NOISE SUPPRESSION AND ISOLATION IN MIXED-SIGNAL
SYSTEMS USING ALTERNATING IMPEDANCE

ELECTROMAGNETIC BANDGAP (AI-EBG) STRUCTURE

A Dissertation
Presented to
The Academic Faculty

by

Jinwoo Choi

In Partial Fulfillment
of the Requirements for the Degree
Doctor of Philosophy in the
School of Electrical and Computer Engineering

Georgia Institute of Technology
December 2005

COPYRIGHT © JINWOO CHOI 2005



NOISE SUPPRESSION AND ISOLATION IN MIXED-SIGNAL

SYSTEMS USING ALTERNATING IMPEDANCE

ELECTROMAGNETIC BANDGAP (AI-EBG) STRUCTURE

Approved by:

Dr. Madhavan Swaminathan, Advisor
School of Electrical and Computer
Engineering

Georgia Institute of Technology

Dr. Abhijit Chatterjee

School of Electrical and Computer
Engineering

Georgia Institute of Technology

Dr. Suresh K. Sitaraman
School of Mechanical Engineering
Georgia Institute of Technology

Dr. Andrew F. Peterson

School of Electrical and Computer
Engineering

Georgia Institute of Technology

Dr. W. Marshall Leach

School of Electrical and Computer
Engineering

Georgia Institute of Technology

Date Approved: November 29, 2005



Dedicated to
my parents
and
my brother and sister, and my aunt
for their support, encouragement, and love



ACKNOWLEDGEMENTS

First, | would like to thank my advisor, Professor Madhavan Swamindtbrams
guidance and support during my graduate studies. He is an outstanding arehtar
tremendous source of motivation. | would also like to extend my wplatito the Ph.D.
committee members: Professor Andrew F. Peterson, Professojit ABhatterjee,
Professor Marshall Leach, and Professor Suresh K. Sitaramaprekate their time and
effort in serving on my Ph.D. committee.

| would like to extend special thanks to all current and graduateitbi&ggoup
members. Your friendship, assistance, and opinions will always becaipce | would
especially like to mention Dr.Vinu Govind, Dr. Joong-Ho Kim, Dr. Nanju, Ba.
Sungjun Chun, Dr. Sidharth Dalmia, Dr. Erdem Matoglu, Rohan MandrekaraBhyr
Mutnury, Souvik Mukherjee, Dr. Jinseong Choi, Dr. Jifeng Mao, Dr. Woopoung Kim
Krishna Srinivasan, Amit Bavisi, Dr. Lixi Wan, Subramanian Lalgudisliha Bharath,

Dr. Sung-Hwan Min, Sunanda Janagama, Dr. Toyoda, Dr. Ege Engin, WansuK &e
Hong Kim, Nevin Altunyurt, Marie-Solang Milleron, Abhilash Goyal, and Gijin Han.

| would like to thank Dong Gun Kam, Daehyun Chung and Professor Joungho
Kim at Korea Advanced Institute of Science and Technology 8§IAlfor their help for
far field measurements and simulations.

| would like to thank James P. Libous, John Purcell and Michael Neal@&Ma
for their encouragement for my studies at Georgia Tech.

| would like to thank Semiconductor Research Corporation (SRC) for providing

fund for my research during my graduate study at Georgia Tech.



Finally, 1 would like to thank my parents, my brother, my sisted, my aunt for

their love, support, and encouragement.



TABLE OF CONTENTS

Page
ACKNOWLEDGEMENTS \Y
LIST OF TABLES X
LIST OF FIGURES Xi
SUMMARY XVii
CHAPTER 1: INtrOdUCTION .....eece et e e et e e e 1
1.1 Power Distribution Network (PDN) ..........cooiiiiiiiiiiiiiicicciee e 3
1.2 Simultaneous Switching Noise (SSN) .......coviviiiiii i e, 7
1.3 Decoupling Capacitors ........cccueiiiiieiieie e e e ieiieeene a2 9
1.4 Power/Ground Planes..... .......coooiiiiiiiiiii e 12
LALTTEM MOUES ...t e e e e e e e 13
LA2TM MOAES ...t e e e e e e eeeeeens 1D
LA3TEMOUES ..o e e e e e e 18
1.4.4 Cavity Resonator MOAesS..........couveiiiiieiieie e e e ieeien e 20
1.5 Noise Coupling in Mixed-Signal Systems ...........cccciviiiiiiiiiiiiennns 22
1.6 Current Isolation Techniques ..........c.ccccviivii i 24
1.6.1SPItPIANES ... 25
1.6.2 Split Planes with Ferrite Beads .......cccccoovvviiiiiiii e, 27
1.6.3 Power Segmentation Method ... 28
1.7 Electromagnetic Bandgap (EBG) Structure .............cccooevviivinie 30.
1.7.1 Mushroom-type EBG Structure ............coceevie i v e eene 31
1.7.2 Mushroom- type EBG Structure for ultra wide band (UWB)
applications... PP o

Vi



1.8 Proposed Research and Dissertation OQutline ....................cooeein. 40

CHAPTER 2: Modeling and Analysis of Power Distribution Network in High-

Speed Digital SYSIEIMS .....u i e e e e 48
2.1 Efficient Hybrid Methodology for PDN ..., 51
2.2 Transmission Matrix Method (TMM) ..o, 54
2.3 Rambus Test Vehicle ..o 59
2.4 Modeling of Master-Slave PDN ... e 69

2.5 Modeling and Analysis of Power Supply Noise ................cccccvveene. 74
2.6 SUMMANY ..e i e et e e et e aee e eaeaneeneeen (8

CHAPTER 3: Alternating Impedance Electromagnetic Bandgap (Al-EBG)

SHUCTUI .ot e e e e e et e e 80
3.1 PeriodiC SIIUCIUIES .......cuie et et et e 81
3.2 BIOCh TREOIEM ... e 82
3.3 Design of AI-EBG StrUCIUre .......ccvviiiiie e e e e e 84
3.4 Equivalent Circuit Representation of AI-EBG Structure .............. 86.

3.5 Stopband Center Frequency of AI-EBG Structure .......................... 89

3.6 Propagation Characteristics of AI-EBG Structure ........................... 91

3.7 Cutoff Frequency of AI-EBG Structure ............cocvviiviii i, 96

3.8 SUMMANY ..o e e 101

CHAPTER 4: Modeling and Analysis of AI-EBG Structure .......................... 102

4.1 Modeling and Simulation of AI-EBG Structure ..............ccccooevn .. 103

4.2 Model-to-Hardware Correlation of AI-EBG Structure .................... 109

4.3 Parametric Analysis of AI-EBG Structure ..............ccoevevveennnn... 114
4.3.1 Effect of Metal Patch Size ..............cccooiiiiiiiin 114
4.3.2 Effect of Dielectric Constant ...............ccccovvieiiievniennn. ... 115

4.3.3 Effect of Metal Branch Size ..o 117

vii



4.3.4 Effect of Dielectric Material ...............c.ccoeiiiiiiiiini ... 118
4.3.5 Effect of Multi-layers ..........cccooiiiiiii i, 120
YU 0] 1 =LY/ PP 222

CHAPTER 5: Noise Suppression in Mixed- Slgnal Systems using Al-EBQr8cture

and Characterization of AI-EBG Structure . P .124
5.1 Mixed-Signal System Simulation ... 125
5.2 Design and Fabrication of Mixed-Signal Systems ................... 127
5.3 NOISE MEASUIEMENIS ... ittt et e et mm e e e e e 129
5.4 Signal Integrity ANAlYSIS ......oue oo 134
5.4.1 Time Domain Waveforms ............cooiiiiiiiiii e 134

5.4.2 Time Domain Reflectometry Measurement ......................... 136

5.5 Field Analysis of AI-EBG Structure ..........cccovvveviiiiiiiiiieiiean, 138
5.5.1 Near Field (NF) Simulation and Measurement ................ 139
5.5.2 Far Field (FF) Simulation and Measurement ......................... 147

5.6 Design Methodology .......cooeiiiiiiici i 152
5.7 SUMMAIY ...ttt i it i e e e e stene e neesne e nmme e 154
CHAPTER 6: Ultra-Wide Band (UWB) Applications of AI-EBG Structures ..... 155
6.1 INtrodUCtiON..... ....ieiiie i e e e e e eenn e 155
6.2 Design of Hybrid AI-EBG Structure for UWB ............................ 157
6.3 Fabrication and Measurement of Hybrid AI-EBG Structure .......161
6.4 Mixed-Signal System Simulation for UWB ......................ceeee.... 164
6.5 Ultimate Isolation from DC to Infinite Frequency ......................... 166
6.6 SUMMANY ...ttt et ee e e e e e e 2., 1068
CHAPTER 7: Conclusions and Future Works .............cccccveviiiiiiiine e .. 169
APPENDIX A: PUBICAIONS ... e e e e e e e 173

APPENDIX B: Awards and U.S. Patents ..........oovvieie i 179

viii



REFERENCES



LIST OF TABLES

Table 1.1 Target impedance tendency and projection based on ITRS 2001

Table 3.1 Cutoff frequencies for the AI-EBG structures in Figure 4.7 ...................
Table 4.1 Material characteristics of three different dielectricmadge................

Table 5.1 Wavelengths for the standing waves using equation (5.2) ..........



LIST OF FIGURES

Page
Figure 1.1 Power distribution network for the typical high-speed digital system ...3.....
Figure 1.2 Equivalent circuit diagram for power distribution network ................. 4...
Figure 1.3 Output impedance for the typical power distribution network ..................... 5

Figure 1.4 Equivalent circuit for the system where the package and printed ciredit boa
(PCB) metal layers add inductance to the power distribution network . 8....

Figure 1.5 Model of the real decoupling capacitor .............cccooe i ii i 10
Figure 1.6 Typical response of a real decoupling capacitor ...................ceeevvveennnn 11
Figure 1.7 Cross section of BaRGapacitor .............covviiiiiiiiiiiiieie e e 12
Figure 1.8 Parallel-plate waveguide .............c.uveie i e e e re e eee e 13
Figure 1.9 Schematic of power/ground planes in package and board ...................... 21
Figure 1.10 Noise coupling in a mixed-signal system .............cooiiiiiiiiiiiinann e, 23
Figure 1.11 Photo of the fabricated splitplanes ............ccccoeiiiiii e, 25
Figure 1.12 Measured,&for the split planes in Figure .10 ............ocoiiviiiiiiinnnnn. 26

Figure 1.13 (a) A ferrite bead between split planes and (b) Photewita bead ...... 27
Figure 1.14 Typical impedance characteristics of a ferrite bead ............................. 28
Figure 1.15 Schematic of power-plane segmentation...............cccooveiiineinnnns 29
Figure 1.16 (a) Schematic of the structure for simulation and (b) Simulatiotsresu?9

Figure 1.17 (a) Cross-section of the mushroom-type EBG structure and (b) Top view of
the mushroom-type EBG Structure ........cccooiiiiii i, 31

Figure 1.18 Origin of capacitance and inductance in mushroom-type EBG struc8fe
Figure 1.19 Parallel LC equivalent circuit for the structure in Figure 1.17 ................ 33

Figure 1.20 Geometrical parameters for the mushroom-type EBG structure .............. 33

Xi



Figure 1.21 Cross-section of the modified mushroom-type EBG structure ................ 34
Figure 1.22 Model for the modified mushroom-type EBG structure ................. 35

Figure 1.23 Effect of via length (t) on S-parameter for the modified mushrqueEG
] 11 [ L1 PP 36

Figure 1.24 (a) Mushroom-type EBG structure for UWB applications and (b)ukéshs
transmission coefficient 69 resultS ..........cooviiiiii i, 38

Figure 1.25 (a) Cross section of the mushroom-type EBG structure with twdrttielec

materials and (b) Measured transmission coefficien) (8sults ............... 39

Figure 2.1 Modeling and simulation methodology for PDN .............ccoiiiiiiiiiinnne. 52
Figure 2.2 (a) Plane pair structure and (b) Unit cell and equwalent CircanmdFE

models) .. P - Lo
Figure 2.3 Equivalent circuit for a pair of power/ground planes ................cccoceevenns 56
Figure 2.4 Test vehicle from Rambus ... e, 59
Figure 2.5 Cross-section of the PCB .......c.viiiiiii i e e e 60
Figure 2.6 Power and signal plane layers of the PCB ..........cooovviiiiii i, 61
Figure 2.7 Locations of C217 and C238 sitesonlayer4 ............ccooeeeiiiiiiiinnnennns 62
Figure 2.8 Model-to-hardware correlation with and without pad parasitics ........63.
Figure 2.9 Modified equivalent network of the power/ground planes ....................... 65

Figure 2.10 Model-to-hardware correlation of transfer impedances betwee&o238r

and port C217 in layer 4 and layer 5inthe PCB .............cooooiiiinn. 68
Figure 2.11 Model of power/ground plane pair with a decoupling capacitor .............. 69
Figure 2.12 Modeling of master and slave islands ................ccoooiiiiiiennn. 70
Figure 2.13 Impedances of master and slaveislands ...............cccccveiiiiii . 72

Figure 2.14 (a)Equivalent circuit for coupling between master and slave istah{s)a
its transfer impedance response between port 2 and port 3....................... 73

Figure 2.15 Comparison between the input Y-parameters and macromodels............... 75

Xii



Figure 2.16 Modeling of power supply noise with differential drivers, trangmisises
and PDN macromodel ... e 76

Figure 2.17 Power supply noise simulation results ...............ccooeiiiiiiieiiiieie e, 77
Figure 3.1 Construction procedures for Brillouin zone (BZ) in reciprocaldattic..... 83

Figure 3.2 Schematic of three-dimensional (3-D) alternating impeadecteomagnetic

bandgap (AI-EBG) SIIUCLUIE ......c.oiui it e 84
Figure 3.3 (a) Schematic of periodic pattern in one of power and ground planes and (b)

o= o o
Figure 3.4 EBG structure with alternating impedance .............ccccoovii i viinen e, 87

Figure 3.5 One-dimensional (1-D) equivalent circuits for 3 parts of Al-EBfBtste ..88

Figure 3.6 Brillouin zone of the AI-EBG structure in Figure 3.3 ..........cccooviinnnnnn. 90
Figure 3.7 Two-dimensional (2-D) unit cell of the AI-EBG structure .............ccccoe..... 92
Figure 3.8 Equivalent TL circuit for the unit cell in Figure 3.7 on y-direction .............. 93
Figure 3.9 Dispersion diagram of the AI-EBG structure using transmisa@néitwork
(TLN) MEthod ... e e 95
Figure 3.10 Arbitrary two port network with its image impedances ........................ 96
Figure 3.11 Equivalent circuit of 1-D AI-EBG Structure ..............c.oevvvveeveenn.... 98

Figure 3.12 Cutoff frequency of the AI-EBG structure in Figure 4P With $;
simulation result in FIQUIre 4.2 ... e 99

Figure 4.1 Equivaler circuit for the unit cell including fringing and gap effects .... 104

Figure 4.2 (a) Schematic of the simulated AI-EBG structack(h) Simulated results of
S-parameters for the AI-EBG structure in (2) ..........coovveveeevevvvenciieneeenn. 106

Figure 4.3 Simulated voltage magnitude distributions on the AI-EBGctate at
different frequenmes (a) At 500 MHz, (b) At 1.5 GHz, (c) At AL and (d)

at7 GHz . e : e . 107
Figure 4.4 Fabrication of AI-EBG structure (a) Cross section of fabriédt&dBG
structure and (b) Photo of fabricated AI-EBG structure........................ 110
Figure 4.5 Measured S-parameters of the AI-EBG structure .............ccooveeiiiiiiiiinnnns 111

Xiii



Figure 4.6 Model-to-hardware correlation for the AI-EBG structure ....................... 112

Figure 4.7 S-parameter measurements: frequency tunability ... 112
Figure 4.8 Effect of metal patch size in AI-EBG structure .........coceee i 115
Figure 4.9 Effect of dielectric constant in AI-EBG structure ................ccooiviiiiinnnes 116
Figure 4.10 Effect of metal branch size in AI-EBG structure ...........cc.cooeeeeee. 118
Figure 4.11 Effect of dielectric material in AI-EBG structure ...............ccoevveeeeee. 119
Figure 4.12 Cross-section of the two plane pair ..o, 120
Figure 4.13 Cross-section of three plane pairs .........coocov i, 121
Figure 4.14 Effect of multi-layers in AI-EBG structure .............coooivviiiiiiieeeeenn, 122

Figure 5.1 Mixed-signal system simulation (a) Schematicimilsted mixed-signal
system (b) Simulation results for mixed-signal systemh waitd without the

AI-FEBG SIUCIUIe ... ees 126
Figure 5.2 Cross-section of the fabricated mixed-signal systems ................... 128
Figure 5.3 Photo of the mixed-signal system containing the AI-EBG structure ........... 128
Figure 5.4 Simulated S-parameters for the AI-EBG based PDN................cccceeeennn. 129
Figure 5.5 Measurement set-up for noise measurements .................. ccceeemmr. 130

Figure 5.6 Measured output spectrum of the LNA (a) When the FBGAmpletely
switched off and (b) When the FPGA is switched on ...............cccooeeein. 131

Figure 5.7 Measured™harmonic noise peaks at 2.1 GHz for the test vehicle with and
without the AI-EBG SITUCIUIE .........ooniit et 132

Figure 5.8 Measured LNA output spectrum for the test vehidiisamd without the Al-

EBG SIUCIUIE ... e e e e e e 133
Figure 5.9 Waveform measurement at two locations on the mixed-signal board ........ 135
Figure 5.10 Measured waveforms at two different locations .........................o.... 135

Figure 5.11 Measured characteristic impedance profile of the first issismline over
AI-EBG structure in the mixed-signal system (a) Characterisgpetdance
profile of the first transmission line over AI-EBG structure and (b) Maeghifi

Xiv



characteristic impedance profile of the first transmission line ové&BG-
] L0 [o3 (U] PP 137

Figure 5.12 Cross section of the three test vehicle (a) Test vehicle 1 is atnipidires on
a solid plane, (b) Test vehicle 2 is a microstrip line on an AI-EBG structure,
and (c) Test vehicle 3 is a microstrip line on an embedded AI-EBG structure
............................................................................................................... 140

Figure 5.13 Top view of the test vehicles ..., 141

Figure 5.14 Standing wave patterns on reference plane of theeteiste 1 (a) T
resonance pattern at 800 MHz, (lﬂ? fesonance pattern at 1.6 GHz, and (c)
3 resonance pattern at 2.4 GHZ .......cooiiiiii 142

Figure 5.15 S-parameter simulation results of the microstrip line .................. 142

Figure 5.16 Current density simulation results for test vehicle 1 (a) Curresitydat 300
MHz and (b) Current density at 2.7 GHz ..., 143

Figure 5.17 Current density simulation results for test vehicle 2 (a) Curmesitydat 300
MHz and (b) Current density at 2.7 GHZ ..., 144

Figure 5.18 Current density simulation results for test vehicle 3 (a) Curresitydat 300
MHz and (b) Current density at 2.7 GHzZ ..........ccooiiiiii i, 144

Figure 5.19 Schematic of y component of the magnetic field at 12afowe the
MICTOSEIIP lINE ..\ e e e neenn, 145

Figure 5.20 Near field measurement results for the test vehicle 1 (apiMafield
intensity at 300 MHz and (b) Magnetic field intensity at 2.7 GHz..... 146

Figure 5.21 Near field measurement results for the test vehicle 2 (apimatgd

intensity at 300 MHz and (b) Magnetic field intensity at 2.7 GHz ............ 146
Figure 5.22 Near field measurement results for the test vehicle 3 (apiMafield

intensity at 300 MHz and (b) Magnetic field intensity at 2.7 GHz ............. 147
Figure 5.23 Far field simulation Set-Up ........c.cooiiiiiii e e e, 148

Figure 5.24 Far field simulation results (a) Test vehicle 1 (a solid plaaeehsrence
plane), (b) Test vehicle 2 (an AI-EBG plane as a reference plane), ares{c) T
vehicle 3 (a solid plane in an embedded AI-EBG structure as a reference
PIANE) . 148

Figure 5.25 Far field measurement set-up and results (a) Measuretngnfaefar field
measurement and (b) Far field measurement results ..................c.ceunnen. 151

XV



Figure 5.26 Plane stack-up for avoiding possible problems related to signatyraadr

Bl 152
Figure 5.27 Plane stack-up for multilayer structure for avoiding possible protséatex
to signal integrity and EMI ... 153
Figure 6.1 Ultra wide band (UWB) transceiver architecture ....................cccoveveeee. 156
Figure 6.2 Schematic of simulated novel hybrid AI-EBG structure and sirdukedalts
of S-parameters for the novel hybrid AI-EBG structure ..............cccoeeeeeeeeee. 158
Figure 6.3 Compact hybrid AI-EBG structure for UWB applications .................... 159

Figure 6.4 Simulated results of S-paramters for the hybrld Al- EBGtBtm(a) From
DC to 11 GHz and (b) From 3 GHz to 11 GHz . N 16 10)

Figure 6.5 Photographs of the fabricated hybrid AI-EBG structures andrtbagured S-
parameter reSUILS .........c.oiiii i e e e e e eeeeeeen, 162

Figure 6.6 Photograph of the compact hybrid AI-EBG structure and its measured S-

parameter reSUILS ..o e e e 164
Figure 6.7 Mixed-signal system simulation results for UWB application ................ 165
Figure 6.8 Photography of novel structure for ultimate isolation .......................... 167
Figure 6.9 Measured S-parameter results for the structure in Figure 6.8 ................. 167

XVi



SUMMARY

With the evolution of technologies, mixed-signal system integrasidiecoming
necessary for combining heterogeneous functions such as high-speessprecradio
frequency (RF) circuits, memory, microelectromechanicaksysttMEMS), sensors, and
optoelectronic devices. This kind of integration is required for conmergerosystems
that support communication and computing capabilities in a tightlgrated module. A
major bottleneck with such heterogeneous integration is the noise gpbpliween the
dissimilar blocks constituting the system. The noise generatekeblyigh-speed digital
circuits can couple through the power distribution network (PDN) andnthise can
transfer to sensitive RF circuits, completely destroying filnectionality of noise-
sensitive RF circuits.

One common method used for mixed-signal integration in the packagétiag
the power and/or ground planes. The gap in the power and ground planestiediy par
block the propagation of electromagnetic waves. However, elearetia energy can
still couple through the split, especially at frequencies greain 1 GHzThe AI-EBG
structure in this dissertation has been developed to suppress unwanéedonpisng in
mixed-signal systems and this Al- EBG structure showslkent isolation (-80 dB ~
-140 dB), which results in a noise coupling-free environment in mixedisgystems.
The AI-EBG structure would be part of the power distribution netWiBEN) in systems
and is expected to have a significant impact on noise suppresgldsolation in mixed-

signal systems in the future.
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CHAPTER 1

INTRODUCTION

The integration of wireless technologies in handsets and mobile campsite
forcing the integration of high-speed digital circuits with analog and ragliuéncy (RF)
circuits. When the output drivers or internal logic circuits ahigroprocessor switch
simultaneously, the power supply noise generated from the noisyl digdaits can
deteriorate the performance of sensitive RF/analog circuitétdREend circuits like low
noise amplifiers (LNAS) need to detect low-power signals, aacg@remely sensitive in
nature. A large noise spike in or close to the operating frequenclydiahe device can
de-sensitize the circuit, destroying its functionality. To prevent #tlisadio architectures
include filters and other narrow band circuits, which prevent thes nnishe incoming
spectrum from reaching the LNA. However, there are no sydiemmeans for filtering
noise from other sources — for example, noise can couple through the raawand
appear at the output of the LNA, where it can degrade theorpwhce of the
downstream circuits. Thus, an efficient noise suppression techniquequged for
isolating sensitive RF/analog circuits from noisy digital circuits.

