
PART 1 



GEORGIA INSTITUTE OF TECHNOLOGY OFFICE OF SPONSORED PROGRAMS 
Office of Research Administration, Compliance, Training & Technologies (ReACTT) 

RESEARCH REPORT APPROVAL SHEET 
Project No._E-21-6MW __ 

Lab/School/Center:_ECE __ _ 

1. GENERAL 
A. Report Title_A Switching Noise Analysis Tool for ASICs ---------------:::-:-----:7-:-::-=-:--::-::--:-=-----
B. Author(s) and/or PD/PI_ M Swaminathan ___________________ Phone_404-894-3340 ___ _ 
C. Period Covered: __________________________ Due Date __________ _ 

2. REPORT 
A. Deliverable Line Number (from Deliverable Schedule) __ 1 _________________________ _ 
B. Type of Report: 

[ ]Monthly 
[X ]Annual 

[ ]Contract Mgt. [ ]Progress [ ]Semi-Annual [ ]Cost & Performance 
[ ]Quarterly [ ]Final Report [ ]Other ___________ _ 

C. Draft Copy for Sponsor Approval [ ] 
D. Approval Copy for Distribution []Send Copy to Sponsor []Send Master to Sponsor []Return Master to PO/PI 

3. SECURITY CLASSIFICATION 
[X]Unclassified [ ]Publication Delayed Until_-::-:--~-,-_---:-___ ,.... (Specified industry contracts only) 
[ ]Confidential []Secret []Top Secret Note: Classified reporls are not to be emailed under any circumstances. 
[ lather (i.e . ITAR, export controlled , etc.) 

4. DATA RESTRICTIONS []Yes [X]No 
Proprietary Data (Confidential Disclosure); Export License; Trade Secret; Copyright or Publishing Restrictions; Patentable 
Technology Note: Reporls containing Proprietary Data, Exporl Controlled data, Trade Secret, Copyright or Patentable 
Techn%gy should be filed as a restricted reporl in the restricted section of the Georgia Tech Library. Patentable technology or 
any technology of commercial value (e.g., software) should be filed with the Office of Technology Licensing. In the event open 
access to the reporl is desired, you must edit the reporl to remove any and all restricted data. 

5. PRINTING and DISTRIBUTION INSTRUCTIONS TO OSP/ReACH 
(Unless otherwise indicated, printing charges will be assessed against project number. If the project has been terminated, charge 
number to use:=====-"""" ____ .......,..c~-------

Printing ~ 

'ndrngDeSired: 

D. Cover Desired : 

E. 

L-jOther L-jTotal 

[ ]Two-Sided 

[ ]Staple & Tape [ ]Spiral Bind 
[ ]Other ________ _ 

OSP/ReACTT will retain one copy 
of each report throughout the life 
of the project.. When the project 
is closed, OSP/ReACTT will make 
an additional copy of all reports 
and forward both sets to the 
campus library archives. 

[]Other Color (Specify) __________ _ [ ]None 

[ ]Yes ( If yes, phone: ________ _ 

6. DISTRIBUTION BY: 

[ ]Lab/SchooIlCenter Paper copies: If dis ution by lab/school**, attach transmittal letter. Date mailed: _______ _ 
(This is the date that OSP/ReACTT will enter into the database). 
NOTE: Due to storage constraints, only one copy is to be provided to OSP I ReACTT. When the project is 
closed. ReACTT will make the required second copy for the library archives and circulation. 

Emailed reporls: Send email copy" to ocareports@oca.gatech.edu. 

**Final reporls require the approval of the LablSchoollDeparlmentiCenter head. A Research R~pOrl Approval 
Sheet bearing that person's signature must be forwarded to ReACTT before the final reporl ship date will be 
entered into the database: 

ReACTT 
Office of Sponsored Programs 
Centennial Research Building, Room 117A 
Mail Code 0420 Campus 

[ ]OSP/ReACH If distribution by OSP/ReACH, the signature of the ReACTT employee handling the rep rt 

[ ]Research Security 

and the mailing date r t be entered here: 
Distributed by:--"'ff'1--..,....~"JIf(--~'I-x""7"ICri'----­
Date mailed: __ -L.-I-"'---I-~_oL-_ 

If distribution by Research Security, the signature of the Research Security employee 
handling the report and the mailing date are to be entered here: 
Distributed by: ____________________ -:-::= __ -.." 

7. SIGNATURES and APPROVALS 

o 
(""l 

Datemailed: _________ ~ 

A. PO/PI Date 02/12/04 ____ ---;'-__ 

B. Division Chief or Branch Head -:-:--:-----------:r-/-- Date-===_--:==~---"~----
C. Lab/SchoollDepartmenUCenter Head ~.at 

(Required for final reporls) 
D. MAPS / RAN a!e ____________ _ 

- , 

r 
N 

L-------------,O~S=PForm~~~m------------------------------------------n~~~-----------------~ 



Georgia Institute of Technology 
Office of Sponsored Programs 
Atlanta, Georgia 30332-0420 U.S.A. 

February 17,2004 
In reply refer to: E-21-6MW 

Dr. Harold H. Hosack 
Semiconductor Research Corp. 
1101 Slater Road 
Brighton Hall 
Durham, NC 27703 

Subject: Annual Review Presentation 
Project Director(s): Dr. M. Swaminathan 
Telephone No.: (404) 894-3340 
Contract No.: 2003-NJ-I063 
Prime No: N/A 
"A Switching Noise Analysis Tool for ASICs"" 
Period Covered: N/A 

The subject report is forwarded in conformance with the contract/grant specifications. 

Should you have any questions or comments regarding this report(s), please contact the 
Project Director or the undersigned at 404-894-4763. 

Sincerely, 
\ 

Thelma" Woods-
Customer Service Representative 

Addressee: 1 copy 

A Unit of the University System a/ Georgia A ll Equal Education and Employment Opportunity Institution 



Switch 
A Switching Noise Analysis Tool 

for ASICs 

Madhavan Swaminathan 
School of Electrical and Computer Engg. 

