
WELCOME FROM MICHAEL MIRMAK, INTEL CORPORATION 
 

On behalf of the IBIS Open Forum, I would like to welcome you to our second Asian 

IBIS Summit in Taipei.  Our first Summit last year was highly successful and we pleased 

to be able to return to Taipei to see our IBIS friends again.    

 

We are grateful to our generous co-sponsors for their assistance in making this event 

possible and hope that you will encourage them to continue their support.  Our thanks 

also go to our presenters and to you, the attendees, for your interest. 

 

The IBIS Summits are only a part of the regular activities of the IBIS Open Forum.  You 

are invited to participate in all our efforts, including through e-mail discussions and by 

pursuing Open Forum membership.  

 

We hope that you enjoy the Summit and find the presentations and discussions useful.  

We wish you luck and success. 

 

- Michael Mirmak 

Chair, IBIS Open Forum 

 

 

 

 

 欢迎词  在这里我仅代表 IBIS 開放論壇歡迎您参加我們的第二届亞洲（台北）IBIS 峰會。我們去年的第一届峰會非常成功，我們很高興能夠回到台北，再次看到我們的台北 IBIS 朋友。  非常感謝我們慷慨的赞助商所提供的支持，使得這一会议成為可能，並希望你們今后的繼續支持。我們還要感謝我們的演讲人并你，我们的與會者，和你对 IBIS 的興趣。  IBIS 峰會只是一個 IBIS 開放論壇的經常性活動的一部分。我邀請您參與我們的一切活动，包括通過電子郵件討論，並且成为 IBIS 開放式論壇的成員。  希望您能享受这次會議并發現其中对您有用的演讲和討論。  祝大家好運和成功。  - 马梦宽 IBIS 開放論壇主席  
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WELCOME FROM SOGO HSU, FOXCONN TECHNOLOGY GROUP 
 

Welcome to the second annual IBIS Summit (Taipei). On behalf of the Foxconn 

SRDTDC (Server Research and Development Technical Development Committee) and 

Cloud Engineering Service Pool/CESBG, thanks IBIS Open Forum and all the sponsors 

to make this meeting possible. Wish another successful IBIS Summit in Taipei. 

  

The Greater China area has become the most densely populated area in the world. It also 

means opportunities for many emerging technologies. In the past few years, cloud 

computing is the most focused subject of the ICT(Information and Communication 

Technology) industry including servers, networking products and handheld devices. With 

the dense ICT supply chain clusters in this area, the second annual Asian IBIS Summit 

(Taipei) will help the connections between Taiwan industries and the global science and 

technology development. I believe that we will contribute more with our advanced 

technologies in the future. 

 

With increased Signal and Power Integrity concerns in modern high-speed product 

designs, more and more engineers pay attentions to IBIS Open Forum and its standard 

specification developments. As a dominant ODM supplier in the server/storage area, 

Foxconn Technology Group will continue to pay close attention to well construction of 

IBIS standard and the latest technology developments to ensure our high reliability of 

the products. Looking forward to this summit, we can discuss, exchange with all the 

participants for advanced technologies and the latest developments in IBIS. 

 

Wish all have a fruitful meeting! 

 

Shou-Kuo Sogo Hsu, Ph. D. 

Foxconn Technology Group. 

 

 歡迎參加第二屆台北舉辦之亞洲IBIS開放論壇。在此，謹代表鴻海科技集團伺服器研發技委會與雲運算產品事業群，很榮幸能夠對於IBIS協會組織以及各贊助單位，對此次論壇能成功舉行敬致謝忱。   大中華區已然成為全球人口最稠密之區域，而這也意味著對於許多科技的新興機會。在過去幾年內, 雲端運算產業則是 ICT 產業最聚焦的主題, 包括伺服器，網通產品到手持裝置等。而 ICT 產業在大中華區綿密的供應鍊聚落，亞洲IBIS開放論壇持續第二年在台北舉辦，將有助於台灣產業與全球科技發展藍圖銜接，使優秀的台灣科技從業人員對世界做出更多貢獻。  IBIS開放論壇和其規範的發展方向，隨著科技產品設計日益精密，受到全世界的工程師在信號和電源完整性的積極關心。做為伺服器/儲存器領域的主要 ODM 供應商，鴻海科技集團將持續關注IBIS標準以及最新科技趨勢，以確保提供高可靠度之產品。也期待在今天之論壇中，與各位與會先進一齊進行技術交流，研討IBIS技術之最新發展。  相信今天的開放論壇議程，會讓各位與會先進，有一趟豐收之旅程。  許壽國 博士  鴻海科技集團  
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AGENDA AND ORDER OF THE PRESENTATIONS 
 

(The actual agenda might be modified) 
 

 

 

 

 

 

 

-------------------------------------------------------------------------------- 

 

I B I S  S U M M I T  M E E T I N G  A G E N D A 

 

8:15    REFRESHMENTS & SIGN IN 

           - Vendor Tables Open at 8:30 

 

9:00    Welcome 

          - Sogo Hsu 

            (Foxconn Technology Group, ROC) 

          - Michael Mirmak 

            (Chair IBIS Open Forum, Intel Corporation, USA) 

 

9:20    IBIS Status and Future Direction . . . . . . . . . . . . . . . . . . . 5 

          Mirmak, Michael (Intel Corporation, USA) 

 

9:35    IBIS Parsers . . . . . . . . . . . . . . . . . . . . . . . . . . . .  10 

          Bob Ross (Teraspeed Consulting Group, USA) 

 

10:05   BREAK (Refreshments and Vendor Tables) 

 

10:25   Power Aware Features of IBISv5.0 – Accuracy and Challenges . . . . .  18 

          Vipul Pursottam Patel, Prabhat Ranjan, and Richa Ahuja 

          (STMicroelectronics, India) 

 

10:55   Modeling the On-die De-cap of IBIS 5.0 PDN-aware Buffers . . . . . .  26  

          Lance Wang* and Randy Wolff** 

          (*IO Methodology, and **Micron Technology, USA) 

 

11:25   Power-aware I/O Modeling for High-speed Parallel Bus . . . . . . . .  34 

        Simulation 

          Jack W.C. Lin#, ZuLi Qin##, HaiSan Wang##, and  

          Raymond Y.Chen### (Sigrity, #ROC, ##PRC, ###USA) 

 

12:00   FREE BUFFET LUNCH (Hosted by Sponsors) 

          - Vendor Tables 
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AGENDA AND ORDER OF THE PRESENTATIONS (Continued) 
 

 

 

 

 

 

 

 

 

13:30   Board-only Power Delivery Prediction for Voltage Regulator . . . . .  46 

        and Mother Board Designs 

          Jiangqi He# and Y.L. Li## (Intel Corporation, #USA, ##ROC) 

 

14:15   Supporting External Circuit as Spice or S-parameters in  . . . . . .  61 

        Conjunction with I-V/V-T Tables 

          Kent Drumstad*#, Adge Hawes*##, Taranjit Kukal**###, 

          Feras Al-Hawari**#, Ambrish Varma**#, and Terry Jernberg**# 

          (*IBM, #USA, ##United Kingdom, 

          **Cadence Design Systems, ###India, #USA) 

 

15:00   BREAK (Refreshments and Vendor Tables) 

 

15:20   T-Coils and Bridged-T Networks . . . . . . . . . . . . . . . . . . .  75 

          Bob Ross (Teraspeed Consulting Group, USA) 

 

16:00   Concluding Items 

 

16:30   END OF IBIS SUMMIT MEETING 

 

-------------------------------------------------------------------------------- 
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IBIS Status and Future Direction

Michael Mirmak
Intel Corp.
Chair, IBIS Open Forum

馬夢寬
英特爾公司
IBIS 委員會主席

Asian IBIS Summit (Taipei)
November 21, 2011

台北 IBIS 技術研討會
2010 年 11 月 21 日

Agenda

IBIS as Organization and Standard
IBIS 5.0
Touchstone 2.0
IBIS-ISS 1.0
Timeline for Changes
Call to Action

22011 Asian IBIS Summit (Taipei)
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2

Specifications and Technologies

IBIS: both an organization and a standard
IBIS – I/O Buffer Information Specification
– Version 5.0 today (includes IBIS-AMI support)

Touchstone 2.0
– Ratified April 2009
– TSCHK2 parser also offered

S SS S C SIBIS-ISS: Interconnect SPICE Subcircuit
– Version 1.0 ratified October 2011 

2011 Asian IBIS Summit (Taipei)

IBIS Specification Direction
5.1: Clarifications and Style Improvements
– New, more readable format
– Significant changes to IBIS-AMI

Version control, plus clarifications to clocking, tables, crosstalk 

– Support for weak tie-up/tie-down definitions
– Clarifications to [Composite Current]
– Fixes to EBD format
– Fixes to [Test Data] and [Test Load]

5 2 M j f t till d di i5.2: Major features, still under discussion
– Support for repeaters
– Links to IBIS-ISS, Touchstone
– C_comp clarifications

42011 Asian IBIS Summit (Taipei)
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3

Touchstone 2.x

Description/format for network parameters
– Primary use in industry is for S-parameters
– 2.0 introduces mixed-mode support and per-

port impedance
Touchstone 2.1/3.0 Approved Changes
– Sparse Matrix format
– Binary file representation (compression)Binary file representation (compression)

Change under discussion
– Support for explicit port-node mapping

2011 Asian IBIS Summit (Taipei) 5

IBIS-ISS 1.0

Interconnect SPICE Subcircuit Specification
Universal SPICE format for interconnects
– Packages, cables, connectors, traces, etc.