The sensitivity of RF/analog circuits to power supply noise hasltees in
difficulties for integration of digital and RF/analog subsyste@se common method
used for mixed-signal integration in the package is splitting theep@nd/or ground
planes [1]. The gap in the power and ground planes can partially blopkoiegation of

electromagnetic waves. For this reason, split planes are usisalllyto isolate sensitive



RF/analog circuits from noisy digital circuits. However, gl@magnetic energy can still
couple through the split [10], especially at frequencies grélaéer 1 GHz. Hence, this
method only provides marginal isolation (-20 dB ~ -60 dB) at freqasratiove ~ 1 GHz
and becomes ineffective as system operating frequency incréasdser, as systems
become more and more compact, use of multiple power supplies becqeasiea. The
use of ferrite beads across the split can result in a common papg@ly; however, since
ferrite beads resonate above 200 MHz, the coupling between &phidgsincreases at
higher frequencies. The power segmentation method was proposedyrecéhd], [14]
but this method only provides good isolation at high frequencies overaviaequency
band and since this narrow frequency band is fixed by the sitleeo$tructure, this
frequency band is not tunable. Hence, the development of noise isolatbods is
required for enabling integration of mixed-signal systems.

The focus of this dissertation is on noise suppression and isolationx@d-mi
signal systems using a novel electromagnetic bandgap (EB@)use called alternating
impedance EBG (AI-EBG) structure. The AI-EBG structure in tissertation has been
developed to suppress unwanted noise coupling in mixed-signal systentsisaAd-
EBG structure shows excellent isolation (-80 dB ~ -140 dB), wheshilts in a noise
coupling-free environment in mixed-signal systems. The Al-EB@&&ire would be part
of the power distribution network (PDN) in systems and is expeotbdve a significant

impact on noise suppression and isolation in future mixed-signal systems.



1.1 Power distribution network (PDN)

A power distribution network (PDN) is used to deliver power to ¢ogec and
I/O circuits in any semiconductor system. The PDN for the &ypngh-speed digital
system is shown in Figure 1.1 and consists of power and ground planes inrithe boa
power and ground planes in the package, a switching regulator, and decoupling
capacitors. The PDN supplies drivers (switching circuits) teaterate signals and
receivers that receive the signals, with voltage and cutoeiinction. With advances in
silicon technology, power supply voltage has reduced according todlegsailes while
the amount of power required has increased with every computer gemefat a result,
the current delivery requirement for the power distribution netwoskii@aeased greatly
and the tolerance for the power supply noise has decreased.bedrasecognized that
the power supply noise induced by large numbers of simultaneousfisgitrcuits in

the power distribution network can limit their performance [1]-[5].

heat-spreader or — e ol
fan atachment = H-ﬁ[electfu‘zlﬁfiﬁsj
lo Mippad-chip I:IIE'\H |'I --.;_H_R
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GMD

= switching
iransisiors

regulator 1C

Figure 1.1 Power distribution network for the typical high-speed digital sydtem [



Figure 1.2 shows the electrical equivalent circuit of the PDNgchviwan be
mapped from the mechanical structure of the system in Figurgl]l.Eor a superior
design of the power distribution network, the impedance of the power/grounéspla
should be designed to be as low as possible over the entire bandivdéhsignal [8].
As a result, the frequency-dependent driving point impedance f(#)eoPDN at the
circuit terminals shown in Figure 1.2 should be kept very small cadpty the

impedance of the circuit load of each chip to avoid large voltage drops in the PDN.

Board
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1 ]
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Figure 1.2 Equivalent circuit diagram for power distribution network [1].

A typical output impedance plot for the PDN looking back from ihzuit loads
is shown in Figure 1.3 [1]. At low frequencies, a power distribution n&taots as a
capacitor. In the mid-frequency range, a good network should behavé&asmission
line with very low characteristic impedance, with the latiemg orders of magnitude
lower than the impedance of the circuit load. As the frequencgases beyond the mid-
frequency range, the network has an inductive behavior with multgdenant

frequencies.
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Figure 1.3 Output impedance for the typical power distribution network [1].

Since the fast switching speed of the digital circuits resoltsudden current
demand, noise generated can degrade system performance [1]-[6forAssmace of this
noise can be attributed to the power distribution network (PDN) ofp#ukage and
board. For future high-speed digital systems, one method to suppresssroiskesign
the PDN by identifying a target impedance [8], which has to be awer a broad
frequency range. Based on the allowed ripple on the power suppy ttaél target

impedance for the PDN can be computed as

V,” 005

Z gt = | (1.1)

where Vyq is @ power supply voltage, is the current, 0.05 is the 5 % ripple voltage
allowed. Using the above equation, the target impedance for varioas cams be
computed as in Table 1.1. For example, in 2005, a target impedance of /48 m
required using (1.1). Based on the International Technology Roadmap for
Semiconductors (ITRS) voltage and power projections, the target imgeaaxpected

to reduce by a factor of 2 per computer generation, with attemgedance requirement

of 0.06 nWin the year 2016. This is 16 times lower than the 0.98raquired in 2001.



Since transient currents cause voltage fluctuations, a high-spgiéal dystem has to
meet the target impedance over a broad bandwidth (at least {@ta B GHz in 2005).
In addition to suppressing noise by maintaining a small self-impedansmall target
transfer impedance is also required between the processor anesaositive areas of the
system.

Several major components are currently used to meet the tangedance over
the wide frequency range. The voltage regulator module (VRMjastize up to about 1
kHz. Bulk capacitors supply current and maintain a low PDN impedamceX kHz to 1

GHz. High frequency ceramic capacitors maintain the PDN impedanoelfidHz to 1

Table 1.1 Target impedance tendency and projection based on ITRS 2001

Year Power (W) vdd (V) Current (A FrequengyZiarge: (MW)
(MH2z)
1991 5 5 1 16 500
1996 25 2.6 10 300 27
2001 130 11 118 1700 0.93
2003 150 1.0 150 3090 0.67
2005 170 0.9 189 5170 0.48
2007 190 0.7 271 6740 0.26
2010 218 0.6 363 12000 0.17
2013 251 0.5 502 19000 0.1
2016 288 0.4 720 29000 0.06




GHz [74]. Electromagnetic bandgap (EBG) structures have beenssegdge meet the

target impedance goals over 1 GHz [26].

1.2 Simultaneous Switching Noise (SSN)

Simultaneous switching noise (SSN) refers to a noise fluctuatigal@age glitch
generated in a digital system due to rapid changes in current causeddmngpof many
circuits in the system at the same time [32]. SSN is @Bared to as “delta-1” noise
because of its direct dependence on the rate of change of currertedr“gaound
bounce” since the voltage glitch corresponds to an effective charige pbwer supply
voltage and therefore can be seen as a shift in the intemaldyreference voltage level.
With recent advances in CMOS technology resulting in a falseice switching speed
and higher package density, simultaneous switching noise (8f8hged by a large
number of internal and external switching circuits has becomgi@akrissue in high-
speed digital systems. SSN is mainly caused by inductance PDiNeassociated with
the board, package, and chip. Figure 1.4 shows an equivalent cirdbi¢ feystem where
the package and printed circuit board (PCB) metal layers raticttance to the power
distribution network [2]. In this system, the voltage and currenheécchip are supplied
from a power supply on the motherboard through the metal layers gratkhage and
PCB. The local supply on the chip acts as a non-ideal supply, dyirbadause the route
taken by the power supply current through the board, package, and chip iesr@uc
series inductanck into the system. There is a serious side effect of seriestarsgcin
the power supply circuitry. Whenever the power supply current changhs presence

of series inductance, the locdjq level will drop since the current flowing through an



inductor cannot change instantaneously. Consequently, the transient supgiytsc
flowing through these interconnections cause voltage fluctuations goother supply

rails of the chip. This voltage fluctuation, which is referred to as SSN, is given by:

di

DV, = NL a (1.2)

where N is the number of simultaneously switching driveltgiy is the effective
inductance of the power distribution network, adid dt is the current slew rate of a
single driver.

It is important to note that the effective inductance can beek&nly for a loop

of current. As shown in (1.2), the SSN is directly proportional to the current slewmdate a
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Figure 1.4 Equivalent circuit for the system where the packaderanted circuit board
(PCB) metal layers add inductance to the power distribution network [2].

the effective inductance. As a result, controlling the total &tbwystem noise requires

controlling either the driver’'s slew rate or the effective indnce. However, the control



of the driver’s slew rate requiring driver slowdown is notcaige because it adds delay
to the driver output and can ultimately increase the machine tywe Hence, reducing
the effective inductance is the proper solution. In the next sectiaditidnal and

advanced methods using decoupling capacitors to mitigate SSN are discussed.

1.3 Discrete and Embedded Decoupling Capacitors

A traditional method to suppress SSN is through decoupling capacitofgeon t
board, package, and chip. Decoupling capacitors are connected between ¢hampbw
the ground planes in order to lower the impedance of the powabuiigin network as
well as supply current bursts for fast switching circuits [70]-[72].

To support the peak current needs of fast switching circuits, decouplagitors
accumulate charge over the clock cycle, and then rapidly dischargeg diast
transitions. Power supplies cannot fulfill this role since voltagelators respond too
slowly and since the regulators are typically too far aw@gcoupling capacitors provide
fast switching drivers with extra current required to chahgel®ad capacitor instead of
the power supply. As a result, the power supply noise is reduced temdaductive
effect in the loop current path is decreased by the decoupling capacitors.

The decoupling capacitors are expected to behave as a shoitt loetween the
power/ground planes at high frequencies. However, it has been fountidehgarasitic
inductance of the leads and mounting pads of the decoupling capatitorgly limits
their power supply noise mitigation ability [26]. In fact, the decmgptapacitor behaves
as a series RLC resonant circuit, which becomes close to acsicait only around its

self-resonant frequency. As a result, the decoupling capamtorbe represented as a



series RLC circuit, as shown in Figure 1.5, and the impedance ofleébeupling

capacitor can be represented by the following equation:

Z = RESR + jM/LESL +

real _ decap

e (1.3)

whereZeea_decap IS the impedance of real decoupling capaciigy is the equivalent
series resistance (ESR),gg Is the equivalent series inductance (ESL), C is the

capacitance, angy=2 f is the angular frequency.

c Les, Resr

Figure 1.5 Model of the real decoupling capacitor.

The self-resonant frequency of the real decoupling capacitor is given by

1

SRF _ZU—LESLC (1.4)

f

at which the reactive impedances are cancelled and the impeodfatioe decoupling
capacitor has a magnitudeRysg, which is the minimum magnitude of the impedance,
as shown in Figure 1.6.

Due to this kind of characteristic of the decoupling capacitors reliftekinds of
decoupling capacitors should be used over the wide frequency range, dgpamdhe

package structure. Based on the resonant frequency, the decouplingocsait be

10



categorized into low-frequency, mid-frequency, and high-frequency iteqsacand

incorporated at appropriate places throughout the system, as shown in Figure 1.1, for

£

real _cap |

(@)

Reg f———————— /

Frequency (HZ)

Figure 1.6 Typical response of a decoupling capacitor.

filtering the frequency components of current changes caused by sixtighing.

Typically, low-frequency and mid-frequency decoupling capacitcgsnasunted
on the package and board, and high-frequency decoupling capacitofs>foGHz are
buried in the chip as trench capacitors. However, it should be noted thatlmost
impossible to lower the impedance of the PDN at frequenciegegrihan 1 GHz using
decoupling capacitors since the parasitic inductance of the decouplpagitor is
dominant at high frequencies.

In general, the decoupling capacitors can be either discretmlmedeled. The
decoupling capacitors mentioned above are discrete decoupling capaditoe
embedded capacitors provide better high-frequency performance teecéave less
parasitic inductance but cannot suppress the intrinsic modes of thdelgaate
waveguide, which will be discussed in the next section. Another disadeantf the

embedded capacitors is that the process for the embedded capsaaitmirstandardized
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and therefore the process can be a high-cost process. For ex&igpte 1.7 shows the
cross section of Barium Titanate (Bag)@apacitor that was developed at the Packaging
Research Center (PRC) at Georgia Tech. This embedded capastéabricated using a
hydrothermal process. In this process, nanograined ultra thin tngs@arium Titanate
thin films were synthesized on laminated copper foils using thetsivlow temperature

(< 100 °C) hydrothermal process. Hydrothermal synthesis of Balmolves treating
Ti-coated copper clad laminates with Ba2+ ions in highly alkalhgisn at 95°C. With

this method high k thin films can be integrated into organic paskageng standard

printed wiring board processes such as lamination and lithography [73].

‘ Copper 2 im

s —| | Titanium 500um

300am
Copper 12 wm

Figure 1.7 Cross section of Bahi@apacitor [73].

1.4 Power/Ground Planes

The power/ground plane pair in a power distribution network behaves like a
parallel-plate waveguide at high frequencies. A time-varyingeatirflowing through
vias in the PDN due to switching of the digital circuit caudes éxcitation of
electromagnetic (EM) waves, which propagates between power and graned in the

package and board. These waves reflect from the edges in the pdvieutche network

12



of the package and board and cause resonances over the frequeacwhactyincreases
the impedance magnitude of PDN at certain resonant frequerdasce, it is important
to analyze the power/ground plane pair as a parallel-plate waveglieparallel-plate
waveguide can support transverse electromagnetic (TEM), traaswegnetic (TM),
and transverse electric (TE) waves, in addition to cavity resonator modes.

Consider a parallel-plate waveguide consisting of two perfeotigucting plates
separated by a dielectric material as shown in Figurel.8. Thendiams in the x and z
directions are assumed to be much larger than the dieldutinéss d, which makes

fringing fields on the edges of the structure and any variation in the x directi@cteeg

A\

Heule
i

z

Figure 1.8 Parallel-plate waveguide.

1.4.1 Transverse Electromagnetic (TEM) Waves

Transverse electromagnetic (TEM) waves represent wavesich electric and
magnetic fields are perpendicular to each other and both asvérae to the direction of

wave propagation. For example, if propagation in the z direction, TEMsvare waves

13



that contain neitheE, nor H, wherekE; is the electric field component in the z direction
andH; is the magnetic field component in the z direction. The TEMewsnlution can
be obtained by solving Laplace’s equation for the electrostatic EtEn€x, y) between
the two conducting plates:
N2F (x,y) =0, for0 x wandO y d (1.5)
Assuming that the upper conducting plate has a potantiaind lower conducting plate
has a potential zero, we get
F(x,d)=V,, (1.6)
F (x,0) = 0. (1.7)
Since we assume that there is no variation in x direction, the general solution t@(1.5) f
F (xy)is
F(x,y)=A +A)y, (1.8)
whereA; andA; are unknown constants.

Using the boundary conditions in (1.6) and (1.7), we have

V
F(x,y) = ddd y. (1.9)
The transverse electric field is then obtained as
- — K - jkz — Vdd - jkz u
E(x,y,2) =-NF(x,y)e™ = - o ° =y, (1.10)

where k = wy/ me is the propagation constant of the TEM wave.

Then, magnetic field can be calculated as

i _10, - _Vdd -ikZU
H(x,y,Z)—;z E(x,y,Z)—He X, (1.11)
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whereh :\/27 Is intrinsic impedance of the dielectric material between two conducting
e

plates.

The voltageV between the two conducting plates can be obtained as

_ vy _ - jkz

y:

dd - jkz
—e

where E, =-

The total current flowing on the upper conducting plate can be calculated as

x=w - U X=w
| = . Jsxax=

X=

= - - v WV i
Ly H)Xﬁx=ﬁe ke, (1.13)

where J_S =- y H is surface current density on the upper conducting plate.

Hence, the characteristic impedance of the parallel-plate wavegudesn by

/Z =

0

V.o hd 1.14
It should be noted that the characteristic impedance of the patalie waveguide

depends only on the material parameters and the geometry of the waveguide.

1.4.2 Transverse Magnetic (TM) Waves

Transverse magnetic (TM) waves represent waves that doameta component
of the magnetic field in the direction of wave propagation. For pl@nfor propagation

along the z direction, TM waves are waves that contain noizdrotH, = 0.

The Helmholtz equation or wave equation foiis given as:

15



NZ2E + w* m& =0, (1.15)

wheremis the permeability of the medium amds the permittivity of the medium.

For E; the Helmholtz equation can be written as

S S

(ﬂXZ ﬂyZ ﬂZZ

+k*)E, =0, (1.16)

Wherek:W\/ﬁeis the propagation constant of the medium.

Since E,(X,y,2z) =e,(X,y)e ', equation (1.16) can be reduced to a two-
dimensional wave equation fey as:

1, 1
ﬂXZ ﬂyZ

( +kl)e,(x,y) =0, (1.17)

wherek? =k*- b°.
Since the dimension in the x direction is assumed to be much thegethe dielectric

thickness d, making any variation in the x direction neglegible%e 0), equation

(2.17) becomes

(1f—y2+ k?)e, (x,y) =0 (1.18)

The general solution to equation (1.18) is of tleWving form
e, (X, y) = A sink y+A, cosk_y. (1.19)
Applying the boundary conditions that (x,y) should be zero gt= 0 and d, we obtain

np

,AO0andk, = —=, n=0,1,2... (1.20)

Hence, the electric field in the z direction canNséten as
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E,(X,y,2) = A, sin %e' . (1.21)

The transverse field components can be derivedliasvk:

g o weTE, _jwe\ oy,

S Y d 22
H, =- ichie “ﬂEXz =0, (1)23
e (1.24)

E =- IbYE, _ iPA, cos?¥ g 12, (1.25)

ok Ty k d

c

Forn = 0,E,= 0 and 6 =k = my/me, which means that Thmode is identical to the TEM

mode for the parallel-plate waveguide. ot 1, each n corresponds to a different,TM
mode with its propagation constant given by
—_ 2 2 2 np ’
b=Jk?-k?=_|k?- o (1.26)
For a TM wave to propagate, its propagation constaould be real, which requires that
the wave numberk, be larger than the cut-off wave numbky, Thus, the cut-off

frequency for the TMmode can be defined as

(1.27)

k n
f=—o—= .
© 2p/me 2dme

1
Hence, the lowest TM mode is Thode with a cut-off frequency of. = All
2d4/ me

higher order modes have cut-off frequencies equalultiples of this cut-off frequency.

The wave impedance of the TM modes is given by

17



E, b bh w ’
=1 =—_=—"=hH1- —= .
“r H we Kk w (1.28)

It is important to note that wave impedances areelgureal forf > f. but purely
imaginary forf <f.. The phase velocity can be written as

Vp :%:;2_ (129)
w
1_ [

w

It should be noted that the phase velocity is ation of frequency. The group velocity is
given by

2
w,

v, :d_W:C 1- <

d w

(1.30)

1.4.3 Transverse Electric (TE) Waves

Transverse electric (TE) waves represent waveasdihaot have a component of the
electric field in the direction of propagation. Feetample, for a wave propagating in the z
direction, TE waves contain nonzeig butE, = 0.

The Helmholtz equation or wave equation foris given as:

N2 H+w? meH = 0. (1.31)
ForH, the Helmholtz equation can be written as
2 2 2
1 T~ .1

( +
ﬂXZ ﬂ'yZ ﬂZZ

+k*)H, =0, (1.32)

where k = w,/ me is the propagation constant of the medium.
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Since H,(x,Y,2) =h,(x y)e''”, equation (1.16) can be reduced to a two-dimensional
wave equation foi;:
7 1

+
ﬂXZ ﬂyZ

( +k2)h,(x,y) =0, (1.33)

wherek? =k* - b°.
Since the dimension in the x direction is assuneedet much larger than the dielectric

l

thickness d, making any variation in the x directioeglegible (i.e.ﬂ—X:O), equation
(1.17) becomes
1‘[2
+k?)h (x,y) =0.
(ﬂyz h,(xy) (1.34)
The general solution to equation (1.18) is of tlWing form:
The electric field componeri,, can be calculated as
jwmiH, jwim , y
E(uy) =gt = T A coky- Asink e (1.36)

Applying the boundary conditions th& should be zero at= 0 and d, we obtain
,A0 andk, :%, n=1,2.. (1.37)

Hence, the magnetic field in the z direction camibiéen as

n T
H,(x,y,2) = A, COSpre o (1.38)

The transverse field components can be derivedliasvk:

__ bW, _

g k? qx

0, (1.39)
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_ b TH, _JbA . npy _,
H — zZ — n ]
_ jwmIH, _ jwnA, . npy .,
E =- z = sin e'”,
< K2 1y . d (12.41)
_ jwmiH, _
=- z =0,
y K2 fix (1.42)

The propagation constant of the,lil&ode is given by

b=k - K7 = [k*- % . (1.43)

It should be noted that the propagation constatiteflE, mode is the same as that of the

TM, mode. The cut-off frequency for the JBode can be defined as

k n
fo=—"7—= : 1.44
e 20yme (1.44)
. . 1
Hence, the lowest TE mode is the;Tiibde with a cut-off frequency of. = rd e

All higher modes have cut-off frequencies equahtdtiples of this cut-off frequency.

The wave impedance of the TE modes is given by

= (1.45)

1.4.4 Cavity Resonator Modes

Power/ground planes represent large metal laygaraed by a small dielectric
distance, as shown in Figure 1.9. Due to the sufialectric distance, power/ground

planes in the package and PCB are capacitive afreyuencies and are therefore ideal
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for supplying power to the integrated circuits. Howewsith increaseing frequency,

planes become inductive and resonate at distegfeencies [1]. Conventional power

V.

Figure 1.9 Schematic of power/ground planes in @gelkand board.

Hale
m

and ground planes have a dielectric thickness s than 100 mils and the dielectric
thickness is becoming thinner with advances inneldgy. The lowest TM and TE
modes for the parallel-plate waveguide have cufreffuencies in the order of hundreds
of gigahertz, which implies TM and TE modes of gaeallel-plate waveguide are not a
major concern for the systems operating at 10 Ghtk leelow. For example, TMand
TE; modes for the power/ground planes with a dieledtrickness of 4.5 mils occur at
618 GHz by equations (1.27) and (1.44). Thereftire,only modes of concerns are the
TEM modes of the parallel-plate waveguide and gadsonator modes due to the finite
size of the power/ground planes [77]. For the modegved for the parallel-plate
waveguide in previous sections, it was assumedtiteatonducting planes have infinite
length in the x and z directions. However, real poand ground planes have finite size
of width and length, which means that waves propagato the edges of the

power/ground planes have to be reflected back art.fThese reflections combine to
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produce a cavity resonator mode at certain fregasn@he rectangular cavity resonator

modes occur at the following frequencies [30]:

P S, )
cavity 20\/% a b

where mis the permeability of a dielectric materiajs the permittivity of a dielectric

2 pp 2
+ a (1.46)

material, andn, n, andp are mode numbers equal to 0, 1, 2, ... , exceptathigiast one

of the mode numbers must be nonzero. The paransgterandd are the dimensions in
Figure 1.9. In practical power/ground planes, theedtric thicknessl is much smaller
than the width &) and the lengthh), which means the standing wave patterns along
dimensiond will be at frequencies that are ten to hundredimies larger than the
resonant frequencies of waves along the width @mgjth of power/ground planes.
Hence, the cavity resonant frequencies in equaflofs6) for practical power/ground

planes can be obtained wiph= 0 and written as:

2 2
me L, e (1.47)

_ 1
cavity 2p /_me\/ a b

f

1.5 Noise Coupling in Mixed-Signal System

With the evolution of technologies, mixed-signastgyn integration is becoming
necessary for combining heterogeneous functionk aschigh-speed processors, radio
frequency (RF) circuits, memory, microelectromectasystems (MEMS), sensors, and
optoelectronic devices. This kind of integratiorreguired for convergent microsystems

that support communication and computing capaddlitn a tightly integrated module. A
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major bottleneck with such heterogeneous integnasathe noise coupling between the
dissimilar blocks constituting the system [9]. Theise generated by the high-speed
digital circuits can couple through the power dittion network (PDN) and this noise
can transfer to sensitive RF circuits, completedgtibying the functionality of noise-
sensitive RF circuits. Figure 1.10 shows the noteeipling mechanism due to
electromagnetic (EM) waves in a mixed-signal syst€he time-varying current flowing
through a via due to switching of the digital citsucan cause the excitation of EM

waves.