Georgia Institute of Technology 
Atlanta, GA 30332 — 0250 

Email: madhavan.swaminathan@ece.gatech.edu 
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Anticipated Result 

Integrated tool for the analysis of power supply noise in packaged ASICs 

Task Description 

• Integration of the tools and algorithms developed under 
Task ID: 735.001 and 1063.001 into a single design environment 

• Development of a Graphical User Interface 
• Development and incorporation of statistical modeling and analysis 
capability. Variation of power supply noise as a function of package 
tolerances can be estimated using this feature. 



Task Deliverables 
• Report on the architecture for the GUI will be defined along with the 
preliminary development of a prototype tool. The tool will be applied 
to a specific package and will contain interfaces to APD 
Planned: Dec 31, 2002 

Task Outcome 
• Tool architecture — completed. 
• Report on architecture — completed. 
• Change in direction 
Mentors have suggested that manual entry is preferable initially 
Interfaces to APD will be developed as part of Year 2 

• Switch — Ver 1.0 Release Date — Mar. '03 



Task Deliverables 
• The prototype tool will be modified by providing interfaces to 
extraction tools such as Fast Henry and Maxwell. The tool will be 
made generic to support different kinds of ASICs 
Planned: Dec 31, 2003 

• Report on the features such as hierarchical modeling will be added 
to the tool. The code will be tested and made available to the SRC 
companies along with a user manual 
Planned: Dec 31, 2004 



Executive Summary 
Feedback from Last Review 

Importance = 7.9 
Satisfaction = 7.7 

Strengths: 
• Very good start on this program 
• Plan to integrate several engines commended 
• Sensitivity analysis commended 

Opportunities for improvement: 
• Need for rapid incorporation of student involvement into program 
• Meetings with member company representatives to identify mutual 
needs 

ilGeprgiauLE..:..iif , . ...„.t.: . : ....., 
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Executive Summary 

Accomplishments 
- Completed definition of design environment for Switch 
- Integrated Cavity Resonator and Transmission Matrix Method 

into Switch 
- Developed generic statistical modeling and diagnosis methodology for 

systems 
- Released Switch Ver 1.0 

Future Direction (past year 3) 
- Integration of features from RID 1063.001 

Technology Transfer & Industrial Interactions 
- Visit to Georgia Tech by mentors James Libous and Dan 0' Connor 

in 2002 
- Summer internship for graduate student Di Qian in 2003 
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What is Switch ? 

Only Statistical System Level tool that combines Chip, Package and 
Board Power distribution networks for power supply noise analysis 



Architecture for SWITCH 



Statistical Analysis and Diagnosis 
Methodology for High Speed Systems 

Student: Erdem Matoglu 
Advisor: Madhavan Swaminathan 

Partially funded by SRC 



Statistical Analysis 

(  
Sensitivity 

Performance 
variations 

(signal integrity, 
noise, power...) 

Design & 
operation 
variations 

Variations in IvLamiacturino Environment 

Diagnosis 



D 1 1 11 1 Modules 	 M emo ry 
imlim Ise I I mi711 I. 

ii....•11••■• 

Test System 
DDR SDRAM System 

• Routed to the edge connector and the card 

• Longest memory trace: 14.5 inches 

• 16 GBytes capacity 

• 184 pin SDRAM DIMM Modules 

• 128 bit wide, 200MHz memory bus 

(3.2GBytes/s) 

Memory 
ca rd 

R_term 
DIMM connector 

DIMM 

Memory chips 

R_serie Memory 
Ceramic controller 
CGA   
packag4-"ri  

Edge 

1—connector 

System board 

I 

I 
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Performance Measures 

• Data transmission is relative to strobe (DQS) signal 

• Switching occurs when DQS crosses a reference voltage 

• During switching, DQS signal must be free of any plateaus or slope 

reversals 

• DQS voltage margin must be ensured at the rising and falling edges 

• Data skew must be analyzed to satisfy timing 
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0,0 Sigma (a) 

0.33 Process parameter (sl) 	 1 

Parameter 

SDRAM dv/dt (s2) 

Supply voltage (V) 

Temperature (T) 

System board dielectric 
thickness (b1) 

System board trace width (w1) 

Memory card dielectric 
thickness (b2) 

Memory card trace width (w2) 

4.5V/ns 	 0.167 

2.6V 	 66.67e-3 

0.33 

0.33 

3.5 mils 

10.9 mils 

4 mils 

Design Parameters 

• Data skew and DQS voltage margin, are related to various design and 
operation parameters 

• The parameters under investigation can be considered as random variables 

• Their impact on the operation can be modeled, and statistical distribution of 
the performance can be computed 
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Sensitivi 
functions 

Taguchi array (L„(3 8 )) with 8 tiariaWes at 3 levels 

• Each row represents a different simulation 
condition where l's are the mean (u), 0 and 2 
are .t.- 3a and ,11- 3a respectively 

• Taguchi array technique minimizes the 
number of experiments (27 simulations) 

Statistical Analysis 

• Sensitivity functions vs Monte Carlo 
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Sensitivity Analysis 

Data skew (Sk) and DQS voltage margin (Vm) are represented as; 

Sk 	, 	+13 13V + [3 14 b l 	[3 15 " 1 + 13 16 
	

1- 13 17 1Al 2 +118:L+ E  

Vm =(3 2() + J3 1 - 1 +13 22S") +13--)3V + P 7 4b1 ± i3 	1 ± [3-'6 
	-)7W 2 V 8T+ 

Probability density functions of data skew and DQS voltage margin 
can be computed with convolution as; 

Isk(Sk) -- 6 03 11 Pio) * 	151)*f2(Pi2s-))* 	(13 13V)* f' (13 14b1) * f5(I3 

t o  AO, )* (13 17w )*f8 (13 1sT)* 	(E i  ) 

1,_,) () )*c i (p,,,s,)*.12 (f3„,s-,)*12,413,7, 3 V -1403 -)4b0* 

lo(1326b )*F-7(1327"2)* 18(13 -)8T)*f;-,(0 
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782 
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;1:1 DOS Voltam margin (mV) 

✓ Statistical distributions can be optimized to assure a larger 

percentage of the products meet the intended performance 

V Yields more information than the worst case analysis 



300 600 

DQS voltage margin, mV Data skew, ps 

200 
X0 

Probability Density Functions 

Joint probability density function of data skew and 
DQS voltage margin. 