Basic SPICE elements supported
– R, L, G, C, some sources

Supports Touchstone, W-element data
– Both frequency and time domains supported

6

Long-term successor to PKG, EBD, ICM

2011 Asian IBIS Summit (Taipei)

Asian IBIS Summit 2011, Taipei

Page 7 of 86



4

Timeline for Changes
IBIS 5.1
– Expecting changes to close by end of 2011
– Draft complete and in approval cycle in Q1’12

Touchstone 2.1
– Q1’12 for approved changes

Touchstone 3.0 & IBIS-ISS 1.0
– Does IBIS-ISS resolve port-node mapping issue?

7

Key challenge: 
smoothly linking all three specifications

2011 Asian IBIS Summit (Taipei)

Call to Action
For tool vendors…
– Are you planning to support these 

improvements?improvements?
For system designers
– Can you use these to improve your design 

margins?
For IC vendors
– Can these help you better specify your devices?

2011 Asian IBIS Summit (Taipei) 8

Please become familiar with the 
specifications and provide feedback!

Asian IBIS Summit 2011, Taipei
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5

For More Information…

IBIS 5.0
– http://www.eda.org/ibis/ver5.0/

IBIS-ISS 1.0
– http://www.eda.org/ibis/ibis-iss_ver1.0/

Touchstone 2.0
– http://www.eda.org/ibis/touchstone_ver2.0

2011 Asian IBIS Summit (Taipei) 9

Q/A

2011 Asian IBIS Summit (Taipei) 10
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IBIS ParsersIBIS Parsers

Bob Ross
Asian IBIS Summit

Taipei  Taiwan

Page 1
TERASPEED

CONSULTING
GROUP

© 2011 Teraspeed Consulting Group LLC 

Taipei, Taiwan
November 21, 2011
bob@teraspeed.com

(Previously given at Asian Summit November 15, 2011)

Presentation Topics

• ibischk5
Operation– Operation

– Spread sheet for messages
– Some new checks

• tschk2
– Operation

M

Page 2
TERASPEED

CONSULTING
GROUP

© 2011 Teraspeed Consulting Group LLC 

– Messages
• Conclusions

Asian IBIS Summit 2011, Taipei
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2

“ibischk5” Parser

• Ibischk5, Version 5.0.7
– Free executables: http://www.eda.org/ibis/ibischk5/p g
– Supports IBIS Version 5.0 (ratified 2008)

• Algorithmic model interface for Serdes analysis
• Power delivery system SSO and gate modulation
• EMI parameters
• Other – (area based thresholds)

• Checks all [IBIS Ver]s of IBIS files

Page 3
TERASPEED

CONSULTING
GROUP

© 2011Teraspeed Consulting Group LLC 

– (1.1, 2.1, 3.2, 4.2, 5.0)
• Over $114,000 of contracted work since 1993 
• Supports .ibs, .pkg, .ebd, and .ami formats

– directly or through linkages from top level file

New Flags in ibischk5
Usage: ibischk5       <IBS filename>

: ibischk5  -ebd <EBD filename>
: ibischk5  -pkg <PKG filename>
: ibischk5  -ami <AMI filename>

• –ami for <file name> ami (algorithmic model 

Usage: ibischk5  -caution -numbered      <IBS filename>
: ibischk5  -caution -numbered -ebd <EBD filename>
: ibischk5  -caution -numbered -pkg <PKG filename>
: ibischk5  -caution -numbered -ami <AMI filename>

The flags prior to the file name can be in any order, 
and the -caution and/or -numbered flags are optional.

Page 4
TERASPEED

CONSULTING
GROUP

© 2011 Teraspeed Consulting Group LLC 

–ami for <file_name>.ami (algorithmic model 
interface control file)

• –numbered for numbered Error, Warning, 
Notes and Caution messages

Asian IBIS Summit 2011, Taipei
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3

ibischk5 {–numbered} –ami  file4.ami

Checking file4.ami for IBIS 5.0 Compatibility...

ERROR - Illegal Usage value A specified for Param1
ERROR - Illegal Type value B specified for Param1
ERROR - Illegal Format value C specified for Param1ERROR - Illegal Format value C specified for Param1
ERROR - No Reserved_Parameters found

Errors  : 4

File Failed

Checking file4.ami for IBIS 5.0 Compatibility...

E4627 - Illegal Usage value A specified for Param1

Page 5
TERASPEED

CONSULTING
GROUP

© 2011Teraspeed Consulting Group LLC 

E4627 Illegal Usage value A specified for Param1
E4627 - Illegal Type value B specified for Param1
E4627 - Illegal Format value C specified for Param1
E4622 - No Reserved_Parameters found

Errors  : 4

File Failed

New: Message Number File
(1155 unique message strings)

Page 6
TERASPEED

CONSULTING
GROUP

© 2011 Teraspeed Consulting Group LLC 
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4

Message Columns
(for documentation and sorting)

• Number (printed message number)
• Symbol in Code (by module grouping)• Symbol in Code (by module grouping)

– Example: ALGMODERR_25 (message 25 of 36 AMI 
module messages)

• Message String (all unique message strings)
• Parameters (if applicable for printed % arguments)

– For line numbers, keywords, subparameters, etc.

Page 7
TERASPEED

CONSULTING
GROUP

• Comment (brief description)
• Category (Error, Warning Notes, Caution, etc.)
• Classification (E, W, N, C added for easier sorting)

© 2011 Teraspeed Consulting Group LLC 

Recent ibischk5 Fixes

• dV of [Ramp] dV/dt_r, dV/dt_f Caution checks
– BUG104, BUG123, BUG130 (case-sensitivity crash)BUG104, BUG123, BUG130 (case sensitivity crash)
– Can be used to find the exact dV values based on I-V 

tables and specified ramp load conditions
– Calculated value reported if wrong value entered

• [Model Spec] timing test load entries
– BUG122 for waveform crossing Vmeas test

Page 8
TERASPEED

CONSULTING
GROUP

• [ISSO PU] and [ISSO PD] table time entry mismatches
– BUG115, BUG116
– BUG129 time alignment test from Error to Caution

© 2011 Teraspeed Consulting Group LLC 
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5

Bug List for Filed BUG Reports
http://www.eda.org/ibis/bugs/ibischk/

Page 9
TERASPEED

CONSULTING
GROUP

© 2011 Teraspeed Consulting Group LLC 

“tschk2” Parser

• Checks Touchstone Version 1.0 (TS1) and 
Version 2.0 (TS2)
– Error and Warning numbers
– Free executables: http://www.eda.org/ibis/tschk2/

• Converts TS1 to TS2, TS2 to TS1 where practical 
with -canonical* flags

• Provides comment headers and real, imaginary 
format (RI) with -describe flag

Page 10
TERASPEED

CONSULTING
GROUP

© 2011 Teraspeed Consulting Group LLC 

• Source code package includes 440+ test cases
• C++, well documented
• Thanks to contractor Agilent Technologies

Asian IBIS Summit 2011, Taipei
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6

tschk2 {-canonical*} FILE

• {-canonical | -canonical-v2}
– TS1, TS2 TS2
– Provides number of ports, frequencies and other information
– Un-normalizes TS1 Y-, Z-, G- and H-parameters and effective 

noise resistance

• {-canonical-v1}
– TS1, TS2 TS1 where practical
– Applies column formatting rules and 2-port 21_12 ordering
– Normalizes TS2 Y-, Z-, G- and H-parameters and effective noise 

Page 11
TERASPEED

CONSULTING
GROUP

© 2011 Teraspeed Consulting Group LLC 

p
resistance

– No mixed mode or selectable reference resistance processing

tschk2 {-describe} FILE
(header comments, RI format)

[Network Data]
! freq S11re S11im S12re  S12im  S13re S13im S14re  S14im

S15re S15im  S16re S16im               
! S21re S21im  S22re  S22im  S23re  S23im  S24re  S24im

S25re  S25im  S26re S26im
!     S31re  S31im  S32re  S32im  S33re  S33im  S34re  S34im

S35re  S35im  S36re  S36im               
!    S41re  S41im  S42re  S42im  S43re  S43im  S44re  S44im

S45re  S45im  S46re  S46im               
!    S51re  S51im  S52re  S52im  S53re  S53im  S54re  S54im

S55re  S55im  S56re  S56im               

Page 12
TERASPEED

CONSULTING
GROUP

© 2011 Teraspeed Consulting Group LLC 

!      S61re  S61im  S62re  S62im  S63re  S63im  S64re  S64im
S65re  S65im  S66re  S66im               

10000 -0.665574600466      -0.0006609751214130001  0.333068101839       
0.000663504688568    0.333100908672       -0.0006633295929
Etc.