Digital circuit

E}\ —S‘g”a' — RF

Load circuit

GND ___| } )

layer
Current T Via EM wave Via

Noise coupling through PDN

Figure 1.10 Noise coupling in a mixed-signal system

Since a power/ground plane pair used to supply poavéhe switching circuits behaves
like a parallel-plate waveguide at high frequencjd6], the EM wave propagates

between the power/ground plane pair and coupléset&F circuit, causing failure of the
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RF circuit. To prevent this noise couplirigaditional isolation techniques have used split
planes with multiple power supplies [10], split s and ferrite beads with a single
power supply [12] and power-plane segmentation,[[i3]]. All these methods have two
fundamental problems namely, a) they provide peofation in the -20 dB to -60 dB
range [10] above 1 GHz and b) they provide narreamdb capability. Hence, the
development of better noise isolation methods fer integration of digital and RF
functions is necessary. One method for achievimgp $olation over broad frequency
range is through the use of electromagnetic bapd(§8G) structures. EBG structures
are periodic structures that suppress wave projpaget certain frequency bands while
allowing it in others. For power delivery networlEBG structures can be constructed by
patterning the ground plane. In this dissertat@movel EBG structure based on the

alternating impedance (Al-EBG) concept is discudsedse in power delivery networks.

1.6 Current Isolation Methods

Decoupling capacitors are usually used to supmiessltaneous switching noise
in digital systems. However, the decoupling cajpasitare not good enough for noise
suppression and isolation in mixed-signal systeimsesnoise-sensitive RF circuits exist
in the systems. Currently, there are three metfmrdsolating sensitive RF circuits from
noisy digital circuits in mixed-signal systems:isplanes [10], split planes with ferrite
beads [12], and power-plane segmentation [13],. [E4Eh of these methods is described

in detail.
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1.6.1 Split Planes

One typical approach to isolate the sensitive Ritancircuits from the noisy
digital circuits is to split the power plane or bgiower and ground planes [10]. The gap
in power plane or ground plane can partially blole& propagation of electromagnetic
waves. For this reason, split planes are usuaélgl tis isolate sensitive RF/analog circuits
from noisy digital circuits. Although split planesan block the propagation of
electromagnetic waves, part of the electromagresiergy can still couple through the
gap [10]. Hence, this method only provides a maaigsolation (-20 dB ~ -60 dB) at high
frequencies (usually above ~ 1 GHz) and could eraaterious problem as the sensitivity
of RF circuits increases and the operating frequerfiche system increases. Generally,
split planes provide good isolation (-70 dB ~ -&) dt low frequencies (usually below ~
1 GHz) but show poor isolation (-20 dB ~ -60 dB)hagh frequencies because of
electromagnetic coupling. In addition to this, sgllanes sometimes require separate

power supplies to maintain the same DC lewdijch is not cost effective.

93 cm

4
 J

— 41lcm —

!

Gap

Figure 1.11 Photo of the fabricated split planes.
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Figure 1.12 Measured transmission coefficient (3@djhe split planes in Figure 1.
Some cavity resonator modes are shown by equdti@f)(

Figurel.11 shows a fabricated structure contaisiplg planes. The size of the
structure is 9.3 cm x 4.1 cm and port 1 and p@te?located around at the edges. Figure
1.12 shows the measured transmission coefficien} (®tween port 1 and port 2. It is
clear that split planes show good isolation up ©GHz but show poor isolation at high
frequencies (over 1 GHz). It is observed in Figlr®E2 that there are many resonance
peaks above 1 GHz as a result of EM coupling thnotigg gap. This measurement
proves that electromagnetic energy can still Bouprough the split, especially at
frequencies greater than 1 GHz. Hence, this methiolg provides marginal isolation (-
20 dB ~ -60 dB) at frequencies above ~1.5 GHz, laecbmes ineffective as system
operating frequency increases. The resonance peakgyure 1.12 can be calculated

using (1.47) and some cavity resonance modes avensim Figure 1.12.
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1.6.2 Split Planes with Ferrite Beads

Since split planes require multiple power suppleesiaintain the same DC level,
if that system requires the same DC level, theaisplit planes is not cost effective. So,
for a system that requires the same DC level, @ddoead is placed between the split
planes, as shown in Figure 1.13 (a). A ferrite bisad dowel-like device which has a
center holes and is composed of ferromagnetic mht&igure 1.13 (b) shows a ferrite
bead. When placed onto a current carrying condutiets as an RF choke. It offers a
convenient, inexpensive, yet a very effective medRRF shielding, parasitic suppression
and RF decoupling. The simple equivalent circurtdderrite bead is a single inductor.

Since an inductor is a shorted circuit ati® a ferrite bead can provide a DC path

e s
r

T_ Split planes _T

(@) (b)

Figure 1.13 (a) A ferrite bead between split plases (b) Photo of gerrite bead [75].

for the split planes. Hence, a single power sujgply be used for the split planes with a
ferrite bead.However, a real ferrite bead does not behave likedaal inductor. Figure

14 shows typical impedance characteristic overdevitequency range. The impedance
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of the ferrite bead starts to drop around 200 MMzich makes isolation worse after 200

MHz. Hence, this method also cannot provide goothi®n at the high frequencies.

200 ! H
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Figure 1.14 Typical impedance characteristics fefrate bead [75].

1.6.3 Power-plane segmentation method

A power-plane segmentation method was recentlyrtegan [13], [14]. In this
method, split planes are connected through a natoowlucting neck. Figure 1.15 shows
the schematic of power-plane segmentation. Thisioaeprovides good isolation (-50 dB
~ -80 dB) in a narrow high-frequency range (frequyerange: 300 MHz ~ 700 MHz).
But this narrow high-frequency range is not coratale since the size of the split planes
determines this high-frequency range. For examplstructure with the power-plane
segmentation in Figure 1.16 (a) was simulatedhis tase, the size of the split power
planes was 4.9 cm x 5.5 cm, the size of the grqulade was 10 cm x 5.5 cm, and the
size of the narrow conducting neck was 0.2 cm xddb The transmission coefficient

(S21) between two ports in Figure 1.16 (a) is shownFigure 1.16 (b). Hence, this
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method is not appropriate for wide-band applicaiand is not good enough for mixed-

signal system applications that require a highaatson level.

Conducting neck

Power
plane

Dielectnic layer ——»

T

Ground plane

Figure 1.15 Schematic of power-plane segmentation.
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Figure 1.16 (a) Schematic of the structure for $athen and (b) Simulation results.
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1.7 Electromagnetic Bandgap (EBG) Structure

Electromagnetic bandgap (EBG) structures have bequopular because of their
ability for suppressing unwanted electromagnetiadeneransmission and radiation in
microwave and millimeter waves [15]-[17]. The EBtaustures are periodic structures in
which the propagation of electromagnetic wave®ibiflden in certain frequency bands.
In these EBG structures, the constructive and desie interference of electromagnetic
waves results in transmission and reflection bgh8 The EBG structure has also been
called a photonic bandgap (PBG) structure or aukaqy selective surface (FSS). A
common feature of periodic structures is the erm#eof frequency bands where
electromagnetic waves are highly attenuated andhatopropagate. Analogous to an
electrical crystal where periodic atoms presentsbandgap prohibiting electron
propagation, a photonic crystal is made of macnoiscdielectrics periodically placed (or
embedded) within a surrounding medium. The perioditire of the structure produces a
photonic bandgap (PBG) within which photons (waves® forbidden in a certain
frequency range [18].

In 1987, a three-dimensional (3-D) periodic stroetuwas realized by
Yablonovitch [20] by mechanically drilling holestina block of dielectric material. This
structure prevents the propagation of microwavéatah in any three-dimensional (3-D)
spatial direction, whereas the material is trarsparin its solid form at these
wavelengths. These artificially engineered strieguare generically known as photonic
bandgap (PBG) structures or photonic crystals. Algh “photonic’ refers to light, the
principle of “bandgap” applies to electromagneticaves of all wavelengths.

Consequently, there is controversy in the microwawmmunity about the use of the
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term “photonic” [21], and the term “electromagnet@ndgap (EBG) structure” or

“electromagnetic crystal” is being proposed [22].

1.7.1 Mushroom-type EBG structure

The mushroom-type EBG structure was originally digyed by D. Sievenpiper in
1999 for antenna applications [23]-[25]. Figure 71.8hows the schematic of the
mushroom-type EBG structure. By incorporating acggetexture on a conducting
surface, it is possible to alter its radio frequeetectromagnetic properties [23], [24]. It
has been proved that an antenna on a mushroongtgped plane produces a smoother
radiation profile than a similar antenna on avemtional metal ground plane, with less
power wasted in the backward direction [23]. Instimushroom-type EBG structure,
capacitance comes from the fringing electric fibltween adjacent metal patches and
inductance comes from the currents in the grouadepbnd in the metal patch layer, as
shown in Figure 1.18. Hence, the behavior of tihectiire can be described as a parallel

resonant circuit in Figure 1.19.

Via
| 1 N N , Metal patch layer

| 1 Gnd plane

(@)

Figure 1.17 (a) Cross-section of the mushroom-B86 structure and (b) Top view of
the mushroom-type EBG structure [29].
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Figure 1.17 (a) Cross-section of the mushroom-B86 structure and (b) Top view of
the mushroom-type EBG structure [29].

Figure 1.18 Origin of capacitance and inductanaaushroom-type EBG structure [29].
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Figure 1.19 Parallel LC equivalent circuit for tteucture in Figure 1.17 [29].

The fringing capacitance between adjacent metathpat can be derived using
conformal mapping, a common method for solving tlmensional electric field
distributions [29]. The inductance in this struetwan be derived easily from basic EM
equations. Therefore, we have the followfd@ndL equations for the structure in Figure

1.18.

osh* 2 48)

wherew is the width of the metal patchjs the gap distance,= 2w+g, t is the via
length, andris the permeability.

Figure 1.20 shows the above parameters with thérnam-type EBG structure.

¥

Figure 1.20 Geometrical parameters for the mushstypa EBG structure [29].
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For the mushroom-type EBG structure, the stopbantkc frequencycente29], is given
as

1
feenter= Zp\/ﬁ’

where L is the sheet inductance of the mushroom-type EB@@tsire andC is the sheet

(1.50)

capacitance of the mushroom-type EBG structure.

In the last few years, this mushroom-type EBG stmechas been modified and
applied for simultaneous switching noise (SSN) sepgion in high-speed digital
systems [26]-[28]. Figure 1.21 shows the crossi@eaif the modified mushroom-type
EBG structure in high-speed digital systems. Is flgure, the top metal layer is the Vdd
plane and the bottom metal layer is the Gnd planthis modified mushroom-type EBG
structure, blind vias are connected between thengtrplane and metal patch layer, when
applied to PDNs. The metal patch layer is placetthéndielectric layer that separates the
power plane and ground plane. Since these modifieshroom-type EBG structures in
[26]-[28] require an additional metal layer withifd via connections, it represents an

expensive solution for printed circuit board (PGBplications.

' 1'Vdd plane
Via
| ]I | I 1 I , Metal patch
L_' layer
.  Gnd plane

Figure 1.21 Cross-section of the modifieushroom-type EBG structure [26].
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For the modified mushroom-type EBG structure inurégl.21, the stopband center
frequency is given by [76]:
_ 1

foo=
center ZpM’ (151)

whereL represents the inductance of the \ia,is the capacitance between the metal

patch and the region of the top plate correspondmguch patch, an€, is the

capacitance between the metal patch and the reditne bottom plate corresponding to

Plate-to-Patch Gapacitance {C1)
> }_f" ==
Y W 8

Via (L) }

Patch-to-Plate Capacitance {C2)

Figure 1.22 Model for the modified mushroom-typeGE&ructure [76].

the metal patch. These elements are shown in Figu22. Figure 1.23 shows S-
parameter simulation results for the modified mashi-type EBG structure in Figure
1.21 when the via length) (is varied from 1.54 mm to 4.62 mm [77]. In thisusture, the
total size of the structure was 10 cm x 10 cm dmdsize of the metal patch was 0.985
cm x 0.985 cm. The distance between the top médté pnd the metal patch layer was
1.54 mm and the gap between the metal patches \&snim. The dielectric constant
was 4.4. In Figure 1.23, it is clear that isolatievel in the stopband using the modified
mushroom-type EBG structure ranges between -40ndB €0 dB for all three cases. It is

important to note that the stopband center frequesowell as the corner frequencies of
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the stopband are shifted to lower frequencies wthenvia length tj increases. This

decrease of the stopband center frequency is assdaiith the increase in inductance,

which is proportional to the via length [26].

0 I I I I I T
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Figure 1.23 Effect of via length (t) on S-paramdterthe modified mushroom-type EBG
structure [77].

1.7.2 Mushroom-type EBG structure for Ultra Wide Band (UWB)

applications

It is important to note the current status foraulvide band (UWB) applications
using the mushroom-type EBG structures. In this@eccurrent status of the mushroom-

type EBG structures for UWB applications is dessuib

36



In [57], a mushroom-type EBG structure was fabadator UWB applications.
The overall dimension of the PCB was 30 cm x 10 drhe top view of the middle layer
of the fabricated mushroom-type EBG structure iswshin Figure 1.24 (a). In this
structure, sizes of metal patches were 2 cm x 2lcom x 1 cm, and 0.5 cm x 0.5 cm to
obtain an ultra wide band stopband since diffepaiith sizes produce different stopband
frequency ranges. The dielectric material is FRth&irelative permittivitys, = 4.4, and
the conductor is copper with conductivisy = 5.8 x 16 S/m. Ports 1 and 2 are also
shown in Figure 1.24 (a). Figure 1.24 (b) shows tieasured transmission coefficient
(S21) for the structure in Figure 1.24 (a). The threxpbands are observed at 0.8 GHz-1.8
GHz, 2.2 GHz-4.2 GHz, and 4.5 GHz-10 GHz. It shdwddnoted that isolation levels of
the stopbands are between -50 dB and -60 dB ame #ne still resonance peaks in some
frequency bands even though the total structuee isitarge. It is very difficult to make
an ultra wide stopband using the mushroom-type EB@&ture since the mushroom-type
EBG behaves like a bandstop filter and therefogeires different patches for each 2 ~ 3
GHz stopband range. In Chapter 6, it will be shothat smaller hybrid AI-EBG
structures produce a deeper and wider stopbandthizrof the mushroom-type EBG
structures. In [58], isolation characteristiéslee mushroom-type EBG structure were
improved since two dielectric materials were usedlisturb wave propagation. Figure
1.25 (a) shows the cross section of the fabricaveghroom-type EBG structure. A
different material with high dielectric constant svamployed for the space above the
patches and the thickness of this material was rt@abe very thin. In Figure 1.25 (a), the

following parameter values were uséds 5.4 mmn = 0.8 mm, hl = 1546m, h2 = 16

mm. The dielectric constant of the dielectric matkti was 4.5 and the dielectric constant
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Figure 1.24 (a) Mushroom-type EBG structure for Ufiplications and (b) Measured
transmission coefficient ¢9 results [57].
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Figure 1.25 (a) Cross section of the mushroom-B& structure with two dielectric
materials and (b) Measured transmission coeffiqi8n} results [58].
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of the dielectric material 2 was 30. This modifioatcreates a non-symmetrical structure
in which the patches are far closer to one of tmralgel plates than the other. Figure 1.25
(b) shows the measured transmission coefficient) (Rsults for the mushroom-type
EBG structure in Figure 1.25 (a). It is importamattisolation levels of the stopbands are
still between -50 dB and -60 dB and stopband rdoge40 dB is around 6.5 GHz (i.e.,
from 2.2 GHz to 8.7 GHz). Moreover, this mushrotypme EBG structure requires two
dielectric materials, which makes it more expendhen the previous mushroom-type

EBG structure, which is not desired for printedgit board (PCB) applications.

1.8 Proposed Research and Dissertation Outline

The objective of the proposed research is to devatoefficient method for noise
suppression and isolation in mixed-signal systeimat tcombine digital and RF
electronics in a packaged module. This includes design, modeling, analysis,
fabrication, and characterization of a novel elmuti@gnetic bandgap (EBG) structure
called the alternating impedance EBG (AI-EBG) dunte. The research also includes the
integration of AI-EBG structures into power distriton networks (PDN) of mixed-signal
systems for noise isolation and suppression.

The integration of wireless technologies in harglsetd mobile computers is
forcing the integration of high-speed digital citsuwith analog and radio frequency (RF)
circuits. When the output drivers or internal logiccuits of a microprocessor switch
simultaneously, the power supply noise generateth fthe noisy digital circuits can
deteriorate the performance of sensitive RF/analoguits. Thus an efficient noise

reduction scheme is required for isolating sensifRF/analog circuits from noisy digital
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circuits. Based on the issues in noise couplingnired-signal systems, the following

research is proposed:

1. Modeling and analysis of power distribution network in high-peed digital
systems: An efficient methodology has been developed foaly#ing power
distribution networks (PDN) in digital systems. $Hias been applied to a test
vehicle from Rambus. This method has proved todmepuitationally efficient for
computing power supply noise in high-speed digitatems. This work included
the following:

a. This methodology was applied to a test vehicle flRambus consisting of
a bidirectional 200 mV swing Differential Rambusgi&ling Level
(DRSL) with a data transfer rate of 3.2 Gbps/pairst, the transmission
matrix method (TMM) was applied to the PDN in thestt vehicle to
compute the frequency response. The results wereela®d with
measurement data using a vector network analyz&AjV Next, the
macromodel representations of the plane pairs vgemrerated at the
desired ports using macromodeling.

b. The coupling between split planes arising at higlgdencies was studied
in this work. This kind of coupling could result detrimental effects to the
system at high frequencies since split planes appased to serve as
isolated islands.

c. Power supply noise was computed efficiently in H3PI The

macromodel of planes, differential driver modeld amansmission lines
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were co-simulated in HSPICE for computing powerptypoise.

2. Design and analysis of AI-EBG structure: A novel electromagnetic bandgap
(EBG) structure called the alternating impedancesER\I-EBG) structure was
designed, modeled, and simulated for noise isaifgigppression in mixed-signal
systems, which included the following:

a. This EBG structure was optimized to produceedient isolation level
(-100 dB ~ -140 dB) using the transmissionriranethod (TMM). The
simulation results from TMM were verified using allfwave solver
(Sonnet™). This EBG structure produces the best isolatiaported.

b. The simulation methodology for the AI-EBG structumas proposed.
Currently, full-wave solvers based on FEM or FDTEe aused for
simulating EBG structures. But these methods arenpotationally
expensive and sometimes simulation is not possibéeto large memory
requirements. The AI-EBG structure was simulategroduce accurate
results using TMM.

c. The modeling and analysis of the novel EBG strigctwas discussed.
Since this EBG structure consists of sections gif lsind low characteristic
impedances, the EBG structure can be called amaiieg impedance
EBG (AI-EBG) structure. This EBG structure maxinsz#estructive wave
interference in the stopband frequency range, wipidduces excellent
isolation level in the bandgap frequency range.

3. Model to hardware correlation of AI-EBG structure: To verify the simulated

results, AI-EBG structures were fabricated usiramdard PCB processes. The S-
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parameter measurements were carried out using alenfd@720 ES vector

network analyzer (VNA). The S-parameter measuremesilts showed excellent
isolation for the EBG structure. The model to haadevcorrelation was also
shown. Finally, the frequency tunability of the BBG structure was shown
through fabrication and measurement.

. Parametric analysis of AI-EBG structure: The effect of critical parameters on
bandgap frequency and isolation level in the Al-E&€ucture were investigated
by varying material and geometrical parametersuiinosimulations. In addition
to this, multi-layer effects of the AI-EBG structuwvere also studied. For this
purpose, the liquid crystalline polymer (LCP) wé®sen as a dielectric material.
For comparison, three different cases were testesingle plane pair, two plane
pairs, and three plane pairs. The main purposéiisfstudy was to see if it is
possible to get better isolation from multi-laygustures with AI-EBG structure.

. Theoretical analysis of AI-EBG structure: An efficient method to calculate the
stopband center frequency of the AI-EBG structuias wieveloped using the
Brillouin zone concept. A dispersion analysis ot tAI-EBG structure was

computed by the transmission line network (TLN) moek In the TLN approach,
a dispersion diagram was calculated using the agiitin the AI-EBG structure.

Due to the symmetry of the unit cell in the EBQusture, propagation through
such a medium contains redundant propagation waetss. Hence, the unique
vectors can be grouped in a region called thedgiii Zone and the propagation

characteristics of the AI-EBG structure can be ioleid by analyzing the unit cell
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(Brillouin Zone) in the AI-EBG structure. Finallthe cutoff frequency of the Al-
EBG structure was investigated using the imagenpaier method.

. Noise suppression and isolation in mixed-signal systems contaig the Al-
EBG structure: Mixed-signal systems were designed for supplyiog/igr to a
Field Programmable Gate Array (FPGA) driving a 3BHz bus with an
integrated low noise amplifier (LNA) operating atl2 GHz. The mixed-signal
system with and without the AI-EBG structure weresigned, simulated,
fabricated, and measured. The measured results aeenpared with simulation
results, which included the following:

a. The mixed-signal system simulations with and withdbe AI-EBG
structure were performed in HP-ADS to see noisdaiem levels
available. The simulation results show that theopsed Al-EBG structure
is a good candidate to suppress noise from digitelits.

b. The realistic mixed-signal system with and withthe AI-EBG structure
was designed and fabricated to see noise suppmesHiects due to Al-
EBG structure. These mixed-signal test vehiclessisbnof an FPGA
(driving a 300 MHz bus) and a Low Noise AmplifieNA) (operating at
2.13 GHz) which were fabricated on the FR4 basdx$tsate. The board
was a three metal layer PCB that measured 10.08yc#n02 cm. The first
metal layer was a signal layer, the second meyalr lvas a ground layer
(Gnd), and the third metal layer is a power layédd). The AI-EBG
structure was located in a ground layer in thist teshicle. The

measurement results for the mixed-signal systertisamd without the Al-
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EBG structure proved that harmonic noise peaks tdudigital circuits
have been suppressed completely in the stopbagdeiney range using
the AI-EBG structure.

7. Signal integrity analysis: The power delivery network needs to function along
with the signal lines for high-speed transmissiSimce the power and ground
planes carry the return currents for the signailsimaission lines, the impact of the
EBG structures on signal transmission needs to fadyzed. Signal integrity
analysis was performed by analyzing the charatieimpedance profile obtained
from time domain reflectometry (TDR) measurements.

8. Near and far field simulation and measurementsThe periodic gaps in the Al-
EBG structure could create electromagnetic interfee (EMI) problems if the
AI-EBG plane is used as a reference plane. Herckation analysis of the Al-
EBG structure is important. For radiation analydisree test vehicles were
designed and fabricated for far field and neardfigleasurements. Simulation
results using a full wave solver (SONNBJ were compared with measurement
results.

a. Near field measurements were carried out using ERf€cision Scan
(EPS-3000) equipment and NEC probe (CP-25) fothhee test vehicles.
The measurement results were compared with thelaiom results using
a full wave solver.

b. Far field measurements were performed using antAnWMG3642A RF
signal generator, an Agilent E4440A spectrum aralyand an antenna in

an anechoic chamber. These measurement resultaigsereompared with
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the simulation results from a full wave solver.

9. Design methodology in mixed-signal systems with the AI-EBG rsicture:
Through signal integrity, near and far field analsit is clear that design
methodology is needed to avoid problems associatidsignal integrity as well
as EMI when the AI-EBG structure is employed in egbsignal systems.
Without a proper stack-up of planes in the mixeghal system containing the Al-
EBG structure, it is not possible to avoid probleassociated with signal integrity
as well as EMI. Hence, it is critical to develope tdesign methodology for
avoiding these problems when the AI-EBG structuse used in a power
distribution network. The best solution for avouglithe signal integrity and EMI
problems is to use a solid plane as a referenageplather than the AI-EBG
plane.