Ideal for predicting the yield of a product 
'y!A iaygvi . Tech;::  



Diagnosis Method 

• DQS voltage margin and data skew are related to design 
parameters 

Sk 	+PI 1s1 	fii3V - 1/ 14 b 1 	15 +13, 7 w, + i l8 F± E, 

vm 	 -11322s2 	 b + 	-113, 6 b2 +132 7 \NH +321 +L2  

• For a measured pair of DQS voltage margin and data skew, the 
most probable design parameter set can be computed 

     

= fiX + Y 
Sk — 

Vm —1120_ 

/I8 

_171--• 	fin 
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sl 	 + 0.90a 

• Resulting data jitter and strobe voltage margin 	s2 	 + 0.35a 

(559ps, 163mV) has been applied to diagnosis 	V 	 + 0.90a 
equation 

• Parameters sl, V, T, b2, and w2 are estimated 	bl 

close to the actual values 	 wl 	 - 0.50a 

Input 
vector 

+ 1.186 

• + 0.85a 

• + 1.29a 

p, + 1.10cs 

1.59a 

- 1.44a 

p. + 2.08a 

- 2.25a 

Diagnosis Method 

Example:  

• A random set of parameters have been modeled 	Param. 	Estimated 

and simulated 	
vector  

• Parameters s2, bl, and w1 could not be estimated 	b2 	µ + 1.826  

due to their insignificant effects on the performance 	w2 	µ - 1.93a 

measures 

• The estimated parameter vector can be verified or 

tuned by measuring some of the easily accessible 

parameters 

IIG 



Future Work 

• Release new version of Switch every 6 months 

• Release Switch Ver 2.0 
- Release Date: Sept '03 
- TMM extended to multiple planes 
- Fine tuning of Cavity Resonator Method 
- Interface to APD 

• Non-linear sensitivity analysis capability for Statistical Modeling 



Demo — Switch Ver 1.0 
Student: Di Qian 

Advisor: Madhavan Swaminathan 



SWITCH 

Switching Noise Analysis 
Tool for ASICs 

Di Qian 

MS Student 

Advisor: Madhavan Swaminathan 

School of Electrical and Computer Engineering 

Georgia Institute of Technology 



Overview 

Objective: 

Development of software tools that combine the various 
power distribution analysis algorithms for the modeling 
and simulation of power supply noises. 

i
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Manual 
Ent 

APD Extraction 
(Functionality) 

Cavity Resonator 

SWITCH 
Engine 

Statistical Analysis 

Graphical User Interface 

G.T.L.E. 

Chip F.D.T.D. 

Modeling Techniques & Functionalities 

Transmission Matrix 

 

BEMP 

  



Cadence 
APD 

Manual 
Ent 

Graphical User Interface 

APD Extraction 
(Functionality) 

Cavity Resonator 

- Multiple pl., es pairs sub-circuit 
modeling 

- Frequency and time 
domain analysis 

Transmission Matrix BEMP 

- Single plane pair of an arbitrary shape 

- Simulation plotting 

SWITCH 
Engine 

Statistical Analysis 

G.T.L.E. 

Chip F.D.T.D. 

SWITCH Version 1.0 



Demo I: Cavity Resonator Method 

Example: Plane bound effect caused by via transition. 

(Reference: Sungjun Chun, "Methodologies for Modeling Simultaneous Switching Noise in Multi-Layered Packages and Boards", 
Defense Thesis, pp62-68, April 2002.) 
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De-Cap (3955, 930) A  
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Demo II: Transmission Matrix Method 

Example: Single plane pair of arbitrary shape 
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Demo II: Transmission Matrix Method 

Example: Single plane pair of arbitrary shape 
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Demo II: Transmission Matrix Method 

Plot for the transient impedance Z12: 

log frequency (H 

Modeling Results 
■••■••11ii■ Measurement Results 



Future Work Plan 

• May, 2003 
• Start Transmission Matrix multi-level simulation and Cavity Resonator fine tuning 

GUI debugging; more work on graphical scaling; more user friendly component manipulation 

• September, 2003 
• Cavity Resonator Method (Multiple power plane simulation) Incorporated 

• Transmission Matrix Method (Multiple power plane simulation) Incorporated 

 

•APD Extraction Incorporated 

• March, 2004 

     

 

• Incorporation of two more modeling methods: FDTD, BEMP (Subject to change) 
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Power Distribution Networks in 
Digital and Mixed Signal 

Systems 

Madhavan Swaminathan 
School of Electrical and Computer Engg. 

Georgia Institute of Technology 
Atlanta, GA 30332 — 0250 

Email: madhavan.swaminathan@ece.gatech.edu 

% Georgia 
Tech 
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Overview 
• Why research in power distribution ? 

• International Technology Roadmap on Semiconductors 

• Integration issues in mixed signal systems 

• SRC RID: 735.001 
- Macro-modeling of Non-linear drivers 

• Summary for Task RID: 735.001 

• Modeling and Co-Simulation of Power Distribution Networks (RID: 1063.001) 
- Chip-Package Interaction 
- Switch 
- Student Presentation — Jinwoo Choi 
- Student Presentation — Jifeng Mao 

• Summary for Task RID: 1063.001 

Importance of Power Supply Noise 
In High Speed Systems 

825 
FMAX 

800 IMHz1-- t- 

775 --- r  
mAX 

750 	712MHz -- 

725 

700 

675 

650 

625 
1 40 

VCC 

Tolerance 

1 45 1 50 1.55 1.60 1.65 1.70 1.75 1.80 

825 
FMAX 

800 [MHz 

775 

750 

725 

700 

675 

650 

1 80 1 40 1.45 1.50 1.55 1.60 1.65 1.70 1.75 
625 

Figure 1: MAX vs. VCC (TOL = 1011mV) 
	

Figure 2: I'M A X vs. VCC (TOL NOM V .) 