Asian IBIS Summit 2011, Taipei

Page 15 of 86



7

71 tschk2 Messages

Page 13
TERASPEED

CONSULTING
GROUP

© 2011 Teraspeed Consulting Group LLC 

Message Groupings

• Message chart in source code package
M  i  ( i  b )• Message categories (starting number)
– Full Error (1000)
– Format Error (2000)
– Options Error (2100)
– Keyword Order (2200)

Page 14
TERASPEED

CONSULTING
GROUP

Keyword Order (2200)
– Data Format (2300)

© 2011 Teraspeed Consulting Group LLC 
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Conclusions

• ibischk5 and tschk2 parsers - free to 
officially check files for specification officially check files for specification 
compliance

• Parser development also checks 
specification for accuracy and clarity

• BUG process helps maintain integrity of 
parsers with latest fixes

Page 15
TERASPEED

CONSULTING
GROUP

© 2011 Teraspeed Consulting Group LLC 

parsers with latest fixes

• Parsers are critical to IBIS success

Useful Links Under IBIS
Home Page: www.eda.org/ibis/

ver5.0/ IBIS Version 5.0 (August 29, 2008)
ibischk5/ ibischk5 Version 5.0.7 (Pending 2011)

touchstone_ver2.0/ Touchstone Version 2.0 (April 24. 2009)
tschk2/ tschk2 Version 2.0.0 (December 2009)

quality_ver2.0/ IBIS Quality Specification (Oct. 30, 2009)
ibis-iss_ver1.0/ Interconnect SPICE Subcircuit Specification

Version 1.0 (New - October 7, 2011)

editorial_wip/ Editorial Task Group (wip)
i t t i / I t t T k G  ( i ) d d

Page 16
TERASPEED

CONSULTING
GROUP

© 2011 Teraspeed Consulting Group LLC 

interconnect_wip/ Interconnect Task Group (wip) - suspended
macromodel_wip/ Advanced Technology Task Group (wip)
quality_wip/ Quality Task Group (wip)

(wip: work in progress)
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Power Aware Features of 
IBISv5.0 – Accuracy and 
Challenges
Vipul Pursottam Patel 
Prabhat Ranjan
Richa Ahuja

- ST Microelectronics

Asian IBIS Summit
Taipei, Taiwan 
November 21, 2011

Agenda

Introduction
BIRD98 [ISSO PU] / [ISSO PD]
BIRD95 [Composite Current]
Accuracy Enhancements
Challenges

2
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Introduction

For Improved SSO simulations in non-ideal power supply
environment IBIS ver.5.0 introduced the following
features :

Added [ISSO PU] & [ISSO PD] tables proposed in BIRD98.
- To model Gate Modulation effect.

Added [Composite Current] tables proposed in BIRD95.
- For more accurate analysis for ground and power bounce associated with

simultaneous switching noise.simultaneous switching noise.

3

BIRD98 [ISSO PU] / [ISSO PD]
Due to SSO noise, the actual drive strength may vary during transients depending on
the instantaneous value of the supply voltage.

- This phenomena is usually called the “Gate Modulation Effect“

- In IBIS (prior to IBISv5) Working point can move only
along the same Vgs =VDD characteristic.

- During supply bounce, actual working point shifts to
Vgs = VDD ± ΔVbounce characteristics.

- Higher is the bouncing noise, the higher is the mismatching
between IBIS and Spice results.

4

[ISSO PU] / [ISSO PD] define the effective current of the pullup/pulldown structures as a
function of the voltage on the pullup/pulldown reference nodes.

Asian IBIS Summit 2011, Taipei
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3

BIRD95 [Composite Current]
The current causing the Supply bounce will include :

I_byp - Bypass current
I_pre - Pre-Driver current
I_cb - Crow-bar current
I_term - Termination current (if Present)

I_byp & I_pre play a significant role in determining
the supply bounce.
Not modeled by IBIS ver. Prior to 5.0

I_total =    “I_byp” + “I_pre” + “I_cb” + “I_term”
([Composite Current])

5

Describes Rising and Falling edge total current from the Power Reference
terminal of the buffer.

*Image taken from IBIS 5.0 Specification document.

[Composite Current] Sample data
50 Ohm Resistive load at PAD to Pull Down Reference

e ge

50 Ohm Resistive load at PAD to Pull Up Reference

Vo
lta

ge
en

t

Vo
lta

g
en

t

Time (ns) Time (ns)

6

C
ur

re

C
ur

re

Rising event only
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“The currents documented in the I-T table correspond to the voltages in the V-T
table at the identical time points and for the given *_fixture load." *

[Composite Current] Observation 1

- The best data points for a specific V-T table will not be
the same best points for corresponding I-T tablethe same best points for corresponding I T table .

- Generation tools can miss Important information in I-T
data.

Pre-driver current peaks occur in the 
region of initial constant voltage.

7

*Text taken from IBIS 5.0 Specification document.

- If Initial dead time removed from V-T tables , I-T waveforms
also need to be adjusted similarly.

[Composite Current] Observation 2
For High Speed buffers, Some simulators require removal of Initial dead time (if
greater than half bit period of the driving signal), to avoid overclocking.

- Pre-driver current information will be lost.

- [Composite Current] information cannot be effectively used.

- Model developers need to support 2 Separate Models, one
with dead time removed and other without removal.

8

This constraint (I-T data time-correlated with V-T data)
need to be removed to accurately model the V-T Waveforms
and I-T waveform. (“BIRD 141”)

Asian IBIS Summit 2011, Taipei
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5

[Composite Current] Observation 3
No info regarding Pull Down reference terminal current in IBIS
models !!

- Simulators can only assume Pull Down terminal current equal to Pull Up
reference current ?reference current ?

- Accuracy of Power Down terminal current simulations reduced.

- May impact SSN number estimation.

9

Accuracy Enhancements

10

Asian IBIS Summit 2011, Taipei
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Comparison of power/ground supply node current and voltage for IBIS 4.2 and
IBIS 5.0 model with Reference Spice model in SSO simulation.

Simulation Setup

I(VDD)
V(VDD)

Corner  : Max.
Frequency : 50MHz
Far End Capacitive 

PKG VDD

PKG
R=0.2 Ω
L= 8.0nH
C=1 0pF

1
0

Probe 
Point

Far End Capacitive 
Load: 25pF
Decoupling 
Capacitance between 
Supply and ground of 
each Buffer: 4pF

Zo = 50 Ω

PKG

PKG

Zo = 50 Ω1
0

11

C=1.0pF
1
0

I(GND)

V(GND)

Decoupling 
Capacitance

PKG

PKG

Zo = 50 Ω

GND

Result 1 : I(VDD)/V(GND) SPICE-IBISv4.2-IBISv5.0 
• Improved matching 

In Power supply current
Simulation.

• Improved matching 
In Supply bounce 
Simulation

Accuracy Enhanced of IBIS Models
With : 

[Composite Current],
[ISSO PU],
[ISSO PD].

12

*  From SPICE simulation

Asian IBIS Summit 2011, Taipei
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Result 2 : I(VDD)/V(GND) SPICE-IBISv5.0
(with & without decoupling capacitance)

• Improved matching with de-cap 
added to spice model in Power 
supply current Simulation.

• Improved matching with de cap• Improved matching with de-cap 
added to spice model in Ground 
bounce Simulation.        

No method to specify 
‘individual buffers internal De-coupling 
capacitance’ between its supply nodes in IBIS 

13

syntax.

*  From  SPICE simulation

[Composite Current] time-correlation with V-T waveforms can lead to loss
of important pre-driver current info in overclocking and non-overclocking
models. This constraint need to be removed.

Challenges

No method to specify ‘individual buffers internal De-coupling
capacitance’ between its supply nodes in IBIS syntax

- Can specify On-die decoupling capacitance between pins using Series Model at component
level.

- As a model supplier, Internal de-coupling capacitance is required during validations as well as
to pass on this info to customers for simulations at their end.

14
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THANK YOU

15
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TMTM

Modeling the On-die De-cap  
of IBIS 5.0 PDN-aware 
Buffers

Lance Wang, lwang@iometh.com
IO Methodology Inc. 
Randy Wolff, rrwolff@micron.com
Micron Technology
IBIS Summit (Taipei) Nov. 21st, 2011

Previously presented at the IBIS Summit (Shanghai) on November 15, 2011

© 2006-2011   IO Methodology Inc.

Outline

 Introduction to IBIS 5.0 PDN modeling
 On-die de-coupling circuit
 A test case and workaround 
 An issue?
 Conclusions

2
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Introduction to IBIS 5.0 PDN Modeling

© 2006-2011   IO Methodology Inc. 3

© 2006-2011   IO Methodology Inc.

Introduction to IBIS 5.0 PDN Modeling

4
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Introduction to IBIS 5.0 PDN Modeling

 IBIS 5.0 PDN modeling features are useful for SSN 
sensitive system designs
• Parallel interfaces, Low power systems
• Standard compliance models are interoperable and IP protected

 IBISCHK5 is up-to-date
• Version 5.0.7 fixes BUG129

 At least 4 EDA simulators have implemented IBIS 5.0 
PDN features
• And more coming …

© 2006-2011   IO Methodology Inc. 5

On-Die De-Coupling Circuit 

© 2006-2011   IO Methodology Inc.

* Image from IBIS 5.0 Specification

On-die 
De-cap

 De-cap may 
be on the 
order of 
500pF per 
buffer

6

Asian IBIS Summit 2011, Taipei

Page 28 of 86



Test Case – IBIS Model

© 2006-2011   IO Methodology Inc.

Extracted IBIS 5.0 Model – no on-die de-cap model 

7

Test Case – IBIS vs. SPICE

© 2006-2011   IO Methodology Inc.

Validation with perfect power supply 

Voltage

Current

Good Match!

8
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Test Case – IBIS vs. SPICE

© 2006-2011   IO Methodology Inc.