10.Ultra wide band (UWB) applications of the AI-EBG structure: Ultra wide
band technology offers a solution for the bandwidthst, power consumption,
and physical size requirements of next generatmrsamer electronic devices. In
addition, UWB enables wireless connectivity witmsistent high data rates across
multiple devices and PCs within the digital homd affice. UWB radios can use
frequencies from 3.1 GHz to 10.6 GHz. In UWB tedbgy, since the maximum
signal power is limited to a very low level by Femle Communications
Commission (FCC), any noise from digital circuitsuld destroy RF circuit
performance. Hence, noise suppression is a majdtlebeck for UWB
technology. Various novel hybrid AI-EBG structuregre designed, simulated,

fabricated, and measured for UWB applications.
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The remainder of this dissertation is organizedfakws. Chapter 2 presents the
modeling and analysis of power distribution netwiorlhigh-speed digital system. In this
chapter, an efficient methodology is suggestedf@lyzing power distribution networks
(PDN) in digital systems. This methodology corssist the transmission matrix method
(TMM) in the frequency domain and the macromodefimgthod in the time domain. It is
shown that it is possible to compute power suppliga efficiently through this hybrid
methodology. In addition, the coupling between tigolated planes, which is a
detrimental effect to the system with a low voltagignaling in a high-speed digital
system, is discussed. The design of the Al-EBGcaire is discussed and a theoretical
analysis of the AI-EBG structure is also shown mag@ter 3. In Chapter 4, the modeling,
and analysis of a novel EBG structure called therméting impedance electromagnetic
bandgap (AI-EBG) structure are described. Chaptesh&ws noise suppression and
isolation in the mixed-signal system with the AIGBstructure as well as
characterization of the AI-EBG structure. Novel hgbAI-EBG structures for UWB
applications are discussed in Chapter 6. The osimis and future works are provided

in Chapter 7.
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CHAPTER 2

Modeling and Analysis of Power Distribution

Network in High-Speed Digital Systems

Over the last decade, the scaling of the CMOS istorshas enabled the design of
microprocessors operating at multi-gigahertz fregies. This trend, based on the
International Technology Roadmap for SemiconducfirRS), is expected to continue
over many years for both desktop and mobile compu#dong with the scaling of the
transistor, the number of transistors on a chipldabling every 18 months, based on
Moore’s law. In addition, long-haul communicatiormnolwidth is estimated to be
doubling every nine months, much faster than Maotawv. This has resulted in the
integration of short-range, low-power communicatiechnologies such as IEEE 802.11,
Bluetooth, and ultra wide band (UWB) into mobile nquuters. Integrating these
technologies has increased the data processingestnts and computing capabilities
in mobile devices.

A combination of voltage scaling and Moore’s law dausing an alarming
increase in the power consumed by microproces&ince computers are broadband
systems, the current needs to be supplied to tfiehsmg circuits over a broad frequency
range from DC to at least the fundamental clocguescy. This trend in microprocessors

is causing a major challenge for distributing powercomputer systems. With voltage
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scaling and wireless integration in mobile compmjténe tolerance to power supply noise
is rapidly decreasing.

A major contribution to power supply noise is frahe package and board level
interconnections. Because of their distributed takeal characteristics, package and
board interconnections can support electromagneéiges in the power distribution
network. These electromagnetic waves cause detraneifiects to the switching circuits,
such as excessive power supply noise and coupliagninimize such noise behavior,
pre-layout analysis and post-layout verificationtbé& power distribution network are
necessary.

One of the most important areas in high-speed aigiystems is the design and
analysis of the power distribution network. The povdistribution network supplies
power to core logic and I/O circuits iany digital system. As clock speeds increase, and
signal rise time and supply voltages decrease tresient currents injected into the
power distribution planes can induce voltage flatttns on the power distribution
network [1]. This undesired voltage fluctuationtbie power/ground planes is commonly
known as switching noise or delta-1 noise. Powgpsunoise leads to unwanted effects
on the power distribution network (PDN) such asugib bounce, false triggering in
digital circuits, and waveform distortion in theng domain. It has been shown that
power supply noise induced by a large number ofikaneously switching circuits in a
printed circuit board (PCB) or multichip module (MK can limit the performance of the
system [31]. Therefore, the power distribution retwshould be designed to have a low
impedance over the entire bandwidth of the signal so thattthasient currents do not

cause exceswgoltage noise on the power distribution network][32owever, the design
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of the PDN to achieve this goal is difficult sinoeodern CMOS microprocessors or
application-specific integrated circuits (ASICs)vlathousands of drivers that switch
simultaneously within a clock cycle. With the tretmvard low-voltage and low-power

signaling in mobile computers, the power supplysaaian be a major bottleneck for the
reliable functioning of the system.

For meeting the high bandwidth demands and low-porquirements, digital
technologies are quickly moving to gigabit dateerand subvoltage range signaling
levels. To meet these requirements, Rambus hasdiuded the Yellowstone signaling
technology utilizing a bidirectional 200 mV swindfferential Rambus Signaling Level
(DRSL) with a data transfer rate starting at 3.2§pair and scalable to 6.4 Gbps/pair
[33]. These very high-operating frequencies and-Voltage swing place increasing
demands on the quality of the power distributiotwioek. Therefore, accurate analysis of
the PDN has become critical for optimizing the parfance of high-speed systems.

In the past, various numerical methods have beeelaged to analyze power
distribution networks. Examples include Speed fi®igrity [34], [35], which is based on
a finite difference time domain (FDTD) method, trensmission line method [36], [37],
which uses a two-dimensional array of transmissiimes or distributed RLCG elements
in SPICE, the cavity resonator method [38], [38& transmission matrix method (TMM)
[40]-[42], and a circuit extraction approach based the mixed-potential integral
equation formulation (CEMPIE) method which is artemsion of the partial-element
equivalent circuit approach [43]. It has been shanvf#0] that the transmission matrix
method is efficient for analyzing electrically largpower/ground planes of irregular

shape. Though TMM computes the frequency respomsgower/ground planes, the
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results have to be combined with transmission lare$ nonlinear drivers for computing
the power supply noise.

In this chapter, a hybrid method that combines ttheasmission matrix method
(TMM) and macromodeling method has been appligieédRambus board for computing
power supply noise. The output of this analysisaisnethodology that is useful for
analyzing the PDN in digital systems such as motdmputers, which is the primary
contribution of this chapter. Even though the mdthoesented has been applied for post-
layout verification, the method also lends itselfpre-layout analysis. Here, the methods
can be used to estimate the layer stack-up, laggrament, decoupling strategies, power

islands, etc. for meeting the power supply noisdget

2.1 Efficient hybrid methodology for analyzing PDN

The computation of power supply noise requires the &tran of nonlinear drivers
in the presence of non-ideal supply voltages. Tbleages to the nonlinear drivers are
supplied through the PDN from the voltage regulatmdules on the PCB. The PDN
typically contains power/ground planes and decogptiapacitors attached together using
numerous vias for high-frequency applications. PN is best analyzed and designed
in the frequency domain [42]. However, the powepmy noise is a transient
phenomenon that needs to be computed in the timeitio The power supply noise is
affected by the nonlinearity of the drivers. Herfoe,understanding the impact of power
supply noise on system performance, a hybrid methogquired whereby nonlinear

drivers can be simulated in the time domain withftequency response of the PDNs.
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Recently, a hybrid method for analyzing the PDN wasposed in [44]. This
methodology preserves the accuracy of field sinoatatind concurrently improves the
computational efficiency for the analysis of thetiren system. First, the frequency
response, such as impedance, is computed usiricatismission matrix method. Then, a
black box representation of the PDN is generatedth&t desired ports using
macromodeling. The macromodel can be synthesizedIRICE net-lists and combined
with drivers for enabling nonlinear circuit simutat. Finally, the macromodel of the
PDN, nonlinear drivers, and transmission lines siraulated in conventional circuit
simulators like SPICE. This methodology is showrrigure 2.1. This section describes

the details of this methodology for analyzing PDNsomplex systems.

Physical Layout

1

Analysis of PDN
using THWM

1

Construction of SPICE net-list
using Macromodeling

4

Non-linear Cireut
Non-linear — | Simulation using P Transmission
Circuits SPICE Lines
Power Supply Noise

Figure 2.1 Modeling and simulation methodology P@N.
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The transmission matrix method offers an efficieethnique for analyzing
realistic power distribution networks [40]-[42]. idg the property that power distribution
networks in the package and board cae represented as a cascade of unit cells
consisting of distributed and repeated RLCG cir@léments, the multi-input/multi-
output transmission matrix method can be usednalsite arbitrarily shaped, electrically
large structures efficiently. Since the transmissmatrix method is based on a multi-
input/multi-output transfer function, the resporfethe PDN at specific ports can be
computed by multiplying the individual square magd. Once the matrix of the overall
network is computed, it can be converted into atedag matrix (S), an admittance
matrix (Y), or an impedance matrix (Z) at specificints on the network. Therefore,
while retaining the same size of the matrix for theerall network, the transmission
matrix method provides the flexibility for analygitarge networks containing up to 20
power/ground plane pairs with relative ease. Thiergafeatures of the method are that it
requires small memory and the CPU time scalesdiyea the number of power/ground
planes is increased. The transmission matrix mettazdbeen used in this section for
computing the frequency response of the PDN.

The distributed behavior of interconnects at eitherchip or package level can be
extracted in the frequency domain from an electgmetic simulation or from
measurements. The response of the structure ifablaias frequency-dependent data
that represents the scattering (S), admittance @¥)mpedance (Z) parameters. This
information can be represented as a black box,wtan be used to capture the behavior
of the structure at the input/output ports. Thiecklbox representation of passive circuits

can be modeled using macromodels based on rafiomzgtions. The macromodels can be
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combined with a larger circuit by synthesizing SPIQ@et-lists for time domain

simulation.

2.2 Transmission matrix method (TMM)

Power/ground planes represent large metal laygaraed by a small dielectric
distance, as shown in Figure 2.2. Because of ttadl shielectric distance, power/ground
planes in the package and PCB are capacitive afreyuencies and are therefore ideal
for supplying power to the integrated circuits. Hwer, with an increase in frequency,
planes become inductive and resonate at discre@éncies [1]. Integrated circuits that
trigger these resonances can result in large \wltagiations on the PDNs. Hence,
power/ground planes need to be carefully analyzeskdb on the frequency response.
Since power/ground planes are electrically largectires, their analysis is nontrivial.

The transmission matrix method was first proposgdDb. Joong-Ho Kim at
Georgia Tech [67]. Power/ground planes can be édiohto unit cells, as shown in
Figure 2.2, and represented using a lumped elemedel for each cell, as described in
[45]. The lumped element model parameters are ctedpiiom the physical structure.
Each cell consists of an equivalent circuit withLRC, and G components, as shown in
Figure 2.2 for a rectangular structure. Each wlit@an be represented using either a T or
P model [46], [47] as shown in the figure. Both misdéead to similar results as
discussed in [40]. The equivalent circuit parangefer a unit cell can be derived from
guasi-static models, provided the dielectric separa(d) is much less than the metal
dimensions &, b) [48], which is true for power/ground plane pailsom the lateral

dimension of a unit cellw), separation between plane&B, (dielectric constantd, loss
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tangent of dielectric tan(a)),metal thicknesst), and metal conductivity §_), the

equivalent circuit parameters of a unit cell bancomputed as:

Column of unit cells

T

A
=
L

|
|
|
a ® Port j ; i
|
|
l

Iﬁ Unit cell

(@)

L/2

/ $d rR2 w2 P R2
é ég L2 Lz {} -

Gd/4 Cl4 Gd/4

Figure 2.2 (a) Plane pair structure and (b) Uritaxed equivalent circuit (T anid
models).

coe WL _2 _o |A L _
C=ee-g L=md Re=— Re=2/7=(+]), G=uCtan@). 2.1)

Cc Cc

where g, is the permittivity of free spacer is the permeability of free space, agdis

the relative permittivity of the dielectric. TherpmeteR,. is the resistance of both the
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power and ground planes for a steady DC curreng¢revthe planes are assumed to be of

uniform cross-section. The AC resistaiggaccounts for the skin effect on both
conductors. The shunt conductan€g represents the dielectric loss in the material

between the planes.
By approximating the unit cell, a distributed netlwof RLCG elements can be
generated for rectangular planes, as shown in &igw. Using a distributed network of

RLCG elements, each rectangular plane pair canviged into (M - 1)" (N - 1) unit
cells. The (M-1)"(N-1) unit cells can be represented as a
2(M”~ N) 2(M” N) matrix formed by(M "~ N) input ports and(M ~ N) output
ports. This is shown in Figure 2.3 for tReequivalent circuit for the unit cells, which are

cascaded to represent a pair of power/ground pktm@sn in Figure 2.2.

Figure 2.3 Equivalent circuit for a pair of poweognd planes.
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From Figure 2.3, the input ports are indexed as(Mt” N), and the output ports are
indexed ag M~ N)+1 to2(M " N). The transmission matrix for thgf M~ N) port

network can be derived in terms of the node voklaa®d port currents. Using tig 2
block matrix representation, the transmission matan be represented to relate the

voltages and currents as

Vin =[Ap[Vou + Bp T

- T (2.2)
lin :[Cp]vout+[Dp] lout
Vi ) Vi na I Nt
—  V — 1 \VAU Lo s
Where\/in = ’ Iin = ? Vout = M2 |out = M
Vi L n Vo ) Loy

The above transmission matrix for a power/ground plaimecpa be rewritten in the

simpler form:

Tp = P b= (2.3)
C Dp C |

where [I] is the identity matrix, [O] is the null matrix, and ¢,] represents

(M”N)"(M” N) matrices. In equation (3.3), the matrx] is of the form

i -Y, O 0
“Yi2 Yo Y3 O
[Cp] = 0 -Y3 Yz -V (2.4)
O 0 0 © Yum
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= 0.5Y(m-nm-1 =

where Y, =V,,, = 05Y,, = 05Y,, =
Y
_p+i _i 0 0 0
4 Z, 27,
Y
_i _p+£ _i 0 0
22, 2 Z, 27
0 0 p+£ _i
2 Z, 27
Y
0 0 _i _p+i
2Z, 4 Z
Y_12:Y_23: :Y_(M-l)M:
L 0
27
1
Zs
L
ZS
0 1
27

As can be seen in equation (2.4), the transmission matria power/ground pair is tri-

diagonal and sparse, which enables a reduction in mamage and CPU run time when

this method is applied to realistic structures [42].
The matrix computation in equations (2.2), (2.3), and @#)be further reduced to

compute the frequency response at specific ports in theorlet?2]. For irregular

structures, the structure can be approximated using a gatdamrray of unit cells where

the nonmetallic areas are padded with zero matrix elemeijts [40
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2.3 Rambus test vehicle

This section describes the test vehicle used for PDN anagsisor computing
power supply noise. The Yellowstone test vehicle from Randmunsists of transmitter
and receiver chips wirebonded onto plastic ball grid arr®G@) packages on a PCB.
The PBGA packages are directly attached to the board usingrsbhlls or using
sockets. This test vehicle is shown in Figure 2.4. The beadix layer PCB that is 12.8
inches by 9.5 inches in size, as shown in Figure 2.8isnfigure, the PCB consists of

two voltage planes, two ground planes, and two signal.line

Figure 2.4 Test vehicle from Rambus.

Layer 3 is a voltage plane that provides 5 V to the perigherathe board. It also
has two irregular-shaped power islands of 1.2 V, mastdrslave sections, to supply
voltage to the transmitter and receiver chips on the boaspectively, as shown in
Figure 2.6. Layer 4 is a 1.2 V split plane, whichveerthe master and slave sections
and includes a small island at the center with 3.3 V to supgtage to the clock

generation chip, as shown in Figure 2.6. The perpusthe split plane is to monitor
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Figure 2.5 Cross-section of the PCB.

the power drawn by each subsystem. These two split plamesonnected using a
jumper. Layers 2 and 5 are solid ground planes. Layerd layer 6 are signal layers for
low- and high-speed interconnects, respectively, as slmwigure 2.6. The low-speed
signal transmission lines are single ended and their chartctdrigpedances are
designed for 50V using a trace width of 7 mils and 18 mil spacing. Theéisigeed
signal nets are differential and are designed with a 6 mthvaidd 11.5 mil spacing. The
differential traces have been designed to provide aV¥@bfferential impedance. The
signal trace thickness on layer 1 and layer 6 is 0.7 niisteTare three ferrite beads on
the board. All the ferrite beads are attached on the tomcsuriext to the voltage
regulators. One ferrite bead has been used for eaplysugitage (i.e., 1.2 V, 3.3 V, and
5 V). The purpose of the ferrite bead is to isolate theepglanes from any power
supply noise. For example, the ferrite bead is placeteot.2 V external supply in layer

1 to ensure that the 1.2 V supply that is being fed tontheéslands is clean and free of
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Figure 2.6 Power and signal plane layers of the PGB dger 1: signal layer for low-
speed signal transmission lines, (b) Layer 6: signal layer high-speed signal
transmission lines, (c) Layer 3: power layer (5 V andVlr@aster and slave islands), and
(d) Layer 4: power layer (1.2 V split plane and 3.3 V id)an
any power supply noise from other sources. Afterf¢ihete bead, the 1.2 V is split
into the master and slave supply in layer 3 through vias [49]. dibkectric material of
the PCB is FR4 with a relative permittivitg = 4.5, the conductor is copper with
conductivity,s. = 5.8 x 1d S/m, and dielectric loss tangetstn (dj = 0.02 at 1 GHzThe
copper thickness for layer 1 and layer 6 is 0.75 milsthadcopper thickness for other
layers is 1.5 mils.

To check the accuracy of the transmission matrix methodreaency response of

the plane pair consisting of layers 4 and 5 was analyzezlphysical layout of layer 4 is

shown in Figure 2.7, which consists of two planes sepasatathd the mid-section. In
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the test vehicle, layers 4 and 5 contained decoupling capatitat could either be
soldered or removed. Hence, the frequency respafintée plane pair could bmeasured
with and without decoupling capacitors. For all cases, thguémcy response was
measured at locations C238 (x = 2712.5 mils, y = 5687$ end C217 (x = 2712.5
mils, y = 687.5 mils) on the master section, as shown inr&iguw/. These locations
represented decoupling capacitor locations where pads avaiable for probing the

power/ground plane.

Figure 2.7 Locations of C217 and C238 sites on layer 4.

The transmission matrix method was used to calculate seltdempes at ports
C238 and C217, and transfer impedance between por&s &2BC217. The planes were

approximated as rectangular planes without any loss inamcuifo verify the accuracy
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(b)
Figure 2.8 Model-to-hardware correlation with and without pedasitics (a) Self-

impedance at port C238, (b) Transfer impedance betwa#rC238 and port C217, and
(c) Self-impedance at port C217.
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(©)

Figure 2.8 Model-to-hardware correlation with and without pedasitics (a) Self-
impedance at port C238, (b) Transfer impedance betwa#rC238 and port C217, and
(c) Self-impedance at port C217.

of the transmission matrix method, various measurements) ws vector network
analyzer (VNA) were performed. The model-tvdware correlation results for the
bare board (no decoupling capacitors) are shown in &g from 10 MHz to 6 GHz.
From the figure, transfer impedance, {dashed line) shows good model-to-hardware
correlation. However, self-impedanceg, {Zdashed line) and»Z (dashed line) have a
large discrepancy between modeling and measurement. This i® the pad inductance
and resistance, which were not included in the initial model.

The importance of the pad inductance and resistance dretheency response of
power/ground planes can be explained using Figurel@.¢his figure, the frequency

response of the plane pair is represented as a blacK be resistance and inductance at
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the input and output ports are due to pads that are addsi@s to the power/ground
planes. Hence, in Figure 2.9, the relationship between ¢lasurmed voltages and currents

can be written as

Vl _ le+R1+jVVL1 ZlZ Il

V2 ZZl ZZZ + RZ + JM/LZ I2 (25)

In (2.5), the pad parasitics only affect the self-impedabgenot the transfer impedance
of the power/ground planes. Hence, it is important to mtioé¢ self-impedances are
sensitive and require accurate calibratiddonsequently, transfer impedance

measurements are more reliable.

Figure 2.9 Modified equivalent network of the power/groplathes.

Since the transmission matrix method is a circuit-based fotimujathe pad
parasitics can be added to the model with ease. With thepa@ditics added, the
modeling results for self-impedances {Zsolid line) at port C238 and port C217 and
transfer impedance (Z solid line) between port C238 and port C217 were coetpar
with measurement results (dotted lines) between 10 MHz a@dH56 in Figure 2.8.

These results show very good correlation between modahicigneasurement results.
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Next, the effects of decoupling capacitors on transfer iepeal were
investigated. The decoupling capacitors with value of 100 efe wlaced at different
locations on the board. The equivalent series inductanck) (&® equivalent series
resistance (ESR) of the decoupling capacitors were 0.5amH0.02W, respectively.
The model-to-hardware correlations with decoupling capaai@shown in Figure 2.10.
The first null frequency and magnitude of transfer impedsrare affected, as can be
seen in Figure 2.10.

This can be explained using the schematic in Figure 2 Aithvehows a capacitor
represented as a series RLC circuit connected to therfgoawend planes. The static
capacitance of 12.5 nF between planes is shown in tbeefigror a single decoupling

capacitor, the self-resonant frequency (SRF) is given as

SRF=__1 @16.57 MHz, (2.6)
2p V Ltotal C cap

whereLoa = 0.923 nH =I(ca(ESL of decoupling capacitor) l4g,ainductance of pad
connected to decoupling capacitor)) &hgh(capacitance of decoupling capacitor) = 100
nF. The impedance magnitude at the SRF represents the EB&dgcoupling capacitor.
If the capacitance between power and grounddaige minimal andCcap>> Cplane
whereCyandplane capacitance) = 12.5 nF, the parallel resonant fieg(PRF) can be

approximated as

PRE=__ 1 @46.86 MHz. (2.7)

2p \I Ltotal C plane
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(a)

(b)

Figure 2.10 Model-to-hardware correlation of transfer adgnces between port C238
and port C217 in layer 4 and layer 5 in the PCB (a) Teannspedance between port
C238 and port C217 with a decoupling capacitor, (b) Sfemnimpedance with two

decoupling capacitors, and (c) Transfer impedance wittet8upling capacitors.
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(c)

Figure 2.10 Model-to-hardware correlation of transferddgnces between port C238
and port C217 in layer 4 and layer 5 in the PCB (a) Teansmpedance between port
C238 and port C217 with a decoupling capacitor, (b) Tesinshpedance with two
decoupling capacitors, and (c) Transfer impedance wittet8upling capacitors.

In Figure 2.10 (a), the addition of a decouplingacépr results in a first null at 16.57
MHz, while the first peak occurs at 46.86 MHzgulFe 2.10 (b) shows the transfer
impedance magnitude when two decoupling capacitors ar@edtaan this case, the first
null remains at the same location, while the first peak movashigher frequency. This
is due to the doubling in the capacitance and a reductioreimtluctance to half its
original value, which does not change the SRF but increaseBRF. Both Figure 2.10
(@ and (b) show good-model-to hardware correlation.Figure 2.10 (c), all the
decoupling capacitors (18) on the PCB were added amégshés stillshow good model-
to-hardware correlation, validating the accuracy of the tresssom matrix method for

modeling power/ground planes up to high frequencieemHfigure 2.10, the addition of
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18 decoupling capacitors results in very low impedance d@®@MHz. In Figure 2.10,
the peaks in the frequency response are producedrirggavave resonances, which are

undesirable [38].

Figure 2.11 Model of power/ground plane pair with a dediog capacitor.

It is important to note that the measured results in Figuren2.&igure 2.10 are for
loaded boards containing many nonidealities. Hence, toerelation between
modeling and measurements in Figure 2.8 and Figd« i&.considered to be quite

good, even though the results do not show exact correktinigher frequencies.