• Reduction in Power Supply Tolerance increases operating frequency 
• This effect is pronounced for sub-micron CMOS with low voltage levels and 
high operating frequencies (ITRS) 

• Effect of package and board on power supply noise can be large 
• Chip — Package Co-design techniques are therefore required to limit noise in 
future systems 

Ref: A. Waizman and C. Y. Chung, "Package Capacitors Impact on Microprocessor 

Maximum Operating Frequency", ECTC, Orlando, Florida, May 2001 
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Sony Clie (SOP) 

Georgia : " 

Radio Free Intel (SOC) 

2001 ITRS — High Performance 

Year Feature 
(um) 

Power 

(W) 

Vdd 
(V) 

Current 
(A) 

Frequency 
(MHz) 

Power Imp. 
(To0 run) 

2001 150 130 1.1 118 1684 0.93 

2003 107 150 1.0 150 3088 0.67 

2005 80 170 0.9 189 5173 0.48 

2007 65 190 0.7 271 6739 0.26 

2010 45 218 0.6 363 11,511 0.17 

2013 32 251 0.5 502 19,348 0.1 

2016 22 288 0.4 720 28,751 0.06 

Georgia 
Tech 

Integrated Mixed Signal Systems 

External 
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Inverter — LNA Substrate Coupling 

2.1GHz LNA 
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High degree of isolation required between digital and RF circuits 
Major source of coupling is through power distribution 
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Design of the Power Delivery 
System for Next Generation 

Gigahertz Packages 

ji Georgia 
Tech 

Task ID: 735.001 

Technical Thrust: Packaging and Interconnect Systems 

Task Leader: Madhavan Swaminathan 

Students: Jifeng Mao (Graduation Date: Fall 2004) 
Jinwoo Choi (Graduation Date: Fall 2004) 
Nanju Na (Graduation Date: May 2001; Employer: IBM) 

Industrial Liaisons: James P. Libous, IBM, Endicott, New York 
Daniel P. 0' Connor, IBM, E. Fishkill, New York 
Shyamala Chickmenahalli, Intel, Arizona 

Georgia 
4 11  Tech 
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Anticipated Result 

Methods for the computation of simultaneous switching noise that 
enables the pre-layout analysis and post layout verification of packages 
and boards 

This will enable: 
• A better understanding of power supply noise in high speed systems 
• Analysis of the package/board power distribution network operating at 
gigahertz frequencies 

• Package grading in an ASIC foundry 

■ i Georgle 
A • Tech 

Task Description 

• Develop efficient methods for computing core and I/O noise in high 
speed systems 

• Apply the method for computing noise in systems containing chips, 
packages and boards 

• Validate through measurements on active test vehicles supplied by 
SRC and non-SRC member companies 

• Develop a path towards integration for supporting the design of ASICs 
(Through Research Customization RID — 986.001) 

I Georgia 
lbch 
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Task Deliverables 

• Algorithms for simulating I/O noise in multi-layered packages for 
uncoupled transmission lines in the presence of bouncing planes and 
decoupling capacitors 
Completion Date: Oct 1, 2000 

• Inclusion of inductance and methods to reduce simulation time. 
Correlation with Test Vehicle Measurements 
Completion Date: Oct 1, 2001 

• Algorithms for simulating I/O noise in multi-layered packages for 
coupled transmission lines in the presence of bouncing planes and 
decoupling capacitors. Inclusion of non-linear drivers. 
Completion Date: Jan 31, 2003 

Georgia 
. Tech 

Executive Summary 
Feedback from Last Review 

Importance = 8.2 
Satisfaction = 8.3 

Strengths: 
• Excellent system level approach to modeling of realistic industry problems 
• Approach is very pragmatic 
• Good experimental validation of analytical results 
• High level view of noise vs speed was very appropriate information 
• Good mentor interaction and response to mentor needs 
• Excellent student presentation 

Opportunities for improvement: 
• Presentation materials have improved considerably, but still need work 
• Can you come up with a way to deconvolve the requirements for different 
system components 	

Georgia v-.':‘7 
Tech 
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Executive Summary 
For Past Contract Year 

Accomplishments 
- Model to hardware correlation for IBM's HyperBGA Test Vehicle and 
Rambus Test Vehicle 

- Macro-modeling of non-linear drivers 

Future Direction (past year 3) 
- Modeling of on-chip power distribution network 
- Co-simulation of on-chip and package power distribution networks 
- Noise interference for mixed signal circuits (Digital and RF) 
- Near field coupling 

Technology Transfer & Industrial Interactions 
- Summer internship for Jifeng Mao 
- Measurements by Madhavan Swaminathan at Rambus 
- Biweekly conference calls with IBM 
- Nanju Na hired by IBM (after a brief stint at Agilent) 1 

Georgia 

Executive Summary 
Publications 

• Annual Report: 1 
• Annual Review Presentations: 2 
• Deliverable Reports: 3 
• Technical Reports: 1 
• Conference Presentations: 4 
• Journal papers: 4 (including 1 submitted) 
• Invited Seminar: 1 
• Thesis: 1 

1 
I Georgia 

4,+ Tech 
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Macro-modeling of Non-Linear Drivers 

Student: Bhyrav Mutnury 
Advisor: Madhavan Swaminathan 

1 
r Georgia 

1r Tech 

Objective 

• Develop methods for the macro-modeling of non-linear drivers 
• Easy extension to multi-port drivers 
• Fast simulation time compared to transistor level models 
• Good accuracy compared to transistor level models 
• Compatible with Spice and other circuit simulators 
• Load independence 
• Input independence 

Georgia 
I+ Tech 
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Driver 

Output 	Capacitor 

,H 	 1 
Transmission Line 

Weakly Non-linear 
Circuits 

Linear models 

Georgia Tech — Prof. M. Swaminathan 

Highly Non-linear 
Circuits 

RHF models 
Univ. of Torino — Prof. F. Canavero 

1 Georgia 
!)1 Tech 

i Georgia 
11,1 - Tech 

Io(t) = w1(t) F1(V) + w2(t)F2(V) 

F i (Vo) =A. Vo + B 

F2(Vo) = C. Vo + D 

Macro-modeling of Non-linear Digital 
Drivers 

Macro-modeling of Non-Linear 
Digital I/O Buffers (Linear) 

10 



Calculation of Weighting Functions 

The driver output is terminated with two different loads 
(Example: 50 ohms and 50 ohms + 3.3 Volts) . 