Validation with large R_pkg on power/gnd pins 

Voltage

Current

Oops!
Missing something?

9

Workaround

© 2006-2011   IO Methodology Inc.

Validation with R_pkg on power/gnd pins 

RC De-coupling 
circuit added into 
IBIS simulations

10
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Workaround

© 2006-2011   IO Methodology Inc.

Validating with R_pkg on power/gnd pins 
– added RC de-coupling circuit 

Now they match!Voltage @ pad

Current @ vccq Current @ vssq

11

Modeling On-Die De-Cap

 IBIS 5.0 model extracted using the static power supply
• IBIS model data doesn’t contain any info about de-coupling circuit 

between Vccq and Vssq
• There is no place for us to add this info into the [Model] section

 Solution within existing IBIS Specification
• Use IBIS “Series” Model type (e.g. [C Series], [Rc Series]) to 

model de-coupling circuit
• Use [Series Pin Mapping] to connect with Power and GND pins

There is a problem! 

© 2006-2011   IO Methodology Inc. 12
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What is the issue?

 The Series Model de-coupling circuit attaches at 
the [Component] Pin level, not inside the [Model]
• On-Die de-coupling circuit belongs to each buffer
• In most cases, multiple buffers share one power/gnd

rail 
• The only way to model per-buffer de-cap is with a per-

power bus model. This might not be the desired de-
cap model.

© 2006-2011   IO Methodology Inc. 13

Conclusion

 IBIS 5.0 [Model] does not contain any info about 
decoupling between Power and GND nodes

 On-die de-coupling circuit can be added outside 
of IBIS [Model] to achieve accuracy requirement

 Be careful using IBIS [Series Pin Mapping] 
feature for On-die De-coupling Circuit modeling

 BIRD145 might provide a solution
• Would allow complex on-die de-cap model attached to 

each [Model] and modeling of other important PDN 
parasitics

© 2006-2011   IO Methodology Inc. 14
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© 2006-2011   IO Methodology Inc. 15

Asian IBIS Summit 2011, Taipei

Page 33 of 86



1

Power-aware I/O Modeling for High-
Speed Parallel Bus Simulation

Power-aware I/O Modeling for High-
Speed Parallel Bus Simulation

Jack W. C. Lin        (jackwclin@sigrity.com)
Zuli Qin                   (zuliqin@sigrity.com) 
Haisan Wang          (hswang@sigrity.com)
Raymond Y. Chen  (chen@sigrity.com)  

Asian IBIS Summit
Taipei Taiwan

November 21, 2011

(Portions previously given at 
Asian IBIS Summit on 
November 15, 2011)

Outline

Challenge of High-speed Parallel Bus Simulation

Necessity of Power-aware Signal Integrity Analysis
• The Importance of Power-aware Analysis
• IBIS5.0 Enhancement (BIRD95/BIRD98)
• Go beyond with IBIS5.0 – IBIS Plus

Apply Power-aware I/O Model in Parallel Bus SSO

2

Apply Power aware I/O Model in Parallel Bus SSO 
Simulation
• DDR2 System-level SSO Simulation

Summary
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2

Challenge of High-speed Parallel Bus Simulation

3

Challenge for High-speed Parallel Bus Design

4

The margin for jitter/skew is getting smaller in current high-speed parallel bus 
design
The power/ground noise has became a dominant reason that causes parallel 
bus failure
Power/ground to signal EM coupling should be considered in system level SSO 
analysis for current high-speed parallel bus timing sign-off
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Challenge for High-speed Parallel Bus SSO Simulation

If this is a 32-bit data SSO analysis, how long will this SPICE DECK 
run? will the waveform converge?

ChipChip Power GridPower Grid RLGCRLGC

..

..

..

..

..

..

U2 U1

5

.. ..

Transistor modelTransistor model

SS--parameters forparameters for
PKG and boardPKG and board

Transistor modelTransistor model

Problems in High-speed Parallel Bus SSO Simulation

The complex manual task for the node linkages between circuits.  
No guaranteed for passivity and causality on each circuit block 
especially if model is from measurement
Non-linearity of the whole system circuit network which includes
transistor models of drivers and receivers 
Lost DC accuracy without low frequency data from EM solver, 
especially for SI analysis with power aware
Long run time 
Waveforms are non-convergent

6

……….

passivepassive

NonNon--passivepassive
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IBIS in SSO Simulation
IBIS models have in the past addressed nonlinear voltage 
and current for signals, but not supported proper modeling 
of power/ground currents
As frequency of circuit I/O getting higher, SSO simulation in 
the past with IBIS buffer model that have result be in-
accurate and under-estimated
Most of time, non-convergence issue in SSO simulation 
can be resolved by replacing buffer model from transistor to 
IBIS; but getting an accurate result still be a challenge.

7

; g g g

Power-aware I/O Modeling Progress

8
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The Importance of Power-aware Analysis

Predicts
No

SSN

Simulation assuming ideal power delivery network

SSN

Signal data only

Predicts
Significant
SSN Risk

9

Transmission line only analysis can’t reveal the real signaling among 
ICs in current high speed parallel bus design.
High-speed parallel bus with power-aware analysis can help to identify 
design defects and find out the root cause behind the problem.

Simulation with all power delivery effectsSignals, accurate planes, vias

The Importance of Power-aware Analysis

10

Signal quality can be significantly affected by PDS resonance in system 
level.
Power/ground to signal coupling will be under-estimated with in-
accurate IBIS buffer modeling. 
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How SSN Noise Impacts Signal Quality

SSO
xN

VCC plane

Power/ground noise

VRMDecap

Pre-buffers

xN

VSS plane

Transmission line

Victim line

VRMDecap

N=8
N=4 N=1 SSN noise greatly reduces the

11

Noise 
Margin

Ring

Ideal power-ground

N 4 N 1

Delay

SSN noise greatly reduces the 
noise margin at receiver bump

SSN noise increases the 
buffer output delay and finally 
the jitter, which may cause 
error-sampling at receiver side

Power-aware Solution in IBIS5.0 (BIRD95/BIRD98)
“Gate Modulation Effect”“Pre-driver & Craw-bar Current”

Ideal Power Power-aware (BIRD95 & 98)

Accuracy is always a concern when using behavior model. Is it good enough for IBIS5.0?

12IBIS4.2 vs. Transistor IBIS5.0 vs. Transistor

SPICE SPICE
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Go Beyond with IBIS5.0
IBIS5.0 is designed for more accurate SI simulation with non-ideal power distribution 
system (PDS)
IBIS5.0 greatly improve the correlation accuracy with transistor model with simple but 
effective methodology

• By including composite current more accurate power noise simulation can be performed to have

AdvantageAdvantage

• By including composite current, more accurate power noise simulation can be performed to have 
better power/signal integrity evaluation

• Dynamic power noise impact on signal output waveform is considered in IBIS5.0, which greatly 
improve the efficiency of using IBIS model in high-speed parallel bus timing sign-off

But it’s good enough?But it’s good enough?
On-die power/ground impedance is omitted
The state-dependent non-linear output impedance is modeled with single or split die 
capacitance, which may over- or under-estimate the buffer AC effects

13

Go Beyond with IBIS5.0

IBIS5.0 IBIS+IBIS Plus (Multi-lingual)

The best fitted IBIS 
Pl i l ti

14IBIS5.0 vs. Transistor IBIS Plus vs. Transistor

SPICE SPICE
Plus simulation 
generate almost 
the same power 
noise level with 
transistor model 
but much faster
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Go Beyond with IBIS5.0 (case study)

15

*  HSTL18 I/O, 150 Ohm termination in parallel with 1pF

VCC=1.8V, 0.05V 2.5GHz AC noise

IBIS PlusIBIS Plus
IBIS5.0IBIS5.0
TransistorTransistor

High-speed Parallel Bus SSO Simulation

16
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DDR2 System-level SSO Simulation (case study)

Input

Main
Buffer

VDDVDD_IO_IO
R

e
R

eDD

OnOn--die Chipdie Chip PackagePackage PCBPCB

Input
BufferRX

VSSVSS

Main
Buffer

eceive
eceiverr

VRMVRM

Main
Buffer

Input
Buffer

D
rive

D
riverr

Block-based 
Simulation Setup

17

p

Package, board and on-die power grid 
model are considered in system-level
view
On-die power grid chip model is extracted 
in distributed format with all MOS caps    
included

Non-ideal power/ground noise is 
accurately predicted by use of IBIS 5.0  
buffer model

To improve the convergence for time 
domain analysis, broadband PKG/board 
S-parameter model are converted into 
broadband SPICE circuit

DDR2 System-level SSO Simulation (case study)

One memory byte 
SSO study with 
800Mbps data 

Noise Measured at CTL side

800Mbps data 
rate
Package and 
board are 
considered only
Without chip 
equivalent model 
and on-die 

18

and on die 
decaps that leads 
to larger power 
/ground noise at 
CTL side  

Signal Measured at memory side
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DDR2 System-level SSO Simulation (case study)

Add on-die decaps 
from I/O circuit 
information
On die decap is lump 

Noise Measured at CTL side

On-die decap is lump 
on die-power and 
ground pins.
Lump on-die decap 
model can’t reveal 
real chip PDS 
behavior and it acts 
like an AC short on 

19

chip PDS and make 
less P/G fluctuation
Incorrect on-die 
circuit will lead to 
over/under 
assessment on PDN 
noise

Red: without on-die lump model
Blue: with on-die lump model

Signal Measured at memory side

DDR2 System-level SSO Simulation (case study)

Chip I/O P/G grids with 
on-die decaps are 
extracted from chip level 

20

extracted from chip level 
extraction tool.
MOS caps around the 
I/O are not common 
shared with all I/O 
circuits

Asian IBIS Summit 2011, Taipei

Page 43 of 86



11

DDR2 System-level SSO Simulation (case study)

PKG + PCB only Chip I/O + PKG + PCB

21

Power/ground noise has dramatically reduced in system level SSO 
simulation.
Aperture width and jitter are improved

Summary
Current high-speed parallel-bus and serial-link SI analysis require 
power-aware I/O model to run accurate SI analysis

Latest IBIS5.0 improve on power-aware I/O buffer modeling can be p p g
an alternative for a complex system-level SSO simulation

Demonstrate a new method to generate a more accurate behavioral 
circuit model (IBIS Plus) based on frequency-domain response fitting 
that can be delivered in an IBIS compatible multi-lingual external 
model

Block level system level simulation automation tool eases the

22

Block-level system-level simulation automation tool eases the 
simulation platform setup

Need to expand the buffer modeling technology to differential 
(true/half) I/O and more complex I/O designs
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Thank You!Thank You!