2.4 Modeling of master-slave power distribution nework

In the previous section, though layers 4 and 5 were mihdt#dese represented
dummy layers that were used for checking the accuractheftransmission matrix
method. In reality, layers 2 and 3 were used to supplyep to the master and slave
chips, as shown in Figure 2.6. Layer 2 representedntncious ground plane while a
split plane structure was used in layer 3 for Vdd, as showrigure 2.12. The two

islands on the master and slave sections were connectel.20Masmall narrow strip
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power island and 1.2 V voltage regulator in layer 1 throoighas, as shown in Figure
2.12. A ferrite bead of inductance 120 nH was usditéo any power supply noise, as
shown in Figure 2.12. There were 48 decoupling capaciarthe master and slave

power islands in layer 3.

Figure 2.12 Modeling of master and slave islands.
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Three ports were defined on the PDN, as shown in Figur2, to represent the
positions of the voltage regulator (port 1), master chip (Qprand slave chip (port 3).
Though additional ports could be used to represent the wbipnajor change in the
frequency response was observed with additional ports. &ildtliages at the ports were
defined between the voltage and ground planes, with t@ted as shown in Figure
2.12. The irregular structure shown in Figure 2.12 wadeated using the transmission
matrix method. A rectangular grid was used, as shown uré&@.12, with a unit cell size
of 0.385 cm x 0.385 cm, which corresponds to an elettsize of//6.2 at 6 GHz. This
resulted in 1,087 unit cells for approximating the structut@chvincluded the narrow
rectangular strip on layer 1, voltage regulator on layerel¢ctimtinuous ground plane on
layer 2, and the split plane in layer 3, as shown in Figu2. The seven vias connecting
layers 1 and 3 were represented as short circuits andl@doth TMM by enforcing the
continuity of the currents and voltages at these sectiond Wsls used to compute the 3
x 3 impedance matrix, which provides the self- and transfpedance at the three port
locations. The transfer impedance of the master and skotorss in layer 3 was
simulated across the master and slave split sections fromHEOtd16 GHz. In addition,
the self-impedances of the master and slave sections arepted. The self-impedance
within the master and within the slave sections remains almodicaeras shown in

Figure 2.13 (a).

The self-impedance (4 seen from the voltage regulator shows higher impedance

than either £, or Zz3. This is because a narrow strip was used to supphhdrge to the
switching circuits in layer 1. The narrow strip has smallpacaance, larger inductance,

and therefore larger impedance. In Figure 2.13 (b)trémsfer impedance between the
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(a)

(b)

Figure 2.13 Impedances of master and slave islandefajredances at port 1, 2, and
3 and (b) Transfer impedance between port 2 in matadiand port 3 in slave island.
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master and slave split sections show little coupling at low frexe®rsince separate
islands were used to supply power to the master and st@tiens. However, substantial
coupling between the master and slave sections was obsdringgh frequencies even
though these sections were separated. This is becausartbe strip from the voltage
regulator was used to maintain the same potential on the twalsslasing vias. This

induces capacitive coupling between the two islands. Whesttipefrom the voltage

regulator used to maintain the same potential on the two islaedtes a resonance,
energy is coupled through the coupling capacitance. This &ntehavior can be
explained using a simple equivalent circuit, as shown in Figuré. In this figure, 2.5

nH of inductance is the spreading inductance from the géingucapacitor to the master

and slave chips. Each chip has 12 capacitorsaiallel, which results in a small

(@ (b)

Figure 2.14 (a) Equivalent circuit for coupling betweentaragnd slave islands (b) its
transfer impedance response between port 2 and port 3.
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impedance at low frequencies. The circuit in Figure 2.1&mg¢es a null at 21.47 MHz
and a peak at 512.15 MHz, similar to the coupling showRigure 2.13 (b). Hence,
isolated islands can couple energy at high frequencies, whahdetrimental effect for

low-voltage signaling methods.

2.5 Modeling and analysis of power supply noise

Three-port impedance parameters from 10 t¢1& GHz, as shown in Figure 2.13
were generated using the transmission matrix method. These wonverted to
admittance parameters that were used as inputs to the noalaiomg program. Using the
macromodeling method in [78], the frequency response awasled into irregular
subbands. This was because the admittance parametdrghigdinbalanced amplitudes
that varied from 7.4498 x ™to 227.6 [mho] from DC to 6 GHz. The comparison
between the input y-parameters ahd macromodels is shown in Figure 2.15 fgs &hd
Y23 Which shows good agreement between the input y-parandete and the
macromodels.

The time domain simulation was performed in HSPICE usingaeramodel of
the power/ground planes, differential drivers, and trarsornidines for computing power
supply noise. The schematic for simulating power suppisenis shown in Figure 2.16.
The driver model used was a time-dependent resistive swéphesenting four
differential drivers. The drivers were connected to foufetghtial transmission lines.
The differential drivers with 0.05 ns rise time and 0.05atistime were powered from
port 2. The differential transmission lines with 1@0characteristic impedance (MW

characteristic impedance to ground) and 1 ns delay wasected to the output of the
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driver. A standard transmission line model available in HSRIG& used to represent the
transmission lines. The far end of the transmission linestevasnated in a 5OV for
matching and connected to 0.3 V supply voltage. PoripBesenting 1.2 V power supply
for the slave chip, was left unterminated. Hence, the difteal transmission lines
provide the communication path between the master and slaps. cThe voltage
regulator module with 0.6 V supply voltage is connebttdieen port 1 and ground in

Figure 2.16.

Figure 2.15 Comparison between the input Y-parametersiactbmodels.
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In Figure 2.5, the two ground planes are connecteddo @#er using numerous
vias. Hence, the potential of the two ground planes is magataionstant at the same
potential. In Figure 2.16, the differential transmission laresreferenced to the ground
plane, which is consistent with the cross-section in Figure/2hen drivers switch from
high to low or low to high, they deposit time-varying chargasttee power/ground
planes. These time-varying charges result in a currentestlat excites electromagnetic
waves between the power/ground planes, causieign to bounce [50], [51]. The time-
varying charges are a direct result of the return curretihe planes. Hence, appropriate

referencing for the transmission lines in Figure &iportant for simulating power

Figure 2.16 Modeling of power supply noise with differendii@ers, transmission lines
and PDN macromodel.
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supply noise.

The time domain waveform of power supply noise betwesh2and ground is
shown in Figure 2.17. In this figure, the maximum powsgpdy noise occurs when the
driver output changes from low to high or from high to I@Wis is because the return
current from the transmission lines on the power/ground plareites electromagnetic
waves, causing plane bounce. In packages containingspléme return current is on a
reference plane that is in close proximity to the transmidsienThis is because, at high
speed, the return current follows the path of least induetamot the path of least
resistance. The lowest inductance return path lies directigrua signal conductor,

minimizing the total loop area between outgoing and returnirmgmupaths [52].

Figure 2.17 Power supply noise simulation results (a) [Riffical driver output
waveform and (b) Power supply noise between port Zyamahd.
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This effect is captured in Figure 2.17. In this figureen though the peak noise
occurs during the transition, the power supply continuesdwnde even between
transitions. This is due to the Q-factor of the power/groplaties. Perfectly balanced
differential drivers cannot generate power supply noik& i§ because the current drawn
from Vyqis perfectly balanced by the current into ground. Hawxeprocess variations
cause an imbalance in the driver output current. This condisnbeen simulated by
injecting a 10 ps delay between the differential inputs. The lswgaf four differential
drivers result in a power supply noise of 40 mV, as showFigure 2.17. To provide a
measure of the efficiency of the methodology proposesl,GRU time for computing

power supply noise on a Sun workstation was 36.8 secs.

2.6 Summary

In this chapter, an efficient modeling and analysis methggolor a PDN in a
high-speed system has been described. This methodoldmsési on a hybrid method
that combines the TMM in frequency domain and the macrefimgd method in time
domain. First, TMM was applied to the PDN in the test vehictotopute the frequency
response. The results were correlated with measurementusdizig vector network
analyzer measurements. Next, the macromodel represantdtithe plane pairs was
generated at the desired ports using macromodeling. Firtadymacromodel of the
planes, the differential driver model, and transmission linesee vo®-simulated in
HSPICE for computing power supply noise. The methodolémy modeling and
analyzing power distribution networks, as presented in tmégpter, can be applied to

complex systems containing numerous chips on multi-laysaekiages and boards.
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The important discovery in this chapter through analysis tvas substantial
coupling between the master and slave islands was obsarudgh frequencies even
though these islands were separated. This kind of couptinlgl result in detrimental
effects to the system at high frequencies since split plamesupposed to serve as
isolated islands. Hence, isolated islands can couple enehighafrequencies, which is
a detrimental effect for low-voltage signaling methods. This kihdoupling between
split planes creates a major problem in mixed-signal systeros RR circuits are very

sensitive to any noise through this kind of coupling.
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CHAPTER 3

Alternating Impedance Electromagnetic Bandgap

(AlI-EBG) Structure

In this chapter, a novel two layer EBG structure is discugsieng with reducing
the layer count, this structure does not require any blind Maseover, this structure
provides better isolation level as compared to other EBG stesctinat have been
proposed so far.

A theoretical analysis of the alternating impedance electrortiadgrendgap (Al-
EBG) structure is discussed using the Brillouin zone conciépts important to
understand the importance of the reciprocal lattice and Brillaaime when periodic
structures such as EBG structures are analyzed. Due wymtmetry of the unit cell in
the AI-EBG structure, propagation through such a mediumtages redundant
propagation wave vectors. Hence, the unique vectorbearouped in a region called
the irreducible Brillouin zone. To this end, the following steage been taken. First, the
reciprocal space has been introduced, compared with dhepace, to understand the
Brillouin zone in the reciprocal space. Second, it has beamnrshow the Brillouin zone
can be constructed in the reciprocal lattice. Third, the deditre AI-EBG structure has
been shown. Fourth, the equation to estimate the stopbated &eguency in the first
stopband of the AI-EBG structure has been developed tisenBrillouin zone concept.

Fifth, the propagation characteristics of the AI-EBG struchae been analyzed using
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the transmission line network method. Finally, the cutoff desgy of the AI-EBG

structure has been studied using the image parameter method.

3.1 Periodic Structures

Periodic structures have become popular because of thigly &or suppressing
unwanted electromagnetic mode transmission and radiation iowaice and millimeter
waves [15]-[17]. The EBG structures are periodic strestim which the propagation of
electromagnetic waves is forbidden in certain frequencysdndhese EBG structures,
the constructive and destructive interference of electromagneives results in
transmission and reflection bands [18]. The EBG strucha® also been called a
photonic bandgap (PBG) structure or a frequency selestiviace (FSS). A common
feature of periodic structures is the existence of frequéands where electromagnetic
waves are highly attenuating and do not propagate. Anaogoan electrical crystal
where periodic atoms presents a bandgap prohibiting eleptapagation, a photonic
crystal is made of macroscopic dielectrics periodically plgecedembedded) within a
surrounding medium. The periodic nature of the structurdymes a photonic bandgap
(PBG) within which photons (waves) are forbidden in @aterfrequency range [18].

Periodic structures support slow wave propagation (slowarttieaphase velocity
of the unloaded line) and have passband and stopbaratwhestics similar to those of
filters. Therefore, periodic structures are good for apfphica in antennas, traveling-

wave tubes, and phase shifters [48].

81



3.2 Bloch Theorem

An electron in a periodic structure can be characterizedsbyave function,

Y (r). Bloch discovered that such electrons have wave funciotigee form of a plane
wave multiplied by a function that has the periodicity of thectlilagtice [68], [69]. That
is,

Y, (r) =explkor)u, (r) (3.1)

wherek is wave vector and

u(r)=u(r+R (3.2)
for all direct lattice vector® . This result is known as Bloch’s theorem. From equation

(3.1), we have

Y (r + Ry =expkXr +R)Ju (r +R) =expk Ry, (r) (3.3)
for any value ofk and everyr in the direct lattice.
Equation (3.3) is an alternative form of Bloch’s theorentells us that the electron wave
function in any primitive unit cell of the direct lattice differs frahat in any other cell

only by the factorexp(k xR) . For realk, this represents a difference in phase. The wave

vector, k , has dimensions of reciprocal length and belongs in rex@pspace with the
vector K . Let us assume that the electron wave function also as/@ vector that is

equal to a reciprocal lattice vector. From equation (3.3),

Y (T +R)=exp(KRy  (r) =y (r) (3.4)
for all R. That is, the electron wave functions are periodic inR

Let’s assume that an electron has a wave vectgiven by
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k=K+k¢ (3.5)
where k¢ is some other vector in reciprocal space. From equati@®) @nd
usingexp(K xR) =1, we find that

Y (r +R) =exp{[(K +k9>R]}y  (r) =exp(k®R)/ (1) (3.6)
or the wave functiong, obey Bloch’s theorem as if they had wave veg®rThus the

wave function does not have a unique wave vectmut a set of wave vectors that differ

from each other by the set of reciprocal lattice vectors.

One important fact that Bloch’s theorem states is that diffewdoes ofk do not
necessarily lead to different modes. Specifically, a nvatie wave vectork and a mode
with wave vectork+K are the same mode, K is a reciprocal lattice vector. The region

of important and nonredundant valueskos called the Brillouin zone.
Brillouin zone can be constructed in the reciprocal lattice dewe. First,
convert real lattice to reciprocal lattice. Second, select tticdapoint and draw

construction lines to the nearest neighboring points.Thiedy tines that perpendicularly

Figure 3.1 Construction procedures for Brillouin zone (BAkciprocal lattice.
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bisect the construction lines. Finally, the smallest enclosedrepeesents the Brillouin

zone. Therefore, the Brillouin zone is a primitive cell inréngprocal lattice.

3.3 Design of AI-EBG Structure

The alternating impedance electromagnetic bandgap (Al-E®€rture is a
metallo-dielectric EBG structure that consists of two metal laysparated by a thin
dielectric material, as shown in Figure 3.2. In the Al-EB@icture, only one metal
layer has a periodic pattern which is a two-dimensional (2eDfangular lattice with
each element consisting of a metal patch with four connectatgl foranches, as shown

in Figure 3.3 (a).

Figure 3.2 Schematic of three-dimensional (3-D) alternatingdapce electromagnetic
bandgap (AI-EBG) structure.

This EBG structure can be realized with metal patches etohibe power plane (or in

the ground plane depending on design) connected bwl lbeainches to form a
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distributedLC network (wherd. is inductance an@ is capacitance). In this structure, a
metal branch introduces additional inductance while the metal patch the
corresponding solid plane form the capacitance. The unibtétlis EBG structure is
shown in Figure 3.3 (b). The location of metal branahesdges of metal patch was

optimized to ensure maximum wave destructive interferevitieh results in excellent

(@)

(b)

Figure 3.3 (a) Schematic of periodic pattern in one of p@me ground planes and (b)
Unit cell.
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isolation characteristics in stopband range. It is importantnote that the shape of
the metal patch and branch can be a square, or a rectaigyire 3.3 (a) represents one
layer of the plane pair where the other layer (not shasva)olid plane.

The structure formed in Figure 3.2 does not require bliad and the dielectric
thickness can be very thin (1 mil ~ 4 mils), which results iowacost process. Hence,
the AI-EBG structure has the advantage of being simpleande easily designed and
fabricated using a standard printed circuit board (PCB)essoaevithout the need for
blind vias and using only two metal layers, compared to theshmom-type EBG

structure in [26]-[28], which require three metal layerd bBlind vias.

3.4 Equivalent circuit representation of AlI-EBG structure

The EBG structure presented in the previous section caalleel the alternating
impedance electromagnetic bandgap (AI-EBG) structure sinmensists of alternating
sections of high and low characteristic impedances, as showigure 3.4. The EBG
structure in Figure 3.2 is a two-dimensional (2-D) parallelep waveguide (or 2-D
transmission line) with alternating perturbation of its charactermspedance. The metal
patch on the top layer and corresponding solid plane onbditiem layer can be
represented as a parallel-plate waveguide having lowatkastic impedance, while the
metal branch and the corresponding solid plane pair canebted as a parallel-plate
waveguide having high characteristic impedance [53]. iBhiecause the characteristic
impedance in a parallel-plate waveguide for a TEM mode{dant mode in plane pairs

with thin dielectrics), is given by
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"W _\C 3.7)

where £/ is intrinsic impedance of the dielectrid,is the dielectric thicknessy is the
width of the metall. andC areinductance and capacitance per unit length. Sipge,>
Whranch @Nd characteristic impedances are inversely proportional, @y of the metal
patch is lower tharZ, of the metalbranch.Due to this impedance perturbation, wave

propagation can be suppressed in certain frequencygband

Figure 3.4 EBG structure with alternating impedance.

The AI-EBG dispersion characteristics can also be explaised filter theory.
Figure 3.4 shows the three-dimensional (3-D) schematic eofEBG structure with 3

equivalent circuits described. Figure 3.5 (a) shows thedonensional (1-D) T-type
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equivalent circuit of the metal patch including the dielectric anctdineesponding solid
plane. Figure 3.5 (b) shows the 1-D equivalent circuit efrtfetal branch including the
dielectric and the corresponding solid plane. In these §gQGrnchis very small and can
be neglected due to the size of the metal branch. In adtititre LC elements, small
parasitic reactances at the interface between the metal patdiranch exist, as shown
in Figure 3.5 (c) due to discontinuities caused by thagda width [48]. From Figure

3.5, it is clear that the resulting two-dimensiob@l network representing Al-EBG

Figure 3.5 One-dimensional (1-D) equivalent circuits for @spaf AI-EBG structure (a)
1-D equivalent circuit for the metal patch including FR4 andctreesponding metal part
of the other solid plane, (b) 1-D equivalent circuit for theainbranch part including
FR4 and the corresponding metal part of the other stdidep and (c) 1-D equivalent
circuit for the interface between a metal patch and a metatiora
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structure is a low-pass filter (LPF), which has been verifiredugh simulations and

measurements in Chapter 4.

3.5 Stopband Center Frequency of AI-EBG Structure

It is possible to obtain the stopband center frequency efAIREBG structure
using the Brillouin zone concept. Figure 3.6 shows the Bnila@one of the AI-EBG
structure. The smallest region within the Brillouin zone is calledrtieducible Brillouin
zone, which is shown as a triangle in Figure 3.6. Bsé of the Brillouin zone contains
redundant copies of the irreducible zone. The special painthe corners on the
Brillouin zone are conventionally known &X, andM. From the right and top ends of

the Brillouin zone in Figure 3.6, we have

_p _p
k =P andk, = £
X aandy aa

X y

(3.8)

wherek, is the wave vector in the x directios, is the length in the x direction in real
space (corresponding to the length in the x direction in Brillaome in the reciprocal
space)ky is the wave vector in the y directiosy, is the length in the y direction in real
space (corresponding to the length in the y direction in Brillaome in the reciprocal
space).

Usingk = 2pf J/me and assuming thata=a, =a, , the stopband center

frequencyfcentes IS Obtained as

Fog = =2
center zam Za) QB



wherey, -1 jis the phase velocity of the light in the medium. Since waaagtravel in
me

the x direction (from poinG to pointC in Figure 3.6), in the y direction (from point X

to pointM in Figure 3.6) and in a diagonal direction (from point Mboint Gin Figure

Figure 3.6 Brillouin zone of the AI-EBG structure in Figurg @&).

3.6), the stopband center frequency should be aveesged

f + f + f

center(GC) centef{CM) cente(MG)

Number_of _paths in_BZ’

center

(3.10)
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where f is the stopband center frequency in the x diredffilom pointGto pointC

cente(GC)

in Figure 3.6), f is the stopband center frequency in a diagonatctdon (from X

centel(CM)

point to M point in Figure 3.6), and is the stopband center frequency in the y

cente(G)
direction (from point M to poinGin Figure 3.6).For example, for the AI-EBG struetu

in Figure 4.2 (a), the stopband center frequencglisulated as 4.03 GHz, which is close
to the stopband center frequency of the first stopbin Figure 4.2 (b) and therefore is
well correlated with the simulation results in Figu.2 (b). The method developed using
the Brillouin zone concept in this section can Iseduto estimate the stopband center

frequency in the AI-EBG structure for fast desigogess.

3.6 Propagation Characteristics of AI-EBG Structure

To understand the dispersion characteristics of AEBG structure, the
transmission line network (TLN) method has beenduse this section. The TLN
approach is based on standard periodic analyssn@idimensional symmetric unit cells
[48], [62]. Figure 3.7 shows the unit cell for ttveo-dimensional AI-EBG structure. It
consists of two metal layers with a metal patchttentop layer, four metal branches on
top layer, and a ground plane on the bottom layer.

For clarity, the structure is assumed periodic glthve y direction with perfect magnetic
walls along the x directed boundaries. This reprssa 1-dimensional structure with
periodicity along the y-direction. The structureassumed infinite along the y direction

with wave propagation along the y axis. This eralthee modeling and visualization
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using TLN analysis, while retaining sufficient geslgy to describe the unique

dispersion characteristics of the AI-EBG structure.

Figure 3.7 Two-dimensional (2-D) unit cell of th&BBG structure.

Using the equivalent transmission line circuit igufe 3.8, the transfer matrix for

the unit cell can be written as:

Tont _censzy = ToraTu TeTnToss (3.11)

The first and fifth matrix in (3.11)[,,, represents the equivalent series inductanceaue t
the metal branch on the edge of the metal patch. vEtue of the series inductance is
halved [/2) to account for symmetry of the structure. Theosdcand fourth matrix],

represents the transfer matrix for a uniform seatibtransmission line of lengthi2. The
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third matrix, Tc, represents the equivalent shunt capacitance bettie metal patch and

the ground plane.

Figure 3.8 Equivalent TL circuit for the unit cell in Figure7Z3on y-direction.

Using ABCD matrix, T, .. Can be expressed as

Zbranch COS% JZ 0 Sin % 1
Tonit_cei(ez) = 2
0 1 1Y, sinﬁ cosﬁ YVoaen 1
2 2
kd . . kd
0037 jZOsm? 1 Z,anch

2 @)1
Yo sink—zd cos% 0 1

where Zyanch = JWhpranch Kd = the phase delay of the transmission line segment,

k=2,d\/ﬁe, d is the length of a unit cellpach = jUWCparch Zo IS the characteristic

impedance of the transmission line segm&gtis the characteristic admittance of the
transmission line segmenky is the angular frequency given by = 2 f, f is the

frequency andnand e are the permeability and permittivity of the dattec material.
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After some calculations, (3.12) becomes:

- ABZ BBZ
Unit_ Cell(BZ) C D (3.13)

BZ Bz

where
A, = coszﬁ(hﬁ) - Z,Y, sinzk—2d+ j sink—zdcos@(ZYO +Z.Y),
2 2
B,, = CO §—(1+ Z4Y) 2 Kd (@2, +Z3V)+ jsmk—zdcosk—( Y v 72.7Y+22,),

Ce, —Yc052—+ j2Y, smk—zdcos%

D, = co§7(1+z—2Y) - Z.Y, sinzk—2d+ jsink—zdcos%(ZY0 +Z.Y),

Z = Zpranchand Y = Yoach
By combining the ABCD matrix of the Brillouin zonit cell,T,, ., With
Floguet's theorem, which relates the voltage andeoti between thath terminal (input

of the unit cell) anah+1th terminal (output of the unit cell) through, we obtain [18]:

Vn ABZ BBZ Vn+1 :egj Vn+1

T
Unit CeII(BZ)
I n I CBZ DBZ I n+1 I n+l

(3.14)

whereg= a +jbis the complex propagation constamis the attenuation constant, ahd
is the phase constant.
Based on a nontrivial solution for (3.14), the d@ling analytic dispersion

equation for the AI-EBG structure can be obtaingd a

Z Y i Z Y, +Z,Y
coshd = branch ' patch Cosz E + coskd + J sinkd ( branch patch)
2 2 2 Z.Y,

(3.15)
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It should be noted tha is zero for a nonattenuating, propagating wave peaodic
structure.