The Weighting functions w i  and w2  are evaluated as: 

Fla Fla 

Flb F2b 

Ia 

Ib 

W1 

W2 

' Georgia ..'• 

Transistor Level Model and Macro- 
model — Comparison (Active Line) 

IBM Driver 

Time 
!Georgia•c.-. ••'• lieu nucre-n.e; Venom 	 HIM e ■irryprell nwalel 

Transmission line, ZO= 25, td=lns 

Pulse (0 3.3 
2ns Ins ins 
I Ons 2Ons) 

- 

--• 

"6" 	- 

11 
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Macro-modeling for Multi-port Digital 
I/O Circuits 

For a n-port network functions F, and F 2  become 

F fportl, port2, .....,portn) and F2(portl, port2, ....,portn) 

PI 
	 Vdtl plane 

Pulse (0 3.3V 
2ns Ins Ins 
1 Ons 2Ons) 

Transmission Line 
--11110--1111■11•1=313---r 

— D r1 iver 	 Vo(t) 	10pF 

Grid plane 
c I 	 G2 

10(t) = w,(1). F,(V0,1/a) + w2(t)•F2(V0,1/,) 
Georgia 

II Tech 
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Red 	IBM encrypted model: TIME = I22ns 

Yellow 	macro-model: TIME = 6ns 

time 

Macro-modeling of Non-Linear Digital 
I/O Buffers (RBF) 

0(t) = w F j (V) + w 2WF 2(V) 

Functions F 1  and F2  are replaced with RBF to capture the relationship 
between present output, present input, previous outputs and previous 
inputs 

9125.a. 	 , 

0 5 	 5 	 2 	 25 	 3 	 3 5 	 a 	 5 
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Georgia 
Tech 
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—Lioear mode 

—RBF model 

02 	0.4 	0.6 	08 	1 (ns) 
Pose time of the driver 
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• 
—Linear model 

- IBM driwr 

RBF model 

Comparison between Linear and RBF Models 

CPU Time 
	 Accuracy 

I Georgia 

Summary 
Modeling of Non-linear Digital Drivers 

•Linear Model is 12 to 40 times faster 

•RBF model is 4 times faster 

•Both models are load insensitive 

•Linear model is made input dependent using post processing 

•Linear model can be easily extended to multi-ports 

•RI3F models are a good choice for highly non-linear circuits 

Georgia 
Tech 
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Significant Accomplishments for 

Task ID: 735.001 
• Development of the Cavity Resonator Method for analyzing 
power/ground planes 

• Inclusion of Magnetic Field Penetration into Cavity Resonator Method 
• SSN Measurements on HyperBGA Test Vehicle from IBM 
• Development of methodology for SSN Measurements 
• Model to hardware correlation 
• Development of Generalized Transmission Line Equation Method 
• Effect of Chip, Package and Board on Core Noise quantified 
• Development of methods for macro-modeling non-linear drivers 
• Development of software and algorithms for modeling and simulating 
power power supply noise developed 

• Software to be integrated into SWITCH under SRC Research 
Customization RID: 986.001 

la 
Tech 

Modeling and Co-Simulation of 
Power Distribution Networks in 

Digital and Mixed Signal Systems 

1 1 Georgia 
4,1 • Tecti 
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Task ID:1063.001 

Start Date: Feb 1, 2003 (1 month into project) 

Technical Thrust: Packaging and Interconnect Systems 

Task Leader: Madhavan Swaminathan 

Students: Jifeng Mao (Graduation Date: Fall 2004) 
Jinwoo Choi (Graduation Date: Fall 2004) 

Industrial Liaisons: James P. Libous, IBM, Endicott, New York 
Daniel P. 0' Connor, IBM, E. Fishkill, New York 
Shyamala Chickmenahalli, Intel, Arizona 

I" Georgia 
Tech 

Anticipated Result 

System level modeling and simulation tools that will enable 
the following: 

• Modeling of on-chip power distribution networks for digital circuits 
• Integration of on-chip, package and board power distribution modeling 
tools for enabling the co-design of chip, package and board 

• Modeling of power distribution networks for mixed signal circuits 
that combine digital and RF circuits 

• Quantification of near field coupling effects from power distribution 
on mixed signal circuits 

Georgia 

16 



Task Description 

• Inclusion of substrate losses and leakage currents into FDTD based 
on-chip power distribution analysis tool 

• Extension of Transmission Matrix Method (TMM) 
for analyzing on-chip power distribution networks 

• Development of optimum methods that combine FDTD and TMM for 
modeling and simulating system power distribution networks 

• Quantification of power supply noise and electro-migration effects in 
large packaged chips on boards 

• Quantification of noise coupling between digital and RF circuits 
• Quantification of near field coupling mechanisms for mixed signal 
circuits 

• Develop a path towards integration for analyzing systems 
(Through Research Customization RID — 986.001) 

Georgia 
i Tech:: 

Task Deliverables 
• Finite Difference Time Domain (FDTD) Method for analyzing 
on-chip power distribution networks with substrate losses 
Preliminary results for the use of Transmission Matrix Method for 
analyzing on-chip power distribution 
Comparison of the two methods 
Completion Date: Dec 31, 2003 

• Development of hybrid method that combines FDTD and TMM 
Co-simulation of chip and package power distribution network 
Quantification of EM coupling between digital and RF circuits 
Preliminary integration 
Completion Date: Dec 31, 2004 

• Design of Test Vehicles for quantifying near field coupling 
Measurement of Near Field Coupling 
Complete integration 
Completion Date:Dec 31, 2005 

Georgia 
Tech 
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• Physical structure replaced with RLGC circuit components 
• Simulated using FDTD 

Ref: Modeling of Power Supply Noise in Large Chips using the Finite Difference 

Time Domain Method, Jinseong Choi, PhD Thesis, Georgia Tech, 2002 

J -th metal layer 
1\ 

I-th metal laye 

M i 

Weal ground plaice 

Circuit Finite Difference Time Domain Method 
For On-chip Power Distribution Networks 