23
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Board-only Power Deliver Prediction 
for Voltage regulator and 
Mother Board Designs
Intel Corporation
Data Center Platform Application Engineering
November 21  2011

1

November 21, 2011

Asian IBIS Summit
Taipei, Taiwan

Jiangqi He
Y.L. Li

Previously given at 
Asian IBIS Summit on 

November 15, 2011
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specification before placing your product order. 

INFORMATION IN THIS DOCUMENT IS PROVIDED IN CONNECTION WITH INTEL® PRODUCTS. EXCEPT AS PROVIDED IN INTEL'S TERMS AND 
CONDITIONS OF SALE FOR SUCH PRODUCTS, INTEL ASSUMES NO LIABILITY WHATSOEVER, AND INTEL DISCLAIMS ANY EXPRESS OR 
IMPLIED WARRANTY RELATING TO SALE AND/OR USE OF INTEL PRODUCTS, INCLUDING LIABILITY OR WARRANTIES RELATING TO FITNESS 
FOR A PARTICULAR PURPOSE, MERCHANTABILITY, OR INFRINGEMENT OF ANY PATENT, COPYRIGHT, OR OTHER INTELLECTUAL PROPERTY O CU U OS , C , O G O , CO G , O O C U O
RIGHT. Intel products are not intended for use in medical, life saving, or life sustaining applications. Intel may make changes to 
specifications, product descriptions, and plans at any time, without notice.

This document contains information on methods under development, is subject to change without notice, and may not reflect the best 
practices for all participants. Check with your equipment vendor for the latest information on best practices for their equipment. Ultimate 
responsibility for measurement accuracy lies with those performing measurements, and their methods should be properly evaluated for 
accuracy.

All products, dates, and figures are preliminary for planning purposes and are subject to change without notice.

Designers must not rely on the absence or characteristics of any features or instructions marked "reserved" or "undefined." Intel reserves 
these for future definition and shall have no responsibility whatsoever for conflicts or incompatibilities arising from future changes to them.

Copies of documents which have an order number and are referenced in this document, or other Intel literature may be obtained by calling 1-
800-548-4725 or by visiting Intel's website at http://www.intel.com.

Intel and the Intel logo are trademarks of Intel Corporation in the U.S. and other countries.

*Other names and brands may be claimed as the property of others.

Copyright © 2011  Intel Corporation  All Rights Reserved

2

Intel and the Intel logo are trademarks or registered trademarks of Intel Corporation the U. S. and other 
countries. Other names and brands may be claimed as the property of others. All products, dates, and figures 

are preliminary and are subject to change without any notice. Copyright © 2011, Intel Corporation.

Intel Confidential

Copyright © 2011, Intel Corporation. All Rights Reserved.

Asian IBIS Summit 2011, Taipei

Page 46 of 86



2

Agenda
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• Simplified SPICE Model
• Case Study and Its Application
• Validation
• Summary and Next Steps
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Agenda
Introduction

• Simplified SPICE Model
• Case Study & Its Application
• Validation
• Summary & Next Steps
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Introduction
Power delivery performance prediction typically is using full wave solvers to extract board, 
socket, package, and on-chip interconnect. There are many tools and approaches across 
industries.

However, this typical approach is usually focusing on high frequency noise,  involving 
many piece of software and has certain limitations:many piece of software and has certain limitations:

• Very high frequency oriented analysis. Typically looking for many 100s MHz or GHz 
range

• Extracted full wave S parameters needs macro-modeling for transient analysis

• All full wave solvers has accuracy limitation at low frequency and board analysis needs 
very accurate low frequency prediction

• Full wave extraction and its associated  analysis do not have full explicit information 
on return path (GND) which is critically important for board design and optimizations. 

• Typically full wave approach takes much more time to complete an analysis cycle and 
also needs electro magnetics background for many uncertain scenarios during 

5

Intel and the Intel logo are trademarks or registered trademarks of Intel Corporation the U. S. and other 
countries. Other names and brands may be claimed as the property of others. All products, dates, and figures 

are preliminary and are subject to change without any notice. Copyright © 2011, Intel Corporation.
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also needs electro-magnetics background for many uncertain scenarios during 
modeling/sims

• Due to its complexity, some OEM/ODM skip prediction step and go directly for testing 
vehicles

• Therefore, a method that involves less steps, easy to understand, good low frequency 
accuracy and high efficiency is highly desired!

Introduction (cont’d)

A new methodology is called ‘Simplified SPICE Model’. It allows 
companies to conduct simulations focused on the follows:

Determine # of MB layers and stack-up
Choose MB cap types, numbers and locations
Check the coupling noise due to imperfect common ground
Validate MB and VR performance in early development stage
Reduce design cycle time due to faster simulations
A lot more accurate at low frequency regions. 
Explicitly know exactly return currents
Least software involvement
An entry engineer can conduct modeling/simulations 

6
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Agenda
• Introduction

Simplified SPICE Model
• Case Study and Its Application
• Validation
• Summary and Next Steps
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A Typical Network for MB Power Delivery 
Analysis 

Bulk

Use Icc / Isa / Itt current Models to 
replace Die+package models 
and represent VRTT

MB R network start from 
VR output Buck Cap

VRM

u
caps MB

caps

Motherboard SocketSocket

MB R network end at Socket pins

8
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Conventional PD Models :
Die (on-die caps) + Package(with caps) + socket + MB + MB/Bulk caps + VR

Simplified SPICE Model for OEMs/ODMs:
VRTT (Icc/Isa/Itt) + socket + MB + MB/Bulk Caps + VR
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Simplified SPICE Model Workflow
Step 1. Create MB model
• Create R-network using EDA tool.

• Set up port locations for cap terminations and Vcore, Vsa, Vtt, and socket locations.

Step 2. Socket model
Get socket pin map from supplier• Get socket pin map from supplier.

• Get R & L values of each socket pin from supplier.

• Group socket pins and scale R & L values.

Step 3. Icc, Isa, Itt models
• Get I (t) model from supplier

Step 4. VR model
• Use simple VR model from supplier.

9
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Step 5. Connect all models together and run transient simulations
• Vcore(t), Vsa(t), Vtt(t) separately

Step 6. Compare V(t) with DC and Transient Requirements

Power Delivery Modeling Process

Commercial
tools

Itt
IccIsa

Socket pins

tools

VRM 
Bulk
caps MB

caps

10
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For VR design: we’ll provide current models of Vcore, Vsa, and Vtt
and indicate the locations of the socket pins to connect your MB.

MB models will only include R from Power/Ground planes and vias.
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I(t) Models of Vcc/Vsa/Vtt

170 A

A server CPU PVSA

8.5 A

15.5 A

A server CPU
150 W PVCCP (8 core)

0.5us

70 A

A server CPU PVTT

1.75 us
Max step load size = 100 A 
Max step load slew rate di/dt ≤ 200 A/μs Max step load size = 7A (Current pulse duration <1μs)

Max step load slew rate di/dt ≤ 4.0 A/μs

11
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0.25 us

6 A

11 A

Max step load size = 5 A 
Max step load slew rate di/dt = 20 A/μs

Socket Connections (Top MB Layer, 1 of 5)

MB nodes PKG 
nodes

VCCU pins
AB33 bx11y20
AA33 bx11y21
Y33 bx11y22
W33 bx11y23
V33 bx11y24

bU33 bx11y25
T33 bx11y26
R33 bx11y27

BA28 bx16y1
AY28 bx16y2
AW28 bx16y3
AV28 bx16y4
AU28 bx16y5
AT28 bx16y6
AR28 bx16y7
AP28 bx16y8
AN28 bx16y9
AM28 bx16y10
AL28 bx16y11
AK28 bx16y12
BA27 bx17y1

12
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Electrical Design and Analysis

y
AY27 bx17y2
AW27 bx17y3
AV27 bx17y4
AU27 bx17y5
AT27 bx17y6
AR27 bx17y7
AP27 bx17y8
AN27 bx17y9
AM27 bx17y10
AL27 bx17y11
AK27 bx17y12 You may need to lump several pins as one node.
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Stackup (6 layer)

Layer  
Name Plane Description 

Layer  
Thickness

(mil) 

Copper 
Weight 

(oz) 
Dielectric

(eR) 
tand 
(max) 

   solder mask  0.50     3.8  0.022 

Signal 1 SIGNAL 1 90 1 5Signal 1  SIGNAL  1.90 1.5

   prepreg and/or Core  2.70  4.0  0.022 

Plane 2  GND  VDD  1.30 1.0       

   Prepreg    4.00   4.1  0.022 

Signal 3  SIGNAL  1.30 1.0       

   core  39.00  4.0  0.022 

Signal 4  SIGNAL  1.30 1.0       

   Prepreg    4.00   4.1  0.022 

l

GND

13
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Plane 5  GND  VDD 1.30 1.0

   prepreg and/or Core  2.70  4.0  0.022 

Signal 6  SIGNAL  1.90 1.5       

   solder mask  0.50     3.8  0.022 

      Total   62.40  (+8/‐5)       
 

You may want to get MB resistivity value from MB suppliers.