Figure 3.9 shows the dispersion diagram usingon (3.15) for the unit cell
of the AI-EBG structure in Figure 3.7. As shownHFigure 3.9, the dispersion diagram
consists of alternating passbands and stopbantigsidispersion diagram, the first mode
is a slow-wave TM mode that is tightly bound to theface [28]. It starts as a forward
propagating TEM mode at very low frequency, anddita to a forward propagating TM
surface wave. The group velocityi/db) of this mode is positive and its phase velocity
(ub) is much less than the speed of light, which iat#is that this mode is forward
propagating as a slow-wave. The second mode iskavaad mode since it has a negative
group velocity. The third mode is a forward progagawave. In the dispersion diagram,
the AI-EBG structure like other periodic structusegports slow-wave propagation and

has passband and stopband characteristics similaose of filters.

Figure 3.9 Dispersion diagram of the AI-EBG struetusing transmission line network
(TLN) method.
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3.7 Cutoff Frequency of AI-EBG Structure

Since the AI-EBG structure is a low pass filterjsitmore important to know
cutoff frequency rather than the stopband centgfuiency in practical applications. The
cutoff frequency is defined as the frequency atcitihe stopband starts. In this section,
the AI-EBG structure was studied to obtain the ffufcequency using the image
parameter method. The image parameter method iesdhe specification of passband
and stopband characteristics for a cascade of osanptworks [48].

Figure 3.10 shows an arbitrary two port network c#psl by its ABCD
parameters. The image impedaZgeis defined as the input impedance at port 1 when
port 2 is terminated wittZ,; and the image impedanc®; is defined as the input

impedance at port 2 when port 1 is terminated &ith

Figure 3.10 Arbitrary two port network with its ig@impedances.

The port voltages and currents in Figure 3.10 elaed as

V, = AV, +BI,,
|, =CV, +DI,. (3.16)
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The input impedance at port 1, with port 2 termédawithZ,, , is given by

_V, _AV,+Bl, AZ +B
2w =1 TGV, %Dl CZ. %D (3.17)
1 2 2 i2

UsingAD - BC = 1 for a reciprocal network, we get

V, =DV, - BI,,
|, =-CV, +Al. (3.18)

The input impedance at port 2, with port 1 ternedatith Z;; , can be obtained as

7 = V, DV,-Bl, B+DZ,

|, -C\+Al, A+CZ, (3.19)

In this case,Z,, = Z,, and Z,, =Z,, are desired. From equations (3.17) and (3.19), we

have the following equations:

Zil(CZiz + D) = ,A\Zi2 + B’
Z,D-B=Z,(A-CZ,). (3.20)

Solving for image impedances, we have

Z,= ﬁ’

CD

5D (3.21)
Z, a7~

AC

C ’ 23)
The equivalent T-type circuit of the one dimensioiaD) AI-EBG structure is
shown in Figure 3.11. This circuit is a low padtefinetwork since the series inductors

and shunt capacitor tend to block high frequengpas while passing low frequency
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1
C then we have the followingBCD

patch

signals. If we letZ, = juL,.., and £, =

parameters for the equivalent T-type circuit of tw@e dimensional (1-D) AI-EBG

structure in Figure 3.11:

A=1+ L2 :
22,
2
B=2Z,+—,
2
szi, (3.23)
2
D=1+—

Figure 3.11 Equivalent circuit of 1-D AI-EBG Struce.

The image impedance of the equivalent T-type dirofithe one dimensional (1-

D) AI-EBG structure is given by

AB B == Z L WL, .C
Z_ = [ = |[— = Z Z 1+ 1 = branch \/1_ branch™ patch
"Yeb Ve ' 2\/ 4z, \/ C 4 (3.24)

patch

The cutoff frequency of the AI-EBG structure in &g 3.11 is defined as

98



Foorr = L (3.25)
cutoff - .
p Lbranchc patch

+t

4 s Ws .
In the above equationky...(NH) @404 xIn +t)+1-193+0-2235( | ) X, is the

o s
inductance of the metal branch in the AI-EBG suitet[66], I, w, andt represent the
length, width, and thickness inm of the metal branchk, is a correction factor taking
the effect of a ground plane with a distahavay from the metal branch, is given by

the following equation.

w
K, =057-0148n-=, == 005 (3.26)
Couen = eoer% is the capacitance by the metal patchtten top metal layer and

Figure 3.12 Cutoff frequency of the AI-EBG strugum Figure 4.2 (a) with
simulation result in Figure 4.2 (b).
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corresponding solid plane on the bottom metal lageris the permittivity of free space,

e is the relative permittivity of the dielectrig, is the area of the metal patch, ant

the dielectric thickness.

Using equation (3.25) for the AI-EBG structure imgwfe 4.2 (a), f is

calculated as 2.03 GHz, which is quite well cotedawith the simulation results in

Figure 4.2 (b). In Figure 3.12f__ is shown in & simulation result for the AI-EBG

cutoff

structure in Figure 4.2 (b). In Table 3.1, the #fub@quencies of the AI-EBG structures
in Figure 4.7 are shown using equation (3.25). @hmgoff frequencies using equation
(3.25) are well correlated with the measurementlte Figure 4.7. The equation (3.25)
will be used to explain the behavior of the Al-EB®ucture when some parameters of

the AI-EBG structure are changed in Chapter 4.

Table 3.1 Cutoff frequencies of the AI-EBG struetum Figure 4.7

AI-EBG Structures Cutoff frequency

Metal patch size (1.5 cm x 1.5 cm) and 2.03 GHz

metal branch size (0.1 cm x 0.1 cm)

Metal patch size (1..0 cm x 1.0 cm) and 3.31 GHz

metal branch size (0.1 cm x 0.1 cm)

Metal patch size (0.7 cm x 0.7 cm) and 5.18 GHz

metal branch size (0.1 cm x 0.1 cm)
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3.8 Summary

In this chapter, theoretical analysis of the Al-EBfuicture was shown using the
Brillouin zone concept. First, the reciprocal spaoacept was introduced to understand
the Brillouin zone. Second, it was shown how theldrn zone was constructed in the
reciprocal lattice. Third, the equation to estimie stopband center frequency of the Al-
EBG structure was driven using the Brillouin zorenaept. Fourth, the propagation
characteristics of the AI-EBG structure was analyasing the transmission line network
method. Finally, the cutoff frequency of the Al-BBtructure was obtained using image
parameter method. The cutoff frequency formulahef AI-EBG structure was obtained

using the image parameter method and can be uséstalesign process.
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CHAPTER 4

Modeling and Analysis of AI-EBG Structure

This chapter describes the modeling, simulationasueement and analysis of a
novel electromagnetic bandgap (EBG) structure dallee alternating impedance EBG
(AI-EBG) structure for noise isolation and suppressn mixed-signal systems.

The AI-EBG structure was introduced in Chapter @ #reoretical analysis of the
AI-EBG structure was demonstrated in Chapter 3.tHis chapter, the modeling,
simulation, and measurement of the AI-EBG strucaanee shown to prove the excellent
isolation property of the AI-EBG structure. Firdte AI-EBG structure showed excellent
isolation (-80 dB ~ -140 dB) through simulationglaneasurements. This was possible
since the AI-EBG structure was optimized to ensoraximum wave destructive
interference, which results in excellent isolatiothe stopband frequency range. Second,
the modeling and simulation methodology for theERG structure were proposed for
efficient simulation using TMM. It is necessary datend the basic model described in
section 2.2 with circuit models for edge and gajeat$. It is critical to model these
effects to obtain accurate bandwidth and isolakewels in S parameter simulation. The
equivalent circuit for the AI-EBG structure withetbe effects is also shown. Various Al-
EBG structures have been designed, fabricated,namakl-to-hardware correlation is
demonstrated in this chapter. Finally, various $atons are performed to see the change
of isolation level and the change of stopband feeqy range by varying various
parameters such as dielectric constant and meteh gaze. The information through

these simulations can be used for various appbicatihat require the AI-EBG structure.
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4.1 Modeling and simulation of AI-EBG Structure

This section describes the modeling of the EBGcttine for extracting the S-
parameters and computing voltage distributionsl-wale EM solvers can be used to
analyze EBG structures, but they are computatipratipensive due to the grid size
required. So, there is a need for efficient methfmfsmodeling EBG structures with
reasonable simulation time and good accuracy. tfEmsmission matrix method (TMM)
is a good candidate for analyzing the AI-EBG suiuetsince it has been successfully
applied to complex power delivery network [40]-[42]he good model to hardware
correlation for a realistic PDN in packages andrsavas verified in [12].

In order to increase accuracy of the simulations necessary to extend the basic
model described in section 2.2 with circuit modelsedge and gap effects. It is critical
to model these effects to obtain accurate bandwadth isolation levels in S parameter
simulation. Edge effects can be modeled by addmigGnetwork to all the edges of the
AI-EBG structure to model the fringing fields. Thetal capacitance(;) including
fringing capacitance() for the edge cells of the AI-EBG structure canchiulated by
employing the empirical formula for the per unibdgh capacitance of a microstrip line

described in [66] given by:

025 05

C =e, % +077+106 % +106 % | 4.1)

o _e,+1+er—1 1
where Eer 5 5 +%

w

is the effective dielectric constant in [18)/ is the
1

metal line widthd is the dielectric thickness ahds the metal thickness. In (4.1), the first

103



term is for the parallel-plate capacitance, anddtier three terms in (4.1) account for
fringing capacitance. In order to maintain a phgkspghase velocity, the per unit length

inductance must be reduced from the péuplidde inductance in accordance with
JLC = me. (4.2)

This reduction is accomplished by adding an incumabetween two adjacent nodes on
the edge of the AI-EBG structure. Gap coupling banmodeled by including a gap
capacitanceCgy, between nodes across a gap in two metal patchahei AI-EBG
structure. The gap capacitance was extracted fror2-Ca solver such as Ansoft
Maxwell™. For example, the gap capacitance per unit leegtracted from Ansoft
Maxwell™ for the AI-EBG structure in Figure 4.2 (a) was p&m. Figure 3.5 shows
the updated equivalefit circuit for the unit cell including fringing andag capacitances.

It is important to note that the locations of th@ding and gap capacitances in the unit

cell depend on the location of the unit celthe AI-EBG structure. Once the unit cell

Figure 4.1 Equivalerd circuit model for the unit cell including fringirend gap effects.
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equivalent circuits are available, these are cdedeto ABCD matrices and efficiently
solved using TMM [40]-[42]. This formulation was\adoped by Krishna Bharath and
Dr. Ege Engin who are part of the EPSILON grou@atrgia Tech [79].

The test structure used to verify the model wasarmetal layer board with size
9.5 cm by 4.7 cm. In this example, the size ofrttegal patch was 1.5 cm x 1.5 cm and
the size of the metal branch was 0.1 cm x 0.1 dne dielectric material of the board
was FR4 with a relative permittivityg = 4.4, the conductor was copper with
conductivity s = 5.8 x 16 S/m, and dielectric loss tangent was (g = 0.02. The
copper thickness for the power plane and the grqlae was 3%m and the dielectric
thickness was 2 mils. A unit cell size of 0.1 cnDA cm, which corresponds to an
electrical size of /14.3 at 10 GHz, was used for approximating thecttre. Port 1 was
placed at (0.1 cm, 2.4 cm) and port 2 was locatd8.4 cm, 2.4 cm) with the origin (O
cm, 0 cm) lying at the bottom left corner of theusture, as shown in Figure 4.2 (a). The
transmission coefficient between two ports, $as computed by TMM and is shown in
Figure 3.6 (b). This result shows an excellent Iséopl floor (-120 dB) and broad
stopband (over 8 GHz for -40 dB bandgap).

It is important to visualize the voltage distrilmrtiwithin the AI-EBG structure in
a mixed-signal system where sensitive RF circuitsl aoisy digital circuits exist
together. The main purpose of this analysis isee that noise generated by digital
circuits cannot propagate to RF circuits at stoglfaequencies. In this analysis, assume
that noisy digital circuits are located at portritl @ensitive RF circuits are located at port

2. TMM was also used to obtain the voltage varraba the AI-EBG structure in Figure
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(@)

(b)

Figure 4.2 (a) Schematic of the simulated Al-EB@icture and (b) Simulated results of
S-parameters for the AI-EBG structure in (a).
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4.2 (a). First, the transfer impedances from theutnport to all locations on the
power/ground planes were computed using TMM. Treed0 mA current source was
applied between the power and ground planes omghe port that is a port 1 in Figure
4.2 (a) to get the voltage distribution acrossAh&BG structure. Figure 4.3 (a) ~ (d) are
the simulated color scale voltage magnitude digtiams on the AI-EBG structure at 500
MHz, 1.5 GHz, 4 GHz and 7 GHz. The voltage variatie represented by a color
contrast in these figures. The unit in the colarsha Figure 4.3 is [V]. Figure 4.3 (a)
shows that the AI-EBG structure does not providedgizolation at 500 MHz since 500
MHz is a frequency in passband. Figure 4.3 (b) shth& voltage distribution on the Al-
EBG structure at 1.5 GHz, which is a frequencyha passband. In contrast, a voltage
distribution in Figure 4.3 (c) shows good ismiat since voltage variation is observed
only in few metal patches around the metal patattaining port 1. This frequency, 4

GHz, corresponds to the stopband frequency initsiestopband of the AlI-EBG structure

(@)

Figure 4.3 Simulated voltage magnitude distribwgtioon the AI-EBG structure at
different frequencies (a) At 500 MHz, (b) At 1.5 GHc) At 4 GHz, and (d) At 7 GHz.
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(b)

(©)

(d)

Figure 4.3 Simulated voltage magnitude distribwgtioon the AI-EBG structure at
different frequencies (a) At 500 MHz, (b) At 1.5 GHc) At 4 GHz, and (d) At 7 GHz.
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in Figure 4.2 (b). It is important to note thaiseogenerated by the current source on
the input port can not propagate to the metthes in the fourth, fifth, sixth columns

in the AI-EBG structure at 4 GHz, which meathat noise generated by digital
circuits cannot propagate to the RF circuitated at port 2 in Figure 4.2 (a). Finally,
voltage variation across the whole AI-EBG structisragain observed at 7 GHz as can

be seen in Figure 4.3 (d), which represents thshzasl.

4.2 Model-to-hardware correlation

To verify the simulated results, the EBG structudescussed in the previous
section were fabricated using standard PCB prose$sgure 4.4 (a) shows the cross
section of the fabricated structure. The top layer metal layer with AI-EBG pattern and
second metal layer is a continuous solid plane.dikectric material between these two
metal layers is FR4 with a relative permittivigy= 4.4. The conductor is copper with
conductivitys; = 5.8 x 168 S/m, and a dielectric loss tangenttas (g = 0.02. The
bottom layer is an FR4 core layer for mechanicppsut.

The S-parameter measurements were carried out asifggilent 8720 ES vector
network analyzer (VNA). Figure 4.5 shows S-paramegsults for one of the fabricated
AI-EBG structures. In this case, the size of theaingatch was 1.5 cm x 1.5 cm  and the
size of the metal branches was 0.3 mm x 0.3 mm .€ehltiee structure size was 9.15 cm X
4.56 cm. The return loss; Sis almost 0 dB in the stopband, in Figure 4.5iciwishows
the excellent isolation property of the AI-EBG stiure. The measured:;$hows a very

deep and wide bandgap (over 8 GHz for -40 dB bgndgad $;reached the sensitivity
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limit (-80 dB ~ -100 dB) of the VNA used in the dp@ency range from 2.2 GHz to 4.5
GHz. The modeling results were compared with measant result in Figure 4.6, which
shows reasonable agreement. The discrepancy betwedgrling and measurement is

due to the sensitivity limit of the VNA ithe stopband. The other reason for this

(@)

(b)

Figure 4.4 Fabrication of AI-EBG structure (a) Grosection of fabricated AI-EBG
structure and (b) Photo of fabricated AI-EBG stmuet

discrepancy is due to fabrication process errors T$ because the fabrication process
error can change the width of the metal brancth@&AI-EBG structure and this change

can cause a shift obScurve.
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To see frequency tunability of the AI-EBG structutee EBG structures having different
metal patch sizes were designed and fabricated) asstandard PCB process. However,
a metal branch size of 0.1 cm x 0.1 cm was usedifocases. Figure 4.7 shows the
photographs of fabricated EBG structures and cpomeding S-parameter measurement
results. The dashed area in Figure 4.7 repredaemtsequency range of the first stopband
in the AI-EBG structure. Port 1 and port 2 locasicare also shown in Figure 4.7. In
Figure 4.7, the dispersion diagrams of the Al-EB@idures using transmission line
network (TLN) method are also shown. It is impottEnnote that as the size of the metal
patch decreases, the stopband occurs at higherefiey range since the cutoff frequency
is inversely proportional to the capacitance of itietal patch by equation (3.25). This

will be discussed in the next section in detail.

Figure 4.5 Measured S-parameters of the AlI-EBGcaira.
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Figure 4.6 Model-to-hardware correlation for theEBG structure.

(@)

Figure 4.7 S-parameter measurements: frequencyitimga) AI-EBG structure with
the metal patch size of 1.5 cm x 1.5 cm, (b) Al-E8@icture with the metal patch size
of 1.0 cm x 1.0 cm, and (c) AI-EBG structure witte tmetal patch size of 0.7 cm x 0.7

cm.

112



(b)

(©)

Figure 4.7 S-parameter measurements: frequencyitimga) AI-EBG structure with
the metal patch size of 1.5 cm x 1.5 cm, (b) Al-E8@icture with the metal patch size
of 1.0 cm x 1.0 cm, and (c) AI-EBG structure witte tmetal patch size of 0.7 cm x 0.7

cm.

113



4.3 Parametric analysis of AI-EBG structure

This section describes the effect of critical pagtars on stopband frequency and
isolation levels in achievable AI-EBG structurengssimulations. It is important to note
that certain geometrical and material parametanscbhange the characteristics of the Al-

EBG structure significantly.

4.3.1 Effect of metal patch size

The first parameter to be studied is the metallpaize of the AI-EBG structure.
The metal patch size was changed to see the effiettie transmission coefficient 4
Figure 4.8 shows the,Zesults for the different stopband ranges, whiahalestrates the
frequency tunability of the AI-EBG structure. Foetfirst AI-EBG structure (AI-EBG 1)
in Figure 4.8, the size of the metal patch wascinOx 1.0 cm and the size of the metal
branch was 0.1 cm x 0.1 cm. The entire size oAREBG 1 structure was 10.9 cm x 5.4
cm. For the second AI-EBG structure (AI-EBG 2) ilgulte 4.8, the size of the metal
patch was 0.7 cm x 0.7 camd the size of the metal branch was 0.1 cm x @1The
entire AI-EBG 2 structure size was 9.5 cm x 4.7 cm.

It is important to note that as the size of theahpatch decreases, the stopband
occurs at higher frequency range since the cuteffuency, which is a frequency at
which stopband begins, is inversely proportionahi® capacitance of the metal patch by
the following equation.

1

ctftoff - L (43)

branch patch
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Figure 4.8 Effect of metal patch size in Al-EBGusture.

4.3.2 Effect of dielectric constant

The second parameter to be studied is the dietectmstant. The test structure
used was a two metal layer board that is 9.5 c.Bym in size. In this case, the size of
the metal patch was 1.5 cm x 1.5 cm and the sizheofmetal branch was 0.1 cm x 0.1
cm. The dielectric material of the board was FRthwirelative permittivityg = 4.4, the
conductor was copper with conductivitye = 5.8 x 10 S/m, and the dielectric loss
tangent wagan (d) = 0.02. The copper thickness for the power plargk ground plane
was 35mm and the dielectric thickness was 4.5 mils. A grit size of 0.1 cm x 0.1 cm
was chosen, which corresponds to an electricaldfiz£14.3 at 10 GHz.

Figure 4.9 shows the transmission coefficient winendielectric constant is varied from

4.4 to 10 and from 4.4 to 2.2. All other geometriparameters are fixed in this
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simulation. When the dielectric constant increaghs cutoff frequency is shifted

towards lower frequency. This decrease of ¢heoff frequency is associated with the

Figure 4.9 Effect of dielectric constant in Al-EBBucture.

increase in capacitance of the metal patch ancchrsimce capacitance is proportional to
the dielectric constant. The cutoff frequency aeirsely proportional to capacitance. The
bandwidth of the stopband decreases as the dieleoinstant increases. This is because
bandwidth of the stopband is inversely proportidmatapacitance. The bandwidth (BW)

of stopband is related to capacitance and induetbg¢he following equation [29].

L
BW\/g (4.4)

Next, the dielectric constant was varied from €212. Figure 4.9 shows the simulated

transmission coefficient when the dielectric consia varied from 4.4 to 2.2. All other
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geometrical parameters were fixed. When the dietecbnstant decreases, the cutoff
frequency is shifted towards higher frequency. Tihisease of the cutoff frequency is
associated with the decrease of capacitance ofnth&al patch and branch since
capacitance is proportional to dielectric constant cutoff frequency is inversely
proportional to capacitance. The bandwidth of tteplsand increases as the dielectric
constant decreases. This is because the bandwidttheo stopband is inversely

proportional to capacitance through equation (4.3).

4.3.3 Effect of metal branch

The metal branch size was varied from 0.2 mm xn@n2 to 1 mm x 0.2 mm to
see if there is any change in the frequency regpdnghis case, the test structure was a
two metal layer board that was 10.08 cm by 4.02ircrsize and the size of the metal
patch was 2 cm x 2 cm. The dielectric materialhef board was FR4 with a relative
permittivity & = 4.4 and the dielectric loss tangent was (@) = 0.02. The conductor was
copper with conductivitys. = 5.8 x 18 S/m. The copper thickness for the power plane
and ground plane was 3®n, and the dielectric thickness was 4.5 mils. A aall size of
0.2 mm x 0.2 mm was used in these simulations.ré®l branch size was varied from
0.2 mm x 0.2 mm to 1 mm x 0.2 mm to see if thers @way change in the frequency
response. Figure 4.10 shows the simulatedd® both cases.

When the metal branch size increases, the cuteffuincy is shifted towards
lower frequency. This decrease of the cutoff fremyeas associated with the increase of
inductance of the metal branch since the cutoffifescy is inversely proportional to

inductance. The bandwidth of the stopband increasdbe metal branch size increases.
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This is because the bandwidth of the stopband epgstional to inductance through

equation (4.4).

Figure 4.10 Effect of metal branch size in Al-EBi@usture.

4 .3.4 Effect of dielectric material

Three different dielectric materials were simulatedsee the effect of dielectric
material. Three different dielectric materials exded were FR4, liquid crystalline
polymer (LCP), and high k material. The reason Wigse three dielectric materials were
chosen is that FR4 is most common dielectric matéor package and board, LCP has
advantage of being stable and easy to fabricatbimfilms, and high k material is a
promising dielectric material for a compact highfpenance capacitor. The material
characteristics of these three materials are suinethin Table 4.1.

Figure 4.11 shows the simulated transmission aoefft ($;) for these three

materials. The stopband for the high k materialuceat lower frequencies than the
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stopbands of FR4 and LCP. This is because thectligleonstant of high k material is

higher than that of FR4 and LCP and the cutoff dssgpy is inversely proportional to

capacitance by equation (4.3).

Table 4.1 Material characteristics aethdifferent dielectric materials

FR4 LCP High k material
Dielectric constanté) 4.4 2.9 16
Loss tangenttdn d 0.02 0.002 0.006
Dielectric thicknessrm) 101.6 25.4 16

Figure 4.11 Effect of dielectric material in Al-EB&&ucture.
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The bandwidth of stopband of high k material is kanahan that of FR4 and
LCP since stopband bandwidth is inversely propodido capacitance by equation (4.4).
Hence, compared with FR4, high k material is projperlow and narrow frequency

applications and LCP is better for ultra wide b@duvB) applications.