•--MA 

Li 	Vi 	lie 

• 

j 

Transmission Matrix Method 

y, roC. .64: tun c5 

P(m.N) 	
PLl 

,-(mxmlnaxN) 
— P1,2 
12 (m.N) 

P1,3 
xtf) 

L11 

xN) 
`4,  

PtMxr", P USIxt1I+2 

Can analyze up to 20 power/ground layers with relative ease 

Ref: Modeling of Package and Board Power Distribution Networks using Transmission Georgia  1 1, 
Matrix and Macro-modeling Methods, Joong-lio Kim, PhD Thesis, 2002 	 Tech 
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On-Chip Power Distribution Network 

[ IllTilil l: El 77' . --,r77. WaliP-771717::11 41-77177.1,-,  
,; 

	

,„ ,,.. ,„;.„{:'i,.... t. 4,4-_,-'41: _-',.,.._,:;,. 	._ i.r.41. -vi -  • 

..-Al1171' ' T.7H, W,-1 	VIET,' 	l.7 
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so WI M tX ll:l. Ii:.: r: 5: llil,,... ,'.%Y.: U 	f l,1A 

l ,,l-14'i, 	Vlltlill,44-4V 	II--X  
;041 l'll*.r.; ri;1'1"vjx2'.,  

• (5,5) • (0.5,4.5) 
'11 (0.5,5.5) 

• Produces a cylindrical/elliptical electromagnetic wave 
• Attenuated Wave — Low Q Circuit 
• 90% of energy diminished within 1.2mm 
• Simulation based on Circuit FDTD with > 2 million nodes 

Georgia 

Package Power Planes 

• Produces a cylindrical electromagnetic wave 
• Low Attenuation — High Q Circuit 
• 99% of energy reaches the edge, reflects and produces standing 
waves 

• Two unloaded power planes 
Ref: Modeling of Power Supply Noise in Large Chips using the Finite Difference 
Time Domain Method, Jinseong Choi, PhD Thesis, 2002 
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Modeling and Analysis of Power 
Distribution Networks for Gigabit 

Applications 

Student : Jinwoo Choi 

Advisor : Prof. Madhavan Swaminathan 

School of Electrical and Computer Engineering 

Georgia Institute of Technology 

Packaging Research Center 	 Georgia Institute of Technology 
Georgia 

JES1,2003  

Outline 

• Modeling and Simulation Methodology. 

• Test Vehicle Description. 

• Model to Hardware Correlation. 

• Modeling and Analysis of Master-Slave Power Distribution 
Network. 

• Power Supply Noise Simulation. 

• Summary. 

21 



Construction or SPICE 

net-list using Marro-

modeling 

Modeling  and Simulation Methodology 

Physical Layout 

Nun-linear Circuit Simulation 

using SPICE 

Georgia 
Tech 

Non-linear 

Circuits 

Rambus Test Vehicle 

• Designed for chip-to-chip 
communication at a data rate 
of 3.2 Gbps. 

• Consists of transmitter and 
receiver chips mounted on 
wirebond PBGA packages on 
a PCB. 
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Layer 2 
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1 Oz Copper 
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transmission lines) 
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Vdd (5 V and 1.2 V 
Islands) 
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Cross Section of PCB 
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4.8 mil 
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4.5 mil 
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transmission lines) 

1 Georgie 
.1 Tech 

Layer 4 

Layer 5 

Layer 6 

Modeling and Measurement of 
Layers 4 and 5 

•• 	• Master Layer4 • 

• 	 • • 	 • 	 •• • 	 • 	 • 	 • 	 • 

127123 n.h.5687.5.11) 	 . 

C2 17 
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Georgia 
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Model to Hardware Correlation for Bare Board with 
Pad Parasitics 

• Good model to hardware 
correlation 

- verified TMM modeling 
method through measurements 
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Self Impedances at 
Ports within Master & 
Slave Islands 

Coupling —• 

Georgla 
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Gnd 

Modeling of Power Supply Noise 

Port 3 Port 2 
O  

Port I God 
0.6V 
(Vdd) 

0.3 V (Vterm) 

50 LI 

Differ. ial 

Driver 

Differential Transmission Lines (50 02) 

Differential Drivers — Yellowstone Channel 
Data (Period=1.25ns, tr=0.05ns, tf=0.05ns, Tline = 50 ohms; ins) 

Data Pattern: 0000111100001111.... 

2 	4 	6 	8 	10 	12 	14 	16 	18 	20 
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Power Supply Noise = 40mV (4 Differential Drivers
Tech 
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Summary 

• Presented a methodology for analyzing a high-speed test vehicle 
- method accurately and efficiently analyzes PDN of test vehicle 

. Showed good model to hardware correlation 
- verified TMM modeling method through measurements 

. Analyzed behavior of split power planes 

. Showed power supply noise 
- got power supply noise using macro-modeling successfully 

- time signature of power supply noise is largely dependent on the 
driver models 

- good driver models therefore need to be developed to obtain a good 
estimation on power supply noise 

Greorgla 
Teets .  

Effect of Silicon Substrate on 
Switching-Noise 
Power Distribution Network 

Jifeng Mao 

Advisor: Madhavan Swaminathan 

Mentor: James P. Libous & Daniel O'Connor 

J' Georgia =-. 
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' James Libous, IBM ASIC group 
DC voltage of onchip PD 

1 Georgia 
1,1 = Tech 

♦ HFSS 
♦ Maxwell 3D/2D 
♦ Measurement -- NA/TDR 

Hspice 
• Time consuming 
• No spatial information 

➢ Circuit -based FDTD* 
• Computational efficient 
• Easy to get spatial information 

Modeling tools 

Simple circuit representation 
of onchip power bus 

Cross section of ASIC* 

3D view of onchip PD 

Physical Structure of Onchip 
Power Distribution(PD) 

Modeling & Simulation Approach 

Simulation tools 

* J Gnu, L. Wan, M.Swaminathan, B. Beker and R. Master " Modeling of a Realistic Power Grid using FDTD", 