Simplified SPICE  Model

Simplified Multiphase VRD (P1~P4) with Socket LoadLine

Simplified MB R network include Bulk Caps & Decoupling HF Caps

Icc / Isa / Itt current SPICE Model

Sensing at CPU Socket

V

VRD Phase Arrays RMB RMB RMB ZSKT

Icc

B
u

lk
 C

a
p

s

H
F
 C

a
p

s

Lo
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Driver &
Controller

Motherboard &
Decoupling

Voltage Feedback

Socket
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SPICE Model Connection Block Diagram

VR Model

Socket Model

Bulk Caps

Icc Model

VR Model

P4

P3

P2

P1

Vsense +

MB SKT + MB SKT G

Cap GCap +

Bulk Caps

HF Caps
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MB R network Model

Vsense -

GND

Socket Load Line
1.35

Vccmax Violation

DC Requirements

1.15

1.20

1.25

1.30

Vc
c 

In
 V

ol
ts

Operation in this region may result in reduced life span
due to processor/system heat damage.   Also

system speed degrades due to repeated
transitions into low power state

to cool processor
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1.05

1.10

0 20 40 60 80 100 120

Icc In Amps
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Socket Load Line

1 30

1.35

DC Requirements (cont’d)

1.10

1.15

1.20

1.25

1.30

Vc
c 

In
 V

ol
ts

Operation in this region may result                   in 
system ‘lock-up’, system ‘blue-screen’,     or 
corrupt data

Vccmin Violation
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1.05
0 20 40 60 80 100 120

Icc In Amps

corrupt data.

Dynamic or Transient Requirements

Mi L d

VID

Short transients above VID are permitted 
see the overshoot specification

Min Load 
Window

Max Load 
Window

Voltage
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Current Icc 
max

Load 
step to 
Icc max
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Agenda
Introduction
Simplified SPICE Model
Case Study and Its Application

• Validation
• Summary & Next Steps
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Case Study –
Cost/Performance Optimization of Cap number

Top caps Bottom caps

2525--10 uF10 uF 2525--10 uF10 uF

Cost/Performance Optimization study of Cap number:

Case 1 ~ 10 uf 50 pcs / 22 uF 16 pcs / 470 uf 7 pcs
Case 2 ~ 10 uf 30 pcs / 22 uF 8 pcs / 470 uf 4 pcs
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88--22 uF22 uF

55--470 uF 470 uF bulk capsbulk caps

88--22 uF22 uF
22--470 uF 470 uF bulk capsbulk caps
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Case Study – Cost/Performance Optimization of Cap number

A

B

21
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B

C

If transient design target is A, both Cases 1 and 2 fail.
If transient design target is B, Case 1 is fine but Case 2 fail.
If transient design target is C, both Cases 1 and 2 are fine.

Agenda
Introduction
Simplified SPICE Model
Case Study and Its Application
Validation

• Summary & Next Steps

22
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XYZ CRB 
Simulation Result vs. VRTT Test Result
Loading frequency = 305 Hz

Slew=163 A/uS

1.058 V 1.05 V
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1st spike reading:

1.058 V vs. 1.05 V @ 115 A to 25 A  8 mV difference only 99.24% Accuracy

• Including more sophisticated VR model with FETs may be able to reduce Waveform Δ.

• Adding MB parasitic C & L should be helpful in reduction of waveform Δ as well. 

XYZ CRB 
Simulation Result vs. VRTT Test Result

Loading frequency = 305 Hz

Slew=163 A/uS

0.914 V 0.932 V

24
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1st spike reading:

0.914 V vs. 0.932 V @ 25 A to 115 A  18 mV difference only 98.07% Accuracy

• Including more sophisticated VR model with FETs may be able to reduce Waveform Δ. 

• Adding MB parasitic C & L should be helpful in reduction of waveform Δ as well. 
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XYZ CRB 
Simulation Result vs. VRTT Test Result
Loading frequency = 12K

Slew=163A/uS

1.052 V 1.054 V

0.914 V
0.934 V

25
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1st spike reading:

1.052 V vs. 1.054 V @ 115 A to 25 A  2 mV difference only 99.8% Accuracy

0.914 V vs. 0.934 V @ 25 A to 115 A  20 mV difference only 97.85% Accuracy

• Including more sophisticated VR model with FETs may be able to reduce Waveform Δ.

• Adding MB parasitic C & L should be helpful in reduction of waveform Δ as well.  

XYZ CRB 
Simulation Result vs. VRTT Test Result

1 064 V

Loading frequency = 275K

Slew=163 A/uS

1.066 V

1.064 V

0.914 V
0.94 V

26
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1st spike reading:

1.064 V vs. 1.066 V @ 115 A to 25 A  2 mV difference only 99.8% Accuracy

0.914 V vs. 0.94 V @ 25 A to 115 A  26 mV difference only 97.63% Accuracy

• Including more sophisticated VR model with FETs may be able to reduce Waveform Δ.

• Adding MB parasitic C & L should be helpful in reduction of waveform Δ as well. 
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XYZ CRB 
Simulation Result vs. VRTT Test Result

1.034 V

Loading frequency = 650K

Slew=163 A/uS

1.048 V

0.92 V
0.93 V
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1st spike reading:

1.034 V vs. 1.048 V @ 115 A to 25 A  14 mV difference only 98.66% Accuracy

0.92 V vs. 0.93 V @ 25 A to 115 A  10 mV difference only 98.9% Accuracy

• Including more sophisticated VR model with FETs may be able to reduce Waveform Δ.

• Adding MB parasitic C & L should be helpful in reduction of waveform ΔΔ as well.  

Simulation Result vs. Real VRTT Test Result

1.15 V

1.09 V 1.095 V 
1.143 V 

1st spike reading:

28
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1.15 V vs. 1.143 V @ 165 A to 59 A    7 mV difference only 

1.09 V vs.  1.095 V @ 59 A to 165 A   5 mV difference only 

Simulation Result Accuracy higher then 99%
* (This case used a very sophisticated VR model from VR Vender.)
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Agenda
Introduction
Simplified SPICE Model
Case Study & Its Application
Methodology Validation
Summary and Next Steps

29
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Summary and Next Steps

Simplified SPICE model has been validated by companies

Using the collaterals, companies can
optimize their own designs & make their own decisions before Gerber Out to 
achieve the best cost/performance trade-off in

Determine # of MB layers & stack-up
Choose MB cap types, numbers & locations

reduce risk of common ground noise coupling among Vcc, Vsa, Vtt, and Vddq
validate their own designs after Gerber Out 

Next Steps
Obtain more sophisticated VR model from venders
Include thermal impact to more accurately predict Maximum Current can be 
carried. 
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Supporting External circuit as Spice or S-
parameters in conjunction with I-V/V-T tables

Kent Dramstad, Adge Hawes
IBM Microelectronics

Taranjit Kukal, Feras Al-Hawari, Ambrish Varma, Terry Jernberg
Cadence Design Systems, Inc.

Presented by: Charlie Shih, Cadence Design Systems, Inc.y g y
(Previously presented at Asian IBIS Summits, November 15 and 18, 2011)

Asian IBIS Summit
Taipei, Taiwan
November 21, 2011

Agenda

Requirement

Current Limitations of [External Circuit]

Solution
Supporting S-parameters in [External Circuit] 
(BIRD144)
Simulating [External Circuit] in conjunction with I-
V/V-T tables (BIRD145)

Summary
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Agenda

Requirement

Current Limitations of [External Circuit]

Solution
Supporting S-parameters in [External Circuit]
Simulating [External Circuit] in conjunction with I-
V/V-T tables

Summary

Requirement
At high frequencies, we need ways over and 
above I-V, V-T tables and AMI to model the 
buffer.buffer.

On DIE Terminations (ODT) that vary with 
frequencies need to be expressed as S-parameters or 
RLGC Spice files
On DIE Re-distribution layer (RDL) parasitics become 
significant and vary with frequencies and hence have 
to be expressed as S-parameters
Analog portion of IO-buffer get expressed as Spice as 
against I-V/V-T curve; S-parameters get used to 
describe transfer characteristics of linear IO-buffer 
amplifiers. 
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Requirement
At high frequencies, we need ways over and 
above I-V, V-T tables and AMI to model the 
bufferbuffer.