4.3.5 Effect of multiple-layers
To see the effects of multi-layers, LCP was chasethe dielectric material. For

comparison, three different cases were testednglesplane pair, two plane pairs, and
three plane pairs. The main purpose of this corapanvas to investigate the possibility
of getting better isolation from multiple-layer ABG structures than a single plane pair
AI-EBG structure. For a single plane pair, theef the structure was 4.7 cm x 4.7 cm,
the metal patch size was 1.5 cm x 1.5 cm and thalrbeanch size was 0.05 cm x 0.1
cm. Port 1 was located at (0.75 cm, 0.75 cm) anmtl Devas located at (3.95 cm. 3.95
cm). For two plane pairs, the stack-up of planeshswn in Figure 4.12. The size of the
structure, metal patch size and the metal brarmh aie the same as those of a single

plane pair. Port 1 was located at (0.75 cm, @ri@bon the top plane pair and port 2 was

Figure 4.12 Cross-section of the two plane pairs.
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located at (3.95 cm. 3.95 cm) on the bottom plaaie Vias were vertically connected
from voltage (VDD) plane to voltage plane and frgnound (GND) plane to ground
plane. This ensures that voltage planes and grplareks are at the same potential. For
three plane pairs, the stack-up of planes is shovgure 4.13. The size of the structure,
metal patch size and the metal branch size areahe as those of a single plane pair.
Port 1 was located at (0.75 cm, 0.75 cm) on theptape pair and port 2 was located at
(3.95cm. 3.95cm) on the bottom plane paifigure 4.14 shows the transmission
coefficient ($,) for the three cases. As can be observed, there ilmprovement in as
the stack-up of planes increases. However, theawgonent in & is not significant. This

is because destructive wave interference can benmmed in horizontal direction in the
AI-EBG structures rather than in vertical directisince waves travel in power/ground

planes horizontally and experience destructivefietence.

Figure 4.13 Cross-section of three plane pairs.
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Figure 4.14 Effect of multi-layers in AI-EBG struce.

4.4 Summary

In this chapter, the modeling and analysis of theEBG structure has been
described. The AI-EBG structure showed excellesititson (-80 dB ~ -140 dB) through
simulations and measurements. This was possiblee sine AI-EBG structure was
optimized to ensure maximum wave destructive ieterice, which results in excellent
isolation in the stopband frequency range. The ved@nt circuit for the AI-EBG
structure is also shown. The modeling and simutatitethodology for the AI-EBG
structure were proposed for efficient simulatiomgsTMM. Various AI-EBG structures
were designed, fabricated, and model-to-hardwareeletion was demonstrated in this

chapter. Finally, various simulations were perfadne see the change of isolation level
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and the change of stopband frequency range by ngryarious parameters such as
dielectric constant and metal patch size. The métion through these simulations can

be used for various applications that require th&€BG structure.
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CHAPTER 5

Noise Suppression in Mixed-Signal Systems using
Al-EBG Structure and Characterization of Al-

EBG Structure

In this chapter, simulation, design, fabricationd aneasurement of a mixed-
signal test vehicle containing the AI-EBG structimethe power delivery network are
presented. The results have been compared to &si@st vehicle with solid planes.
First, the mixed-signal system simulations with avithout the AI-EBG structure were
performed in HP-ADS to see noise isolation levekilable. The simulation results show
that the proposed AI-EBG structure is a good caatdido suppress noise from digital
circuits. Second, the AI-EBG structure has beeegradted into a mixed-signal test
vehicle to demonstrate the isolation levels actbeaThe ability of the AI-EBG
structure to suppress switching noise has been tifjgdnin this chapter. The
measurement results for the mixed-signal test \elwvith and without AI-EBG structure
have shown that harmonic noise peaks due to digiteliits can be suppressed in the
stopband frequency range using the AI-EBG structure

The power delivery network needs to function alavith the signal lines for
high-speed transmission. Since the power and grplarees carry the return currents for

the signal transmission lines, the impact of Al-EBucture on signal transmission
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needs to be analyzed. First, time domain waveformasurements at the output of the
FPGA and far end of the transmission line have beeasured. Second, time domain
reflectrometry (TDR) measurements have been medsun@ discussed to understand the
discontinuities in the characteristic impedancefilgalue to the gaps in the AI-EBG
plane. Third, near field and far field simulaticexsd measurements have been discussed
to understand possible electromagnetic interfer¢B&#). Finally, design methodology
has been suggested to avoid any possible sigregrity and EMI problems when the
AI-EBG structure is used as a part of the powetribistion network in mixed-signal

systems.

5.1 Mixed-Signal System Simulation

To study the actual reduction in noise obtainedugh the use of the AI-EBG
based power supply scheme, power distribution ndtsvoonsisting of a plane pair with
and without the AI-EBG structure were modeled usifgM and used for system
simulation in HP-AD®. Figure 5.1 (a) shows the schematic of avelicle to study
noise coupling in SOP-based mixed-signal systemscommon power distribution
system is used for supplying power to a Field Rangnable Gate Array (FPGA) driving
a 300 MHz bus and a low noise amplifier (LNA) operg at 2.13 GHz. Noise generated
in the digital subsystem couples to the LNA throdlgd power rails. Sensitive devices
such as a LNA are particularly susceptible to ewknoise since RF signals at the input
of these devices have very low power and largeatsgappearing in band can make the
active device to saturation, reducing its sensytivihe use of the AI-EBG structure in

the implementation of the power distribution syst@movides a cost-effective and
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compact means for noise suppression, as comparedetaise of split planes with

multiple power supplies. Figure 5.1 (b) shows dated LNA output spectrum (using

(@)

(b)

Figure 5.1. Mixed-signal system simulation. (a) &ulatic of simulated mixed-signal
system. (b) Simulation results for mixed-signaltegss with and without the AI-EBG
structure.
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HP-ADS™), where the power distribution system has beenlémented with and
without the AI-EBG structure. It can be observedt tthe harmonics of the digital noise
couple into the LNA circuitry and appear at itsputin both cases. However, for the
system with the AI-EBG based power scheme, thesgisficant reduction of the noise
amplitudes. In particular, thé"harmonic of the 300 MHz FPGA clock (at 2.1 GHe5kli
close to the frequency of operation of the LNA. BHoe system without the AI-EBG
based power scheme, the amplitude of this noise $pi-69.592 dBm. However, for the
system with the AI-EBG structure, this harmonic saopeak has been suppressed to

-87.113 dBm [53].

5.2 Design and Fabrication of Mixed-Signal Systems

To verify the use of the AI-EBG based scheme forxedisignal noise
suppression, a test vehicle containing an FPGArdyia 300 MHz bus with an integrated
low noise amplifier (LNA) operating at 2.13 GHz wdesigned and fabricated on an FR4
based substrate. The LNA design was done by Du.@avind [54], [55] in this mixed-
signal system. Figure 5.2 shows the cross sectiadie fabricated mixed-signal test
vehicle. The board is a three metal layer PCB ith&0.8 cm by 4.02 cm. The first metal
layer is a signal layer, the second metal layergsound layer (Gnd), and the third metal
layer is a power layer (Vdd). The AI-EBG structwas located on the ground layer in
the test vehicle. The dielectric material in theBPfas FR4 with a relative permittivity,
& = 4.4 and dielectric loss tangeah (@ = 0.02. The metallization used was copper with
conductivity, sc = 5.8 x 16 S/m. The dielectric thickness betweenatayers was

5 mils with a bottom dielectric layer thickness 28 mils. The bottom dielectric layer
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was used for mechanical support. Figure 5.3 shitve photograph of the fabricated
mixed-signal system containing the AI-EBG structurbe LNA was used as the noise
sensor since it is the most sensitive device irR&nreceiver. Noise generated in the
FPGA couples to the LNA through the powdistribution network. In the

fabricated test vehicle, size of the maeiatch and metal branch used in the EBG

Figure 5.2 Cross-section of the fabricated mixephai systems.

Figure 5.3 Photograph of the mixed-signatesyscontaining the AlI-EBG structure.
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Figure 5.4 Simulated S-parameters for the Al-EB&ellaPDN.

Structure was 2 cm x 2 cm and 0.2 mm x 0.2 mm,easgely. Figure 5.4 shows the

transmission coefficient ¢§ between FPGA and LNA, which was simulated using
transmission matrix method (TMM). In Figure 5%4; shows a very deep stopband (~-
100 dB), which can be required to suppress harmurige peaks generated by the digital

circuits in the FPGA.

5.3 Noise Measurements

Figure 5.5 shows the measurement set-up for noessunements. The AI-EBG-
based common power distribution system was usedupplying power (3.3 V) to the
RF and FPGA ICs. For comparison, a test vehiclelainto Figure 5.3 was also

fabricated without the AI-EBG structure. In the ma@@ments, the FPGA was
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programmed as four switching drivers using Xiliroftware. The input terminal of the
LNA was grounded to detect only noise from the FP@BGugh the PDN. The output
terminal of the LNA was connected to a HP E44078ctpim analyzer to observe noise

from the FPGA. Sunanda Janagama worked togethérifonoise measurement.

Figure 5.5 Measurement set-up for noise measurement
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(b)

Figure 5.6 Measured output spectrum of the LNAV#&)en the FPGA is completely
switched off and (b) When the FPGA is switched on.
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Figure 5.6 shows the measured output spectrumeoLNA for the test vehicle without
the AI-EBG structure. With the FPGA completely sshiéd off, the output spectrum is
clean and contains only low frequency noise, asveha Figure 5.6 (a). However, when
the FPGA is switched on with four switchishgvers, the output spectrum exhibits a
large number of noise components, as shown in €i§Le (b), at the output of the LNA.
As can be seen in Figure 5.6 (b), the noise comperage harmonics of the FPGA clock
frequency, which is at 300 MHz. In this diagrane # harmonic of the 300 MHz FPGA
clock (at 2.1 GHz) lies close to the frequency pkmtion of the LNA, potentially
degrading its performance. Hence, tffeharmonic noise peak should be suppressed for
good LNA functionality. With the AI-EBG structurategrated into the ground plane, it
is possible to suppress this harmonic noise paglré5.7 shows the measured the LNA

output spectrum around 2.1 GHz for the test vebialgh and without AlI-EBG structure.

Figure 5.7 Measured™7harmonic noise peaks at 2.1 GHz for the test Wehiith and
without the AI-EBG structure.
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The 7" harmonic noise peak at 2.1 GHz has been suppréssed58 dBm to -88 dBm
using the AI-EBG structure, which shows the abildf the AI-EBG structure for
excellent noise suppression. It should be notetl -8t dBm is the noise floor in this
measurement, which means that tife Harmonic noise peak due to FPGA has been
suppressed completely. Figure 5.8 shows the mahshieeLNA output spectrum from
50 MHz to 3 GHz for the test vehicles with and with the AI-EBG structure. The
harmonic noise peaks from 2 GHz to 3 Ghlve been suppressed completely
using the AI-EBG structure. This frequency ranger(f 2 GHz to 3 GHz) corresponds to
a stopband with -100 dB isolation level, as shoarier in Figure 5.4. As can be
observed, the AI-EBG based scheme shows very @fficsuppression of noise

propagation from the digital circuits into RF ciitsun integrated mixed-signal systems.

Figure 5.8 Measured LNA output spectrum for theé vehicles with and without the Al-
EBG structure.
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5.4 Signal Integrity Analysis

The power delivery network needs to function alavith the signal lines for
high-speed transmission. Since the power and grplares carry the return currents for
the signal transmission lines, the impact of AI-EB@ucture on signal transmission
needs to be analyzed. First, time domain waveformasurements at the output of the
FPGA and far end of the transmission line have beeasured. Second, time domain
reflectrometry (TDR) measurements have been meadsune discussed to understand the
discontinuities in the characteristic impedancefilgralue to the gaps in the AI-EBG

plane.

5.4.1 Time Domain Waveforms

Since the AI-EBG plane (i.e., the plane with Al-EBgattern) is used as a
reference plane for signal lines in the stack-upwshin Figure 5.2 in the previous
section, the gaps in the Al- EBG structure functiam discontinuities, causing
degradation in the waveform. In a solid plane,returrents for high speed transmission
follow the path of least inductance. The lowestuictdnce return path lies directly under
a signal line, which minimizes the loop area betwt® outgoing and returning current
path [52].

To better understand signal quality, signal wavefat the output of the FPGA
and far end of the transmission line were measurbdse two locations are shown in
Figure 5.9. The signal from the FPGA propagateagk transmission line. Figure 5.10
shows the measurement results at both locatiod®@tMHz. In this figure, two signal

waveforms were overlapped to compare differencevdsst them. In this case, there is no
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serious signal integrity problem since slopes ghal waveforms are almost the same.
But the signal waveform at the far end of transiarsdine has larger amplitude as

compared to the output of the FPGA.

Figure 5.9 Waveform measurement at two locationthermmixed-signal board.

Figure 5.10 Measured waveforms at two differenatmns.

135



5.4.2 Time Domain Reflectometry (TDR) Measurements

To investigate the phenomena identified in the joey section, time domain
reflectometry (TDR) measurements were performednteasure the characteristic
impedance of the transmission line. In a TDR measent, an injected voltage pulse
propagates down the signal line, reflects off tlsea@htinuity, and then returns to form a
pulse on the oscilloscope [32]. Figure 5.11 (a)wshdhe measured characteristic
impedance profile for one of four transmission $inesed in the test vehicle. For this
measurement, Cascade microprobes were used fangrihte pad at the end of the first
transmission line. Figure 5.11 (b) shows the magghifmpedance profile for the device
under test (DUT). In this figure, discontinuitiesthe impedance profile were observed.
Each change in characteristic impedance causeBORetrace to bump up or down to a
new impedance level. Increasing impedamopliés increased inductance, reduced
capacitance, or both. Conversely, decreasing impmedanplies increased capacitance,
reduced inductance, or both [32]. In Figure 51}l the first discontinuity is caused by
the first gap in the AI-EBG structure, which is a@aductive discontinuity, as can be seen
in Figure 5.9. The inductive discontinuity is folled by a lower impedance transmission
line due to the extra capacitance caused by thertrgsion line traversing a metal patch.
Since an injected signal passes over five gapgddfarrives at the FPGA, there are five
discontinuities along the signal path, as showigure 5.11 (b).

Next, it can be explained why the signal amplitatiéar end of transmission line
is bigger than that at output of the FPGA. In cassignal propagates from the FPGA to
the end of transmission line. When a signal paeses a metal branch, the TDR trace

bumps up. So, a signal propagates dowrtraasmission line with characteristic
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Figure 5.11 Measured characteristic impedancelprofithe first transmission line over
AI-EBG structure in the mixed-signal system (a) aitteristic impedance profile of the
first transmission line over AI-EBG structure am) Magnified characteristic impedance
profile of the first transmission line over Al-EBs&ucture.
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impedance&; and meets a discontinuity due to a gap where taemcteristic impedance
of the transmission line changeszp The reflection coefficient formula for this case
given as [32]

_ Zo,n+l - Zo,n (5 1)
Z, . +Z '

o,n+1 o,n

Vi

G=
A

where Gis a reflection coefficienty, is a voltage traveling in positive directionrgh

transmission liney; is a voltage traveling in negative directiomtt transmission line,

z

o,n

iIs a characteristic impedance rh transmission line,Z is a characteristic

0,41
impedance atn1)th transmission line. Siné® > Z; in this case, the reflected wave is a
positive copy of the incident wave. The incident aaflected waves superimpose. The
voltage should be continuous at the discontingitythe signal continues onto the second
transmission line with peak amplitude based ontote voltage on the first line. When
the incident and reflected waves have the same #igg add, and the voltage signal on
the second transmission is large. This situatiamtinaoes when an injected signal passes
over a metal branch in a gap. This is because giergaps in AI-EBG structure make
discontinuities in impedance profile and these ahsiouities make reflection coefficient

positive.

5.5 Field Analysis of AI-EBG Structure

In this section, near field and far field simulasoand measurements were
discussed to understand possible electromagndgcerence (EMI) due to a periodic
gap in the AI-EBG plane when the AI-EBG structwiseused as a reference plane for a

signal line.
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5.5.1 Near Field (NF) Simulation and Measurement

The return current on the reference plane ofaadiline plays an important role
in near field electromagnetic coupling, and themfehe return current effect should be
taken into consideration in mixed-signal systemigtesReturn current on the reference
plane flows mostly in the area below the signa lamd tapers off as one traverses from
the center towards the edge. In this section, nuffewing on the signal line and the area
on the reference plane below the signal line wdl referred to as “differential mode
current” and the current on the reference planeydwean the signal line will be referred
to as “common mode current”. The magnetic fielddoiced by the differential mode is
zero since current flows in opposite directionsthis case, the magnetic field due to the
current on a microstrip line is given by equati@?2j. In this equation| is current

flowing on the microstrip line andis the radial distance from the microstrip line.

H=—7F (5.2)

However, this is not the case for the common madeent. The effect of the
common mode current is often ignored due to itslismagnitude [64]. The purpose of
this work is to understand the near field behafiom a simple signal line such as a
microstrip line for the test vehicles with and wvaith various AI-EBG structures.

Three test vehicles have been designed and fadulid¢at radiation analysis [59].
The first test vehicle is a microstrip line on did@lane, the second test vehicle is a
microstrip line on an AI-EBG structure, and thedhiest vehicle is a microstrip line on
an embedded AI-EBG structure. The third test vehighs designed to suppress noise in
mixed-signal systems without any EMI problems. Tikipossible since the solid plane

was used as a reference plane for the micrositrgiii this embedded AI-EBG structure.
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In Figure 5.12, the cross section of these thrsevehicles are shown. The top view of
these three test vehicles is also shown in Figuk8.5The dielectric material of the test
vehicles is FR4 with a relative permittivity = 4.4, the conductor is copper with
conductivity,s¢ = 5.8 x 168 S/m, and a dielectric loss tangent is tdh £ 0.02. The

copper thickness for the microstrip line, solidn@dand AI-EBG plane in the test vehicles
is 35 mm, the dielectric thickness between two conducie®rS mils and the dielectric

thickness of the most bottom layer is 28 mils. #a AI-EBG structures in the second
and third test vehicles, the size of the metaltpa&d.5 cm x 1.5 cm and the size of metal
branch is 0.1 cm x 0.1 cm. It should be noted timatsize of the metal patches in the first

column near SMA connectoris 1.3 cm x 1.5 cm.

(@) (b) ()

Figure 5.12 Cross section of the three test vel{i) Test vehicle 1 is a microstrip line on
a solid plane, (b) Test vehicle 2 is a microslimg on an AI-EBG structure, and (c) Test
vehicle 3 is a microstrip line on an embedded AlcE&ructure.

140



Figure 5.13 Top view of the test vehicles.

The return current on the reference plane of aastdp line plays an important
role in near-field electromagnetic coupling. Henttes return current effects should be
considered in package and board design [64]. Thenave solver (SONNE™) was
used for current density simulation of the threst teehicles. This simulation was
contributed by Daehyun Chung. To ensure that sitmuaesults are correct, the standing
wave patterns on the reference plane for the tebiclke 1 were captured and these
patterns are shown in Figure 5.14. Standing wakee$oamed at 800 MHz, 1.6 GHz, and
2.4 GHz for the test vehicle 1 and these frequencarespond to the nulls in the: S
simulation, which is shown in Figure 5.15. For $gmaeter simulation, port 1 was
located at the SMA connector and port 2 was atefad of the microstrip line. The
wavelength of the return current can be calculasdg the following equation.

c

/ = T (5.3)

er+1+ e -1

where €« = 5 - is the effective permittivity, e is the relative
2J1+124—
W

permittivity of the substratey is the width of the microstrip line arfalis the height

between the microstrip line and the reference pldhe relative permittivity for the test
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vehicle 1 is approximately 4.2 for the given midrigsline dimensions.

(a) (b) (c)

Figure 5.14 Standing wave patterns on referencaeplaf the test vehicle 1 (a)'1
resonance pattern at 800 MHz, (Bﬂ tzsonance pattern at 1.6 GHz, and (‘E)r@sonance
pattern at 2.4 GHz.

Figure 5.15 S-parameter simulation results of tieastrip line on the test vehicle 1.
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Using equation (5.3), the standing waves have veagths at frequencies of 800

MHz, 1.6 GHz, and 2.4 GHz, as given in Table 5.1.

Table 5.1 Wavelengths for the standing waves ustugtion (5.3)

Frequency Wavelength
800 MHz 18.298 cm
1.6 GHz 9.149 cm
2.4 GHz 6.099 cm

Two frequencies at 300 MHz and 2.7 GHz were chésethe near field analysis.
Figure 5.16 shows current density for the soli@merfice plane in the test vehicle 1 at 300
MHz and 2.7 GHz and Figure 5.17 shows current defai the AI-EBG plane in the test
vehicle 2. The current densities for the solid mefiee plane in test vehicle 3 (an
embedded AI-EBG structure), which is shown in Feg&.18, showed almost same
results as those for the test vehicle 1 sinceid ptane was used for both test vehicles. It

should be noted that current densities at 300 Midzhfe test vehicles 1 and 2 showed the

(@) (b)

Figure 5.16 Current density simulation resultstha test vehicle 1 (a) Current density at
300 MHz and (b) Current density at 2.7 GHz.
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(@) (b)

Figure 5.17 Current density simulation resultstha test vehicle 2 (a) Current density at
300 MHz and (b) Current density at 2.7 GHz.

(@) (b)

Figure 5.18 Current density simulation resultstha test vehicle 3 (a) Current density at
300 MHz and (b) Current density at 2.7 GHz.

same tendency but, at 2.7 GHz, the currentigefsr the AI-EBG plane in the test
vehicle 2 showed a non-ideal current flow, which cause higher radiation. A non-ideal
return path occurs when the return current asstiatith a signal trace is forced to
diverge away from the path of least inductances Heiviation in the ideal return path of
the current results in far field radiation, whidmnccause EMI problem [65]. The periodic

gaps in the AI-EBG structure gives rise to the pepis listed above at high frequencies.
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The near field measurement was carried out using. BNecision Scan (EPS-
3000) equipment and NEC probe (CP-25). This measemé was carried out with
Krishna Srinivasan in Epsilon group together. Galgrnear field measurement in the
GHz range is very difficult since almost all of tbemmercially available probes are not
sensitive for near field measurement in GHz randewever, the NEC probe in this
measurement covers a bandwidth of 3 GHz. In these field measurements, the y
component of magnetic field (Hwas recorded and the unit of the magnetic field
intensity is [dBW]. It should be noted that the near field resal® be related to the
current density simulation results since the maxmmagnetic field intensity represents
the maximum current density in this case. The \wlbhave been obtained for the
magnetic field 12 mm above the microstrip line amamalized with respect to the
maximum value of the y component of the magnegtdfiwhich occurs at 2.35 cm, as

shown in Figure 5.19.

Figure 5.19 Schematic of y component of the magniéld at 12 mm above the
microstrip line.
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Figure 5.20 shows near field measurement resuttse&t vehicle 1 at 300 MHz
and 2.7 GHz while Figure 5.21 shows near field mesment results for test vehicle 2 at
300 MHz and 2.7 GHz. The near field measurementtsefor the vehicle 3 are shown in
Figure 5.22. Test vehicle 1 and 3 showed the sasdts since a solid plane was used as
a reference plane for both cases. For test veBjahear field results at 300 MHz showed
the same results as those for test vehicles 1 a@80 MHz but near field results at 2.7
GHz showed totally different results from those fest vehicles 1 and 3 since an Al-
EBG plane was used as a reference plane for thedbgle 2, which causes a non-ideal
return current flow due to periodic gaps in theEBG plane, and which makes magnetic

field distribution in an AI-EBG plane different fnothat in a solid plane.

(a) (b)
Figure 5.20 Near field measurement results forvebicle 1 (a) Magnetic field intensity
at 300 MHz and (b) Magnetic field intensity at &Hz.

(a) (b)
Figure 5.21 Near field measurement results fortelicle 2 (a) Magnetic field intensity
at 300 MHz and (b) Magnetic field intensity at &Hz.
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(a) (b)
Figure 5.22 Near field measurement results forvebicle 3 (a) Magnetic field intensity
at 300 MHz and (b) Magnetic field intensity at &Hz.