Symposium on EMC, pp.238-243, Aug. 2002 

)!Georgia 
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Measurement vs. Modeling 
Georgia 

ri ' Tech 

CPW on wafer 	HFSS setup** 

Cross section of CPW onchip** 

—Woopoung. Kim 8. Suna. Choi, Galech Epsilon group 

Model to Hardware Correlation of CPW 
Structures on Silicon 

nigh Mesh Wavy 

ae.: 	105 23, 	3a-  i 0= 	50 r  50• 	705 SO, BC: 	 IC 

L. lie. Wafer 

Effect of Substrate Resistivity on SSN 

Layer MI Digi la I 
CMOS I 

Digital 
CMOS 2 

RF 
CMOS 

GaAs 

Resis(flein 

) 

5 100 1,000 1,000,000 

L (p11) 40.626 40.696 40.696 40.696 

R (12) 0.17326 0.17317 0.17317 0.17317 

C (IF) 2.5597 2.1097 2.1016 2.1014 

G (s) 2.972,4 1.48431-5 1.4911-6 1,4912e-9 

Tab.1 RLGC of various substrate 

L 	

rl uoilm ,) It! 1131 C:Fe() 

d 1131. F MOS 

f. 

,k)A! IPA'Av 

v. 7,4. 	 atly 	 O. 	 4.p 	 1.111. 

T one 

Noise waveform at same Vdd Node 

Effect: Lossy substrate helps attenuate switching noise. 

Georgia 
- Tech 
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Low Resistivity Substrate High Resistivity Substrate 
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Elliptical pattern on M -I metal Layer 	Noise propagation along Vdd buses 
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Georgia 
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Effect: thin SiO2 helps attenuate switching noise. 

AAnA4A,A A 1,AAMAAW 

Different Thickness Between M1 and Si 

M1 

Resis.= 5 

(C)cm) 

Thickness of Si0,. between M1 and 
wafer 

lu 300A 100A 

L(pH) 76.513 76.483 76.467 

R(ohm) 0.20949 0.20949 0.20948 

C(fF) 23.752 23.778 23.795 

G(ms) 0.00992 0.55903 0.61786 

Tab.2 RLGC of M1 bus with different height 

-Ml 1071A 
• IA 	 ri.:Lgq1 

0., 

inn.no 	 OM hp 	 NM Op 

Tow I ro 

Noise waveform at same Vdd Node 

Future Work 

• Modeling methods for low resistivity silicon 
• Modeling of CMOS inverters and RF circuits 
• Effect of onchip decoupling capacitor on 

simultaneous switching noise 
• Substrate noise coupling between digital and 

RF circuits 
• Chip package co-simulation 
• Noise coupled through package among mixed-

signal circuits 
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Summary for Task RID: 1063.001 

• Good start to a very aggressive program 
• Preliminary results indicate that the TMM can be applied to complex 
package and board power distribution networks 
(Ex: Rambus Test Vehicle) 

• Preliminary results show importance of Silicon Substrate loss on 
power supply noise propagation 

• Preliminary integration of TMM into Switch completed 
• Need access to layout of chip power distribution network for analysis 
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Use of Transmission Matrix Method and its Comparison to Finite Difference Time Domain 
Method for Modeling Power Distribution Networks 

Abstract: Power distribution networks can be broadly classified into on-chip and package power 
distribution. For computing the dynamic electromagnetic response of these networks, Maxwell's 
equations need to be numerically solved. These equations can be solved either in the time or 
frequency domain using an integral equation or differential equation based approach. Both the 
Transmission Matrix Method (TMM) and Finite Difference Time Domain (FDTD) methods are 
differential equation based solvers with the primary difference that TMM is a frequency domain 
based method [1] while FDTD is a time domain based method [2]. 
On-chip power distribution is a highly dissipative network as compared to the package power 
distribution. However, on-chip power distribution networks are more complex, requiring more 
unknowns for representing them. These two properties require different methods for analyzing the 
on-chip and package power distribution networks. Since the package power distribution is a high 
Q passive circuit, use of FDTD could create two problems namely, i) result in erroneous 
frequency domain response if the waveform hasn't reached the steady state and ii) take a long 
time to converge due to the time step dictated by the Courant condition. On the other hand, FDTD 
can produce a robust solution for on-chip power distribution due to its dissipative characteristics, 
resulting in the waveform reaching the steady state in a few time steps. 
In this report, the TMM and FDTD methods have been applied for analyzing a package power 
distribution structure. As a comparison, the results in the frequency domain have been compared 
along with the time required for the solution. A commercial tool was used for the FDTD method. 
Technical Results and Data: The structure of the power plane is shown in Fig. 1. It consists of 
an irregularly shaped power and ground plane populated with decoupling capacitors and ferrite 
bead. The structure also contains numerous vias, as shown in the figure. The port locations at 
which the frequency response was computed are as follows: Port 1: (0.677,3.7268); Port 2:( 
1.058,1.3138); Port 3:( 3.471, 1.6948) and Port 4:( 3.09, 4.1078). All dimensions are in cms. The 
input impedance of the ferrite bead that was used is shown in Fig. 2. The frequency response of 
the bare board was measured at port 1 using a network analyzer, converted to impedance 
parameter and compared with the results from the TMM method and FDTD method. Fig. 3 shows 
good comparison between measurements and the TMM method. However, Fig. 4 shows 
erroneous results from the FDTD method, causing a shift in the resonant frequencies. In addition, 
at high frequencies, FDTD shows a capacitive behavior as opposed to an inductive behavior that 
was measured. In Table 1, the CPU time for analyzing the structure has been compared using 
the TMM and FDTD method. As shown in the figure, a speed-up of 670 — 800X has been 
achieved using TMM method as compared to the FDTD method. 
The inaccuracy in the results can be attributed to the lack of convergence. In other words, the 
waveform hasn't reached the steady state before conversion to the frequency domain. The large 
CPU time for the FDTD method can be attributed to the small time step (dictated by the Courant 
condition) and the high Q characteristics of the structure, which requires numerous time steps for 
reaching the steady state. 
However, as shown in [2], the FDTD method is suitable for on-chip power distribution networks, 
which are dissipative in nature. Hence, the steady state solution does not require a large number 
of time steps. 
As an example, consider the on-chip power grid structure shown in Fig. 5. One current source 
was placed at the center of the on-chip power grid to study the characteristics of the power grid 
using FDTD. The current source has a rise time of 100 ps, a fall time of 200 ps and peak current 
of 1 A. A total of 38896 on-chip decoupling capacitors were uniformly distributed over the on-chip 
power grid. Each decoupling capacitor has 1.5 pF of capacitance, 1 pH of ESL (Equivalent Series 
Inductance) and 0.001 ohm of ESR (Equivalent Series Resistance). Fig 6. (a)-(f) show the 
snapshots of the transient voltage response with one current source at different times. Fig. 6. (a) 
shows the differential noise due to the single source excitation at t=110ps, propagating outwards 
as shown in Fig. 6. (b)-(e). Finally, at time t=1160 ps, the radial wave propagation is totally 
attenuated, as shown in Fig 6. (f). Based on the transient response, the propagation length is 
3660um. At this distance, the energy in the radial wave is completely attenuated. This noise 
localization effect can be attributed to the low Q characteristics of the on-chip power grid. 



