structurebwo examples of a intricate migplane
layouts are presented here to show how to implement théscadeMethod and the
tremendous time savings

Consider the model shown in Fig. 4.6 with two pairs of vias. In gbidion two
different cases based upon this model are in consideregacincaséhere is onevictim
and one aggressor for differential channels. €ase 1, the victim escapes on layer 23,
and theaggressor escapes fayer 15. For case 2, the escapgetafor both victim and
aggessor is on layer 23ig. 4.25 shows thé&ull-length via simulatiormodel used in
HFSS for case and the model used in the Cascade Metlkogl. 4.26 shows the full
length via simulation model for case 2 and the model ustti@ascade Method.

In the models for the &cadeMethod for case 1 besides the split models
mentioned in $1], we can further split the bottoart into even smaller segmengo
that the results of any two pairs of vias escaping at the difféagers can bebtained

without more segments or parts simulation. The bottom Bihif split into escapke
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(split between GND 14 and GND )J18vhich includes the via escape traces on layer 15
and the smiavia stub after backdrilling,. This is followdaly one pair of via GNBGND
segment (split between GND 18 and GND20) #meh escape (includes GND22 and
below), as showin Fig. 4.25 (b). The schematic connection in ADSsisownFig. 4.27.

This figure shows how theasic segments can be easily and Bbxiapplied to the
combinations escaping layers of two pairs of vias are on the different layers. For
example,consider a case where the victim line escag layer is on layer 29nd the

the aggressor escapes on layer Na.additionalHFSS simulatiors are needed,since

only the appropriatd S] matrices must be arranged cascadedADS as shown inFig. 4.

28 to obtain accurate insertion loss up to 6GHz and FEXT up to 20GHz.

Fig 4.29 shows the ADS schematic for case 2.dase 2, we onlyeed to simulate
another bottom parbottom2to create the necessary[S] matrix library for @escade
Method The reslis will be the cascade of theratriceswith the order of top, two pairs
of GND-GND segment(10 times) and bottom@scape), as shown Fig. 4. 29. It can
apply to the combinations for the escaping layer of two pairs of vias on the same layers.
The time comparison for both methaasd both casds shown inTable4.2.

The simulated results of 2 cases fottbmethods are shown Fig. 4. 30-Fig. 4. 33.

The amplitudeof insertion loss for both casemgrees wellwith the fulllength via
simulationat low frequenciesip to 6GHz,and start to degite when the frequency goes
to higher The amplitudeof FEXT and phases for both ingert loss and FEXT in two

cases agrees well from 1GHz to 20GHz.
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Thecascade method can easily utilizedhe cases with more aggressorsnéitable
advantage of time reduction will be more obvious, which will dramatically decrease the

product deelopment time, save the cost and the quickly follow the market requirements.

Signal 1
GND 2
Signal 3
GND 4
GND 14
Signal 15
GND 16

Signal 17

GND 18
Signal 19

GND 20

GND 22
Signal 23
GND 24

GND 44
Signal 45
GND 46

(b) Cascade method

Fig. 4.25via model for case 1
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(a) Full length (b) Cascade method

Fig. 4.26 Via model for case 2
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. e —

Fig. 4.28 Schematic connection for example in ADS
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opT GND_ escap
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Terminationl x10 Termination5
™\ 4 A 4
Termination2 Top_2 GND- escap Termination6
= GND_
— pair . e —
Termination3 2pair _ 1 Termination7
J \ J .

Termination4

Termination8

Fig. 4.29 Schematic connection for case 2 in ADS

Table 4.2 The simulation time compaison for the example with

cascade method and fullength via simulation
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Case 1 Case 2
Model Model Model Model
build simu. build simu.
Top_2 pair 25 min 8 min -- --
GND-GND_2pair 15 min 2 min -- --
segmet
Cascade Escape 1 30 min 35 min -- --
Method GND-GND_ 1pair 10 min 2 min - -
segment
Escape 2 40 min 1 hour 25 min 2 hours
Total time 120 min | 107 min 25 min 120 min
Full Length Total time 10 hours| 6 hours | 10 hours| 23 hours
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4 5Conclusion

The accuracy of the cascade method foringrtion loss an8EXT modeling up to
20GHz for both uniform structures and structures with discontinuity is verified in the
paper.The bandwidth for insertion loss can go up to 20GHz for uniform viatstes
and up to 6GHz for structures with discontinuities. The bandwidth of FEXT is go up to
20GHz for the via structures with or without discontinuiti€ee method dramatically

decrease the simulation time and save the product development cost.
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Fig. 4.30Insertion loss comparison for case 1
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(a) Amplitude

(b) Phase

Fig. 4.31 FEXT comparison for case 1






















