It should be noted that there are similarities leemvcurrent density simulation results
and near field measurement results. This is bec#usecurrent distribution on the
reference plane for the microstrip line createsnlagnetic field and both have the similar

signature.

5.5.2 Far Field (FF) Simulation and Measurement

The far field simulation was also performed usi@NNET™ for the three test
vehicles in Figure 5.12. This simulation was maiobntributed by Daehyun Chung. In
this simulation, surface radiation from the surfatéhe test vehicles was investigated by
changing the degree$ € 0°~180C at every 10 andg = -90~9(° at every 10), which is
shown in Figure 5.23. Figure 5.24 shows far fidldwation results for the three test
vehicles. It should be noted that test vehicle @nsdd the maximum radiation intensity
(after 2 GHz) among three test vehicles since thERBG plane was used as a reference
plane for the microstrip line in the test vehiclea2d the periodic gap in the AI-EBG
plane makes the return current non-ideal, whichseswa far field radiation at high

frequencies.
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Figure 5.23 Far field (FF) simulation set-up.

(@)

Figure 5.24 Far field simulation results (a) Teshicle 1 (a solid plane as a reference
plane), (b) Test vehicle 2 (an AI-EBG plane asfaremce plane), and (c) Test vehicle 3
(a solid plane in an embedded AI-EBG structure edeaence plane).
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(b)

(€)

Figure 5.24 Far field simulation results (a) Teshicle 1 (a solid plane as a reference
plane), (b) Test vehicle 2 (an AI-EBG plane asfaremce plane), and (c) Test vehicle 3
(a solid plane in an embedded AI-EBG structure efeaence plane).
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To verify the above simulation results, far fielé&éasurements were done for the
test vehicles. These measurements were carridoyddbng Gun Kam who is a graduate
student in Professor Joungho Kim at KAIST in Remuldf Korea. The far field
measurements were done using an Anritsu MG3642Ai&tal generator (BW: 125 kHz
~ 2,080 MHz), an Agilent E4440A spectrum analy®2W( 3 kHz ~ 26.5 GHz, Res. BW
= Video BW = 3 MHz), and an antenna in anechoiamber. Figure 5.25 (a) shows the
measurement set-up for the far field measurem&mse the RF signal generator works
properly up to 2 GHz (i.e., 2 GHz is the highestgfrency limitation of our signal
generator), the far field measurement was also dpn® 2 GHz. The distance between
EUT and antenna was 3 m in this case. The RF sggredrator was connected to EUT as
a source and the spectrum analyzer, which was ctethéo the antenna, recorded the
field intensity from the surface of the test vebidn this measurement, surface radiation
from the surface of the test vehicles was investjdby changing the location of the
EUT and antenna for the degreés=(0°, 9, 180 andg = (® and 90) and measured the
maximum field intensity among the field intensitifk|em the above degrees. In this
measurement, the radiation intensity from testaletf is the maximum among the three
test vehicles, as shown in Figure 5.25 (b), antuelicles 1 and 3 showed almost the
same radiation intensity because a solid planeused as a reference plane for these two
test vehicles. It should be noted that the radigieder intensities of the far field
measurements in Figure 5.25 (b) are in the ranglefimulated power intensities in
Figure 5.24, except for the peaks at 190 MHz artiNBIz for test vehicle 2.

To minimize possible EMI problem, the test vehmli¢h an embedded AI-EBG
structure (test vehicle 3) was designed and shadmdst the same (or a little better)
radiation characteristics as that of test vehid{eeference test vehicle). This test vehicle
(test vehicle 3) showed that an embedded AI-EB@csire can be used to suppress

noise in mixed-signal systems without causing Ekélgbems.
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(b)

Figure 5.25 Far field measurement set-up and e&ltMeasurement set-up for far field
measurement and (b) Far field measurement results.
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5.6 Design Methodology

Since the AI-EBG plane is used as a reference gtangignal lines, it can cause
signal integrity problems. The best solution fopiang this signal integrity problem is
to use a solid plane as a reference plane, ratherthe AI-EBG plane. For example, in
Figure 5.2, the AI-EBG plane should be located owegr layer (3 metal layer) rather
than on ground layer 2metal layer), which eliminates the signal degriatatiue to the
EBG structure.

To prevent possible signal integrity as well as Eivbblems, the plane stack-up

in Figure 5.26 is recommended. In Figure 5.8& first plane is the solid reference

Figure 5.26Plane stack-up for avoiding possible problems e€eléb signal integrity and
EMI.
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ground plane for the signal lines on the top, theoad plane is the AI-EBG plane, and
the third plane is the solid reference ground plamehe signal lines on the bottom. In
this stack-up, the AI-EBG plane is located betwseld planes, which avoids possible
problems associated with signal integrity becausiel planes are used as reference
planes for signal transmission lines. Since gapsfierence planes cause common mode
currents of the transmission lines, the stackshpwn in Figure 5.26 also avoids
radiation from the AI-EBG structure. This haeb confirmed through a combination
of modeling and measurements in the previous secigure 5.27 shows the plane

stack-up for multilayer applications.

Figure 5.27 Plane stack-up for multilayer structiareavoiding possible problems related
to signal integrity and EMI.
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5.7 Summary

In this chapter, the realistic mixed-signal systenth and without AI-EBG
structure have been designed and fabricated tm@ee suppression effects due to Al-
EBG structure. These mixed-signal test vehiclesisbiof an FPGA (driving a 300 MHz
bus) and a Low Noise Amplifier (LNA) (operating 213 GHz) which were fabricated
on the FR4 based substrate. The board was a thet lelyer PCB that is 10.08 cm by
4.02 cm. The first metal layer was a signal laylee, second metal layer was a ground
layer (Gnd), and the third metal layer is a poveset (Vdd). The AI-EBG structure was
located in a ground layer in this test vehicle. Theasurement results for the mixed-
signal systems with and without AI-EBG structureyad that harmonic noise peaks due
to digital circuits have been suppressed complétetyopband frequency range using the
AI-EBG structure.

In this chapter, various characterizations weréopered to understand the effect
of the gap in the AI-EBG structure. First, timentlon waveform measurements at the
output of the FPGA and far end of the transmisdioa were shown. Second, time
domain reflectrometry (TDR) measurements were abown and discussed to
understand the discontinuities in the characteristipedance profile due to the gaps in
the AI-EBG plane. Third, near field and far fielomslations and measurements were
analyzed to understand possible electromagneterfanrence (EMI). Finally, design
methodology was suggested to avoid any possibleakigtegrity and EMI problems
when the AI-EBG structure is used as a part ofpiweer distribution network in mixed-

signal systems.
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CHAPTER 6
Ultra Wide Band (UWB) Applications of AI-EBG

Structures

In this chapter, various novel hybrid alternatingpedance electromagnetic
bandgap (AI-EBG) structures have been discusseddise suppression and isolation in
ultra wide band (UWB) applications (from 3.1 GHz10.6 GHz). In UWB technology,
since the maximum signal power is limited to a vew level (-41.3 dBm) by the
Federal Communications Commission (FCC), any ndisen digital circuits could
destroy the functionality of RF circuits and causgstem failure. Hence, noise
suppression is a major bottleneck for UWB technglegice very high isolation is
required over the UWB frequency range. In the mesichapters, the AI-EBG structure
showed excellent isolation but the stopband ramge 80 dB isolation was between 3
GHz and 4 GHz even though the stopband range tbdBlisolation was over 8 GHz.
Hence, it is critical to design hybrid AI-EBG sttues for UWB frequency range.
Various novel hybrid AI-EBG structures have beenigleed, simulated, fabricated, and
measured for UWB isolation requirement. These liy-EBG structures have shown

excellent isolation over UWB frequency range.

6.1 Introduction

Ultra wide band (UWB) technology offers a solutidar supporting the

bandwidth, cost, power consumption, and physica sequirements of next generation
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consumer electronic devices. UWB enables wirelessmectivity with consistent high
data rates across multiple devices and PCs wittardigital home and the office. UWB
radios can use frequencies from 3.1 GHz to 10.6.Qldzallow for such a large signal
bandwidth, the Federal Communications Commissio@Q) put in place severe
broadcast power restrictions. Since the maximumasdigower is limited to a very low
level (-41.3 dBm@74 nW), any in-band noise reaching the receiv@nfdigital circuits
could corrupt the signal of RF circuits, which abukad to failure of the system. For
example, a UWB transceiver, as shown in Figure éxists in a module or a chip on the
same board with noisy digital circuits. Since tbe Inoise amplifier (LNA) in the UWB
transceiver is extremely sensitive, a noise spikenfdigital circuits in or close to the
operating frequency band of the device can de-Semsihe circuit, destroying its
functionality. Therefore, noise suppression in UWB frequency raimgea major
bottleneck in UWB technology because very highasoh is required to ensure noise

free environment in UWB system.

Figure 6.1 Ultra wide band (UWB) transceiver aretitire.
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6.2 Design of Hybrid AI-EBG Structures for UWB

In filter theory, the overall effect of cascadeltefis is a superposition of effect of
the individual filters. Similarly, since AI-EBG sitture behaves like a low pass filter,
which has been shown through simulations and measnts, and metal patch size
mainly determines the stopband center frequendyliBEBG structure, it is possible to
design a hybrid AI-EBG structure for ultra wide bdaftywWB) frequency range (from 3.1
GHz to 10.6 GHz). In addition to UWB frequencgnge, a very high isolation level
(~ better than -70 dB) is required over thhbole UWB frequency range. It is almost
impossible to satisfy these requirements using eotionally known EBG structures.

These requirements can be achieved using hybriBX structures [60]. In this
case, two different metal patches were used toirolata ultra wide stopband. A metal
patch has size 1.5 cm x 1.5 cm and the other kas®i7 cm x 0.7 cm. The metal branch
of 0.1 cm x 0.05 cm was used in the structure. gdreé 1 is placed at (0.3 cm, 1.95 cm)
and port 2 is located at (9.2 cm, 1.95 cm) with ahigin (0, 0) lying at the bottom left
corner of the structure, as shown in Figure 6.2 fitst metal patch (1.5 cm x 1.5 cm)
and branch make a stopband that ranges from 2 GHz GHz and the second metal
patch (0.7 cm x 0.7 cm) and branch make a stopthatdanges from 5 GHz to 11 GHz.
This bandgap range covers a frequency range fof\VeB wireless LAN card. The size
of the board is 9.5 cm x 4.7 cm for this case, Wigcthe same size of WLAN card. The
dielectric material of the board is FR4 with a tela permittivity, e = 4.4. The conductor
is copper with conductivitys. = 5.8 x 18 S/m, and dielectric loss tangent, tah£ 0.02.
The transmission matrix method (TMM) in [40]-[42h#/used to model and simulate this

structure. In TMM, a unit cell size of 0.05 cm X0B.cm, which corresponds to an
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electrical size of /26 at 11 GHz, was used for accurate results. irhalated $; result
in Figure 6.2 shows an excellent stopband flooloflse-80 dB) for ultra wide band
frequency range.

In some applications, compact size is required.thkigrpurpose, a smaller hybrid
AI-EBG structure was also designed. One metal ph&shsize 1.5 cm x 1.5 cm and the
other has size 0.7 cm x 0.7 cm. The metal brafichram x 0.2 mm was used in the

structure. Port 1 is placed at (0.3 cm, 1.95 crd)@ort 2 is located at (5.2 cm, 2.35 cm)

Figure 6.2 Schematic of simulated novel hybrid Az structure and simulated results
of S-parameters for the novel hybrid AI-EBG struetu
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with the origin (0O, 0) lying at the bottom left car of the structure, as shown in Figure
6.3. The first metal patches (1.5 cm x 1.5 cm) larashches make a stopband that ranges
from 2 GHz to 5 GHz and the second metal patch&scffd x 0.7 cm) and branches make
a stopband that ranges from 5 GHz to 12 GHz, asmsho Figure 6.4. This bandgap
range covers a frequency range for UWB appboasti The size of the board is 5.5 cm
x 4.7 cm for this case, which is mini PCI carzesiThe dielectric material of the board
is FR4 with a relative permittivityg = 4.4. The conductor is copper with conducivit
s.=5.8x 10 S/m, and dielectric loss tangent, tdn% 0.02. The transmission matrix
method (TMM) in [8]-[9] was used to model asithulate this structure. In TMM, a
unit cell size of 0.2 mm x 0.2 mm, which corresp®nal an electrical size 065 at 11
GHz, was used for accurate results. The simdlagsult in Figure 6.4 shows an

excellent stopband floor (better than -80 dB) faWB frequency range.

Figure 6.3 Compact hybrid AI-EBG structure for UVEBplications.
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(b)

Figure 6.4 Simulated results of S-parameters ferhjbrid AI-EBG structure (a) S-
parameters from 1 GHz to 11 GHz and (b) S-paramétem 3 GHz to 11 GHz.
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6.3 Fabrication and Measurement of Novel Hybrid AIEBG

Structures

To verify the simulated results in the previoustises these hybrid AI-EBG
structures were fabricated using standard FR4 psodagure 6.5 shows the photographs
of fabricated hybrid AI-EBG structures and corresgiog S-parameter measurement
results. As can be observed, these hybrid Al-EBGctires show excellent isolation
over ultra wide band frequency range (from 2 G&i22 GHz). In fact, § reached the
sensitivity limit (-80 dB ~ -100 dB) of the VNA uden the frequency range from 2 GHz
to 8 GHz. The measured S21 results in Figure 6.5i(d (b) show almost the same
results even though the locations of the metal hemtcare different in the structures.
These results are much better than those from th&hrmom-type EBG structures in
terms of isolation level and bandwidth of the stmih The reason why the AI-EBG
structure produces a better isolation level is bseathe AI-EBG structure is more
optimized to make maximum wave interference ande¢hson why the AI-EBG structure
produces wider stopband is because the AI-EBGtsireigcs a low-pass filter (while the
mushroom-type EBG structure is a bandstop filtéfpreover, these hybrid AI-EBG
structures do not need an additional metal laydridimd vias, making them desirable for

PCB applications.
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Figure 6.5 Photographs of the fabricated hybricEBIG structures and their measured S-
parameter results.
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(b)
Figure 6.5 Photographs of the fabricated hybricEBIG structures and their measured S-
parameter results.

Figure 6.6 shows the photograph of the fabricatethpact hybrid AI-EBG
structure and its S-parameter measurement restis. measured ,g results of the
compact hybrid AI-EBG structure also show very gasedlation even though the
measured S-parameter results of the compact hpiniEBG structure are not as good as
those of the hybrid AI-EBG structure in Figure 6Ihe decrease of the isolation level of

the compact hybrid AI-EBG
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structure is due to a decrease of the number ofniéxal branches and patches in the

structure.

Figure 6.6 Photograph of the compact hybrid Al-EBtucture and its measured S-
parameters.

6.4 Mixed-Signal System Simulation for UWB

As an example of the use of the hybrid AI-EBG gunoe for mixed-signal

integration, consider the mixed-signal system incwithere is a low noise amplifier
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(LNA) and a digital processor powered using a commower supply. The processor
drives an 800 MHz bus. Noise generated in thealigitb-system couples into the LNA
through the common power supply. Use of the Al-E&fBicture in the implementation
of the power distribution system provides a costative and compact means for noise
suppression, as compared to the use of split plartbesnultiple power supplies. Fig. 6.7
shows simulated LNA output spectrum (using HP-A)Swhere the power distribution
system has been implemented with and without thei¢hyAI-EBG structure. The dotted

line represents the noise power appearinghatoutput of the LNA using an ordinary

Figure 6.7 Mixed-signal system simulation results@WB application.

solid plane-pair for power distribution. The solide represents noise power when the

Al-EBG based power distribution scheme is usedhegdystem. Although the harmonics

of the digital noise does couple into the LNA citguin both cases, there is significant
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reduction of the noise amplitudes for the systeri whe hybrid AI-EBG based power

scheme.

6.5 Ultimate Isolation from DC to Infinite Frequency

The development of the structure that can proviaelkent isolation from DC to
infinite frequency is critical since some noiseswcat low frequency due to nonlinearity
of active devices. Therefore it's difficult to supps this noise by the AI-EBG structure
since the metal patch size should be large enoagmdve the stopband to a low
frequency like 10 MHz. 1t is possible to achiewedlent isolation from DC to infinite
frequency. This can be achieved using the follgneoncept: “power island in sea of
hybrid alternating impedance electromagnetic bapd@d-EBG) structure.” In this
structure, the gap around the power island proweaesllent isolation from DC to around
1.5 GHz, one AI-EBG structure provides excelleotaton from 1.5 GHz to 5 GHz, the
other AI-EBG structure provides excellent isolatimom 5 GHz to 10 GHz, and
combination effect of the hybrid AI-EBG structureopides excellent isolation from 10
GHz to infinite frequency.

To ensure that this is possible, this novel stmgctuas fabricated using a standard
FR4 process. Figure 7.7 shows the photograph offdhdcated novel structure and
corresponding S-parameter measurement results.aAsbe observed, this structure
shows excellent isolation from DC to 12 GHz. Intf&; reached the sensitivity limit (-
80 dB ~ -100 dB) of the VNA used in the frequenapge from DC to 5 GHz. Some
peaks around 5 GHz and 10 GHz can be suppressagtinyizing the metal branch in the

structure.
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Figure 6.8 Photography of a novel structure fomate isolation.

Figure 6.9 Measured S-parameter results for thetstre in Figure 6.8.
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6.6 Summary

In this chapter, novel hybrid AI-EBG structures wedesigned, simulated,
fabricated, and measured. The measured transmissédficients of the hybrid AI-EBG
structures showed excellent isolation over ultrdenband (UWB) frequency range. It
was also shown that the hybrid AI-EBG structuredpiced much better isolation than
that of the mushroom-type EBG structure for UWBImapions. The reason why the Al-
EBG structure produces better isolation is becainge AI-EBG structure is more
optimized to make maximum wave interference indtracture and the reason why the
AI-EBG structure produces a wider stopband is beedlne AI-EBG structure is naturally
a low-pass filter, while the mushroom-type EBGusture is a bandstop filter. Moreover,
these hybrid AI-EBG structures do not need additionetal layer and blind vias, which

is proper for PCB applications.
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CHAPTER 7

Conclusions and Future Works

In this dissertation, an efficient method has bekveloped using a novel
electromagnetic bandgap (EBG) structure called th#ernating impedance
electromagnetic bandgap (AI-EBG) structure for eaosippression and isolation in
mixed-signal systemslhe integration of wireless technologies in hanglsetd mobile
computers is forcing the integration of high-speégital circuits with analog and radio
frequency (RF) circuits. When the output drivers ioternal logic circuits of a
microprocessor switch simultaneously, the powepbupoise generated from the noisy
digital circuits can deteriorate the performanceefsitive RF/analog circuits. RF front-
end circuits like low noise amplifiers (LNAs) netaldetect low-power signals, and are
extremely sensitive in nature. A large noise spiker close to the operating frequency
band of the device can de-sensitize the circusfrdging its functionality. To prevent
this, all radio architectures include filters artiey narrow band circuits, which prevent
the noise in the incoming spectrum from reaching EMNA. However, there are no
systematic means for filtering noise from otherrses — for example, noise can couple
through the power rail and appear at the outpuhefLNA, where it can degrade the
performance of the downstream circuits. Thus, &iniefit noise suppression technique is
required for isolating sensitive RF/analog circtiitsn noisy digital circuits.

The sensitivity of RF/analog circuits to power siyppoise has resulted in
difficulties for integration of digital and RF/amg subsystems. One common method

used for mixed-signal integration in the packagespétting the power and/or ground
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planes. The gap in the power and ground planegasdrally block the propagation of
electromagnetic waves. For this reason, split @are usually used to isolate sensitive
RF/analog circuits from noisy digital circuits. Hewver, electromagnetic energy can still
couple through the split, especially at frequengiesiter than 1 GHz. Hence, this method
only provides marginal isolation (-20 dB ~ -60 d&t)frequencies above ~ 1 GHz and
becomes ineffective as system operating frequamrgases. Further, as systems become
more and more compact, use of multiple power sapglecomes expensive. The use of
ferrite beads across the split can result in a compower supply; however, since ferrite
beads resonate above 200 MHz, the coupling betwphnislands increases at higher
frequencies. The power segmentation method wasopeaprecently, but this method
only provides good isolation at high frequenciesraa narrow frequency band and since
this narrow frequency band is fixed by the sizéhef structure, this frequency band is not
tunable. Hence, the development of noise isolatiethods is required for enabling
integration of mixed-signal systems.

The AI-EBG structure in this dissertation has betveloped to suppress
unwanted noise coupling in mixed-signal systems #msl Al- EBG structure shows
excellent isolation (-80 dB ~ -140 dB), which rdsulin a noise coupling-free
environment in mixed-signal systems. Moreover, tReEBG structure has the
advantage of being simple and can be designed amitdted using standard printed
circuit board (PCB) processes without the needafllitional metal layer and blind vias.
The excellent noise suppression in mixed-signatesys with the AI-EBG structure has
been demonstrated through measurements, which rmiakeAl-EBG structure a

promising candidate for noise suppression andtisolan mixed-signal systems. Signal
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integrity analysis for the mixed-signal system witle AI-EBG structure has been
described and a design methodology has been seddestavoiding signal integrity and
EMI problems. In addition to these, near field &adfield simulation and measurements
of the three test vehicles have shown that an eddekAl-EBG structure could be used
for avoiding possible EMI problem. Finally, novetdrid AI-EBG structures have been
designed, simulated, fabricated, and measured &adumed transmission coefficients of
the hybrid AI-EBG structures showed excellent isola over ultra wide band (UWB)
frequency range.

The AI-EBG structure can be part of the powerrttigtion network (PDN) in
systems and is expected to have a significant ilmpacoise suppression and isolation
in mixed-signal systems in the future.

As an extension to the work described in this diasien, the following areas of
research could be interest:

1. Investigation of stopband control of any active deviceWithout changing the
size of the metal patch, it is interesting to cleatige stopband with any active
device. Especially, it is useful if it is possible move the stopband to low
frequency range (for example, below 10 MHz) withy active device for a
compact power/ground plane pair since a large npatth size is required to
move the stopband to the low frequency range arsdimpossible to use a larger
metal patch size than the size of a compact poveemgl pair. This kind of
stopband control by an active device could be ptessf this active device can
vary the capacitance of the device and theref@m®), the stopband range.

2. Miniaturization of AI-EBG Structure: This is important since available space
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in PDN for AI-EBG structure could be limited in semapplications. For
miniaturization of AI-EBG structure, many approashean be investigated. For
example, if we use a material having a high dieleatonstant as a dielectric
material, capacitance of a metal patch increasdscatoff frequency moves to
lower frequency since the cutoff frequency is ivedy proportional to
capacitance of a metal patch. Hence, for a givequiency range, it is possible to
reduce the size of a metal patch and the areaeofdtal AI-EBG structure to

obtain the same isolation level.
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analysis of power distribution networks for gigadgpplications,lEEE Transactions

on Mobile Computingyol. 2, no. 4, pp. 299-313, October-December 2003.
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Awards / Patents

1. Semiconductor Research Corporation (SRC) Inventor Recognition Awardrom
SRC for his invention of a novel electromagnéandgap structure called alternating
impedance electromagnetic bandgap (AlI-EBG)cstne for noise suppression and
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2. Certificate of Recognitionfor the paper presented|&EEE 7" Asia and South Pacific
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Design Bangalore, India, January 2002.

3. U.S. Utility Patent Application
Title: An Electromagnetic Bandgap Structurelmiation in Mixed-Signal Systems
Serial No.: 10/936,774; Filing Date: Septentte2004
InventorsJinwoo Choi, Vinu Govind, and Madhavan Swaminathan

Attorney Docket No.: 62020-1710; GT ID No.: 214

4. U.S. Utility Patent Application
Title: Design Methodology with Alternating Imgi@nce Electromagnetic Bandgap
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Filing Date: October 17, 2005

InventorsJinwoo Choi, Vinu Govind, and Madhavan Swaminathan
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