Some algorithmic portion of IO-buffer model could 
be expressed as behavioral Spice to augment AMI 
code

Example: ‘if-then-else kind of spice’ to pick right 
sub-circuit based on  parameter 

l /values/processes
Example: Modeling continuous filters as 
behavioral spice to augment digital filters in AMI 
code

Requirement
- Various Cases that need to be covered

RDL Spice

[External Circuit]

+
I
B
I

Simulating RDL parasitics in 
conjunction with I V/V T tables

A
M
I

RDL Spice

[External Circuit]

+ +
I
B
I
S

Case 1

RDL SpiceI
S conjunction with I-V/V-T tables

Simulating RDL parasitics in 
conjunction with I-V/V-T tables 
and AMI

A
M
I

[External Circuit]

+ I/O Buffer 
(Spice)

Case 2

Case 3

Simulating AMI with IO-buffer 
expressed as Spice
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Agenda

Requirement

Current Limitations of [External Circuit]

Solution
Supporting S-parameters in [External Circuit]
Simulating [External Circuit] in conjunction with I-
V/V-T tables

Summary

Current Limitations
- [External Circuit]
Today, S-parameters have to be wrapped into 
Spice models (vendor specific) and then used 
under [External Model/Circuit] Keyword.

On similar lines, BIRDs 116-118 propose that 
Touchstone file name can be parameterized for 
the IBIS-ISS sub-circuit, which means that IBIS-
ISS wrapper could be written for the S parameterISS wrapper could be written for the S-parameter 
element.

NEED: Extend support for direct usage of S-
parameters
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Current Limitations
- [External Circuit]

The current [External Circuit] and [Circuit 
Call] usage rules do not allow the direct I/O (SPICE)

[ExternalCircuit]

+
I
B
ICa ] usage u es do ot a o t e d ect

interconnection and instantiation of 
existing IBIS I/O models with  the rest of 
the [External Circuit] blocks. Traditionally, 
users either use Spice or I-V/V-T tables.

NEED: Extend use of [External Circuit] 

I/O (SPICE) I
S

[External Circuit]

+
I
B
I

[ ]
keyword to point to Spice sub-circuits that 
augment I-V/V-T data for complete 
characterization of IO-buffer.

I
SSPICE

Current Limitations
- [External Circuit]

In order for a model developer to use an IBIS I/O model in an 
[External Circuit] the following steps  need to be followed:[ ] g p

Develop SPICE like wrappers in which the corresponding 
typ, min, and max IBIS I/O sub-circuits are instantiated
Develop an [External Circuit] to point to the wrapper sub-
circuits
Use the [Circuit Call] keyword to call the [External Circuit]. 

These usage rules are cumbersome especially when the g p y
developer can just directly call the desired IBIS I/O model 
without the need to develop a SPICE like wrapper as well as 
an [External Circuit] section. 
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Agenda

Requirement

Current Limitations of [External Circuit]

Solution
Supporting S-parameters in [External Circuit] 
(BIRD144)
Simulating [External Circuit] in conjunction with I-
V/V-T tables

Summary

Solution: Leveraging [External Model/Circuit] 
to Support Package S-parameters

For support of package S-parameters:
IBIS model should have Keywords to support TouchstoneIBIS model should have Keywords to support Touchstone 
S-parameters under Package section, with fields to

Point to Touchstone file from the Package section
Provide port-mapping of IO-buffer pins to S-parameter ports 
R/L/C values should be ignored by SI tools if S-parameter file 
is used

For support of S-parameters when representingFor support of S parameters when representing 
elements beyond package parasitics: This can be 
achieved through use of [External Model] keyword 
that directly instantiates Touchstone file
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Positioning S-parameters as a method to 

Solution: Leveraging [External Model/Circuit] 
to Support S-parameters (beyond Package)

completely define IO-buffer model or portions 
of IO-buffer requires support for:

Direct support of S-parameters without the need for 
wrapping
Port mapping of S-parameters
C b d t / i / t id fl ibilit fCorners beyond typ/min/max to provide flexibility of 
choosing various S-parameter files under different 
conditions

Solution: Leveraging [External Model/Circuit] 
to Support S-parameters (beyond Package)

Support for Language ‘Touchstone’ with port-map
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Solution: Leveraging [External Model/Circuit] 
to Support S-parameters (beyond Package)

Picking different S-parameter files for different corners

Solution: Leveraging [External Model/Circuit] 
to Support S-parameters (beyond Package)

Supporting user-defined corners – each user-defined corner 
maps to typ/min/max IBIS cornersp yp
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Solution: Leveraging [External Model/Circuit] 
to Support S-parameters (beyond Package)

Use in [External Model] and [External Circuit]

Agenda

Requirement

Current Limitations of [External Circuit]

Solution
Supporting S-parameters in [External Circuit]
Simulating [External Circuit] in conjunction with I-
V/V-T tables(BIRD145)

Summary
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Solution: Include IBIS I/O table model in an 
[External Circuit] using the new  [Model Call]

Ability to connect External Circuit to IBIS I/O model. The 
External Circuit could represent RDL parasitics, portion of p p , p
active I/O buffer, some algorithmic part of I/O buffer.

Solution: Include IBIS I/O table model in an 
[External Circuit] using the new  [Model Call]

[Pin]   signal_name     model_name      R_pin   L_pin   C_pin

1     RAS0#           Buffer1         200.0m  5.0nH   2.0pFp
2     RAS1#           Buffer2         209.0m  NA      2.5pF
3     EN1#            Input1          NA      6.3nH   NA
4     A0              3-state
5     D0              I/O1
6     RD#             Input2          310.0m  3.0nH   2.0pF
7     WR#             Input2
8     A1              I/O2
9     D1              I/O2

10     GND             GND             297.0m  6.7nH   3.4pF
11 RDY# I t211     RDY#            Input2
12     GND             GND             270.0m  5.3nH   4.0pF

HERE DO, D1 are to be modeled as I/O1, I/O2 buffers followed by RDL Spice and 
represent a differential buffer
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Solution: Include IBIS I/O table model in an 
[External Circuit] using the new  [Model Call]

I/O1 and I/O2 are followed by RDL Spice model

Solution: Include IBIS I/O table model in an 
[External Circuit] using the new  [Model Call]

[Node Declarations]          | Must appear before any [Circuit Call] or [Model Call] keyword
|
| Die nodes
a1 b1 c1 d1 e1 | List of die nodes representing signals that connect modelsa1 b1 c1 d1 e1               | List of die nodes representing signals that connect models
a2 b2 c2 d2 e2
|
[End Node Declarations]
|
| NOTE: 
| A [Model] named "I/O1" must be present in the IBIS file in order to enable
| the tool to instantiate and connect the called model "as usual" based on 
| the I-V and T-V curves as well as the subparameters under the corresponding 
| [Model] section.
|
[Model Call] I/O1                  | Instantiates [Model] named "I/O1" 
| 
| mapping  port          pad/node
|
Port_map   A_pcref       a1        | Port to internal node connection
Port_map   A_puref       b1        | Port to internal node connection
Port_map   A_signal      c1        | Port to internal node connection
Port_map   A_pdref       d1        | Port to internal node connection
Port_map   A_gcref       e1        | Port to internal node connection
|
[End Model Call]
|
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Solution: Include IBIS I/O table model in an 
[External Circuit] using the new  [Model Call]

| NOTE:
| A [Model] named "I/O2" must be present in the IBIS file in order to enable
| the tool to instantiate and connect the called model "as usual" based on| the tool to instantiate and connect the called model as usual  based on 
| the I-V and T-V curves as well as the subparameters under the corresponding 
| [Model] section.
|

[Model Call] I/O2                  | Instantiates [Model] named "I/O2" 
| 
| mapping  port          pad/node
|
Port_map   A_pcref       a2        | Port to internal node connection
P A f b2 | P i l d iPort_map   A_puref       b2        | Port to internal node connection
Port_map   A_signal      c2        | Port to internal node connection
Port_map   A_pdref       d2        | Port to internal node connection
Port_map   A_gcref       e2        | Port to internal node connection
|
[End Model Call]                   
|

Solution: Include IBIS I/O table model in an 
[External Circuit] using the new  [Model Call]

[Circuit Call] RDL_Interconnect   | Instantiates [External Circuit] named    "RDL_Interconnect"
| 
| mapping  port          pad/node
|
Port_map   vcc           18       | Port to implicit pad connection
Port_map   gnd           12       | Port to implicit pad connection
Port_map   io1           5        | Port to implicit pad connection
Port_map   io2           9        | Port to implicit pad connection
Port_map   vcca1         a1       | Port to internal node connection
Port_map   vcca2         b1       | Port to internal node connection
Port_map   int_io1       c1       | Port to internal node connection
Port_map   vssa1         d1       | Port to internal node connection
Port_map   vssa2         e1       | Port to internal node connection
Port map vccb1 a2 | Port to internal node connectionPort_map   vccb1         a2       | Port to internal node connection
Port_map   vccb2         b2       | Port to internal node connection
Port_map   int_io2       c2       | Port to internal node connection
Port_map   vssb1         d2       | Port to internal node connection
Port_map   vssb2         e2       | Port to internal node connection
|
[End Circuit Call]
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Agenda

Requirement

Current Limitations of [External Circuit]

Solution
Supporting S-parameters in [External Circuit]
Simulating [External Circuit] in conjunction with I-
V/V-T tables

Summary

Summary

With increase in frequencies, we need enhanced 
usage of External Model / Circuitusage o te a ode / C cu t