12 

112 

4 

0,5 	1 	 5 	2 	2.5 	3 

x109  

Fig. 3. Z11 Vs Frequency: Comparison between TMM Method (Blue) and Measurements (Red) 

Conclusion: Based on the many test cases that have been considered (one that has been 
provided in this report), the TMM method seems well suited for modeling power distribution in the 
package. However, FDTD method is more appropriate for modeling on-chip power distribution. In 
both cases, Maxwell's Equations are analytically solved to extract the transmission line 
parameters before applying the two methods, as part of the SRC project. 
References: 
[1] J. Choi, S. Min, J. Kim, M. Swaminathan, W. Beyene and X. Yuan, "Modeling and Analysis of 
Power Distribution Networks for Gigabit Applications", IEEE Transactions on Mobile Computing, 
vol. 2, no. 4, pp.299-313, October-December 2003. 
[2] J. Mao, W. Kim, S. Choi, M. Swaminathan, J. Libous and D. 0' Connor, "Electromagnetic 
Modeling of Switching Noise in On-Chip Power Distribution Networks", Proceedings of the 
International Conference on Electromagnetic Interference and Compatibility (INCEMIC), pp. 47-
52, Chennai, India, Dec. 2003. 
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Period Width Thickness 
Metal 1: 60um 3um 	lum 
Metal 2: 60um 3um 	lum 
Metal 3: 120um 6um 	lum 
Metal 4: 250um 250um lum 

10.05 mm 
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Fig. 5. (a) On-chip power 
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grid structure. (b) Detailed description of a unit cell. 
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Test Case TMM FDTD Speed-up 
Plane 

(without 
Decaps) 

213 s 40 hrs — 670 

Plane 
(with 

Decaps) 
220 s 50 hrs — 800 

Table 1. Comparison between TMM and FDTD for Package Planes 
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Electromagnetic Modeling of Power Supply Noise in On-Chip Power Distribution Networks 

Abstract: This report summarizes recent results for the modeling of simultaneous switching noise 

in on-chip power distribution networks. The circuit models of orthogonal multi-conductor buses 

are first derived as frequency dependent RLGC parameters using conformal mapping and complex 

image theory. The analytical expressions accurately characterize the dispersive nature of 

interconnects over finite-resistivity substrates. Debye rational functions are then adopted to 

represent the frequency dependent impedance/admittance parameters. Finally, the waveform and 

propagation pattern of the noise are simulated using Finite Difference Time Domain (FDTD) 

method. The power distribution analysis including substrate effects can prevent the over-designed 

of power distribution networks, since the finite resistivity of the substrate help attenuate 

simultaneous switching noise. 

Technical Results and Data: Complex image theory has been used for modeling the on-chip 

interconnects for extracting the frequency dependent transmission line parameters. This method 

takes into account the loss due to eddy currents in the silicon substrate by replacing the substrate 

with a conducting image plane located at a complex distance from the metal-Si01 interface as 

shown in Fig. 1. The numerical results show good agreement with measurement from Vector 

Network Analyzer for Coplanar Waveguide (CPW) on wafers with high resistivity (200012-cm) 

and low resisitivyt (10052-cm), as shown in Fig. 2. The parameters of the CPW transmission lines 

were as follows: W„,,/=-25p.m, Wg,„,/=3001,1m, ho,=1).tm and iis,=500pm. 

Due to its periodicity topology and symmetric field distribution, the capacitance of coplanar 

multi-conductor (CMC) structure in on-chip power distribution networks can be derived using 

conformal mapping as show in Fig. 3-5, using which the RLGC transmission line parameters can 

be extracted. The differences between RLGC parameters of a CPW and CMC structure with 

similar geometry, namely vi ,--251,1m, 17, 1 =50011m as defined in Fig. 1 with width of Vdd 

the same as Gnd for the CMC structure, is shown in Fig.6. 

For simulating the very large equivalent circuit representing the power grid in the time 

domain, FDTD has been used. First order Debye approximation has been used for approximating 

the frequency dependent power grid, as shown in Fig. 7. Computational efficiency of FDTD is 

maintained since it only takes a slight modification in the algorithm to include the first-order 

Debye circuit model. 

A software program has been developed in C -H-  language to construct the on-chip power grid 

model automatically, which takes the power grid geometry data as input and the outputs of the 

program are a group of text files, which are either in the format of SPICE netlist or in a format 

readable by parameter extraction tools. The effect of substrate resistivity on SSN has been 

demonstrated through a simple test vehicle, which is a 4mmx4mm chip with a three-layer power 

supply consisting of pitch in each layer of 20nm, 40nm, and 80nm. Two simulations have been 

done for the chip with the same physical setup but different substrates with high and low 

resistivity. The voltage at a node Irrim away from the chip center at the bottom layer has been 

recorded. The waveforms for the two substrate have been compared in Fig. 8. It can be clearly 

seen that lossy substrate helps attenuate the on-chip simultaneous switching noise by reducing the 

peak-to-peak value and accelerating the damping of the voltage swing. 

The detailed technical results and data can be obtained in SRC publication P007759, 

P007760 and P007761. 
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