S-parameters are becoming common way to model 
portions of I/O buffers and package parasitics; Hence need 
to have direct support of S-parameter model under 
[External Model/Circuit]. This has been proposed as 
BIRD144

Significant portion of I/O buffer gets modeled as Spice/S-Significant portion of I/O buffer gets modeled as Spice/S
parameters to augment the main analog buffer to capture 
the high frequency behavior; Hence need to have easy way 
to connect External Circuit to I-V/V-T table-model. This has 
been proposed as BIRD145
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Summary

BIRD144 and BIRD145 can be accessed at 
http://www.eda.org/pub/ibis/birds/

The BIRDs would be considered and discussed 
by the IBIS open forum 
Other BIRDs will also be considered that might be 
alternatives or add-on to this proposal
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T Coils and Bridged T NetworksT-Coils and Bridged-T Networks
Bob Ross

bob@teraspeed.com

Asian IBIS Summit
Taipei  Taiwan

Page 1
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CONSULTING
GROUP

© 2011 Teraspeed Consulting Group LLC 

Taipei, Taiwan
November 21, 2011

(Portions presented earlier at IBIS Summit meetings 
September 11, 2007, February 3, 2011, and May 11, 2011)

Topics and Goals

• Old technology, current applications
– Historical overview

S   l– Some recent applications
– Some extensions

• Introduce standard T-coils and features
• Relates to IBIS and IBIS-AMI and IBIS-ISS

– Some Recent SerDes design methods use T-coils
– SPICE subcircuit, Laplace transform, S-parameter 

t ti
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representations
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Bridged T-coil Properties

• T-coil summary
– Constant R provides ideal load or termination
– Up to 2.82 bandwidth improvement (BWER or 

bandwidth extension ratio) over RC based bandwidth
– 2.73 improvement for acceptable 0.4% overshoot to 

ideal step input (MFED or maximally flat envelope 
delay design)

– Complexity reduction (poles/zero cancellation)

Page 3
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GROUP
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• Now used in high-speed buffer design
– ESD (electrostatic discharge) compensation
– Bandwidth improvement

(Constant R) Bridged T-coil Example

1/sCB

V VRVRV
sL sL

R
sM

R

1/sC
VC

1V
L/2CRM

C/2RL

C

B
2

2

=
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=

VC

VRV

Poles 30 
degrees for 

Increasing CB

Constant R

1/RC
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flat envelope 
delay (MFED) 

1/RC

Asian IBIS Summit 2011, Taipei

Page 76 of 86



3

T-coil Improvement
(terminated multi-drop Line)
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Rsource = 10 Ω, Rload = 50 Ω

C = 2 pF, TL = 50 Ω, 200 ps

Vin = 0 to 3.3 V, 50 ps ramp
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Cleaner and faster responses, but with more delay

Wang Algebra – 75+ Years Ago

K.T. Wang, “On a new method of analysis of 
electrical networks,” in Memoirs 2, Nat. Res. Inst. 
Eng  Academia Sinica  pp  1 11  1934Eng. Academia Sinica, pp. 1-11, 1934

S.L. Ting, “On the general properties of electrical network 
determinants,” Chinese J. Physics, vol 1, pp. 18-40, 1935

C.T. Tsai, “Short cut methods of Wang algebra of network problems,” 
Chinese J. Physics, vol. 3, pp. 141-181, 1939

R.J. Duffin and T.D. Morley, “Wang algebra and matriods,” IEEE Trans 
Circuit and Systems, vol CAS-25, no 9, pp. 755-762, Sept., 1978

W.K. Chen, Graph Theory and Its Engineering Applications (ch. 5, sect. 4, 
“The Wang-algebra formulation”), World Scientific Publ., 1997

Page 6
TERASPEED

CONSULTING
GROUP

© 2011 Teraspeed Consulting Group LLC 

The Wang algebra formulation ), World Scientific Publ., 1997
Wang Algebra:

XX = 0
X+X = 0      =    * W *
XY = YX
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Solving [V]=[Z][I] for Zin= 1/Yin = R
(Wang Algebra)

a b

c

Yin=1/e

Loop Equations:

a … e are 

d e
Yin=1/e

impedances

e = R

eda
edbcba

=
+

++++
==

1
)numerator(*W*)(
)(*W*)(

rdenominato
numeratorYin
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cdebcdbdeadeaceacdabeabc
cecdbcbebdaeadab

cdebcdbdeadeabdaceacdabcabeabd
cecdbcbebdbbaeadab

+++++++
+++++++

=

+++++++++
++++++++

=
XX=0

X+X=0 
(after 
XX=0)

Constant R Constraint

a b

c

d e
R

R

General

0)(RR)(R)(
2

2 =
+

−−−+++
c

babaabbad
Substitute 
impedances and 
equate powers of the 
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Symmetric (a = b)

0R2R2
2

22 =−−+
c

aada

equate powers of the 
Laplace variable “s” 
for constant R 
relationships
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Constant Input Impedance
Transfer Function Simplification

a b

c
V Vd Vf Vda b

c

f

Vf = V(e+f)/e

d eZin = e
V

a b

d e

f

e

Thevenin Equivalent Circuit 
at Vd for Transfer Function

A constant impedance circuit 
plus “Vf“ and “f” without loss 
of generality
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VdV

b’ = b[a/(a+b)]

e’ = e[a/(a+b)]

b’ e’

d

of generality

The “f” is selected to null out 
“c” and reduce network 
complexity … next slide

Thevenin Equivalent Derivation
at Vd (for Vth and Zth) 

f

Vf = V(e+f)/e = V[(a+b)/b]

= e[a/b] Relative values 
of f  a  b  and e 

Vf Vd
V

a b

c

f

Vf = V(e+f)/e

Zth

b
c

a

a

b

Vth = V

Set f = e[a/b] 
to null out c

of f, a, b, and e 
imply Vth = V 
for any c

= b[a/b]

VdV
b’ e’

d ee
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e

c

f e

to null out c

Zth = 
(b+e)||(a+f) = 

(b+e)[a/(a+b)]

b’ = b[a/(a+b)]

e’ = e[a/(a+b)]

b e

d
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Simple Application (a=b)

VdV
b’ e’

1/sCB

V VR
Vd

b’ = b[a/(a+b)]

e’ = e[a/(a+b)]
d

sL sL

R
sM

1/sC
VC

b’ = sL/2, e’ = R/2, d = sM +1/sC

V /V = [1/s/C]/[(L/2 + M)s + R/2 + 1/sC] 
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VC/V = [1/s/C]/[(L/2 + M)s + R/2 + 1/sC] 

VC/V = 1/[R2CCBs2 + RCs/2 +1]

(from simplification and constant R constraint)

(Constant R) Bridged T-coil Example

1/sCB

V VRVRV
sL sL

R
sM

R

1/sC
VC

1V
L/2CRM

C/2RL

C

B
2

2

=

−=
=

VC

VRV

Poles 30 
degrees for 

Increasing CB

Constant R

1/RC
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1s
2

RCsCCR

1s
2

RCsCCR

V
V

1s
2

RCsCCRV

2
B

2

2
B

2

R

2
B

2

++

+−
=

++

2/RC

g
maximally 
flat envelope 
delay (MFED) 

1/RC
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Historical Applications (1)
High speed (traveling wave) 
distributed amplifier in 
1940’s (Similar to GTL and 
source synchronous 

Dual input delay line 
phase equalization 
using cascaded 

y
control)
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printed circuit board 
T-coils in 1960’s

Historical Applications (2)
High speed 50 Ω input for FET hybrid 
IC and with metalization (not shown)  
for T-coils in 1990’s
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Parasitic bandwidth limit 
switch compensation and 
interstage peaking in 1960’s 
(and W301)
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Historical Applications (3)

Package bond wire 
compensation with T-coil 
trick in 1970’s

One-half of hybrid IC differential 50 Ω input and 50 Ω output with 
asymmetrical T-coils in 1970’s (Current mode logic-like output)
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Early Asymmetrical Lossy T-coils

T. T. True patent 
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Tuned for bipolar 
transistor technology

(1964)
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Constant Input-R, 2nd Order Extensions

CB

L1 L2

L

RB

CB

R1 L1 L2 R2

L3

CB

L1 L2

L

CB

L1 L2 R2

L

Series Rs T.T. TrueStandard

(a) (c)

L3

C R

RS

L3

L2L1

CB

RB

L3

C RRP

RS

RB

CB

R1 L1 L2 R2

L3

(a) (b)

L3

RS

C R

L3

RP C R

CB

L1 L2 R2

L3

RS

CB

R1 R2L1 L2

L3

RS
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(b) (d)

C R

RS

C RRP

(c) (d)

RP C R RP C R

Fig. 1         
Symmetrical (Z1=Z2), 

RB added

Fig. 2 
Asymmetrical  
(Z1 not = Z2)

GeneralGeneral

2nd Order Root Loci for Increasing CB:
(a) without RP , D1=0 (b) with RP

jω jω

(a) (b)

σ σ

1 1CV
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2 2
0 1 2 0 0 1 2

.
( )

C

B BV B B s B s B D D C s D C s
= =

+ + + + +

0 0 0 1

0 0 0 2

center ,   radius 1 .B B D D
D D B D

= − = −
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Examples for all Extensions

Load Standard C R S -C R P C R S -R P C R S -C R P C R S -R P C Gen. R S -R P C
Fig. 1(a) 1(b) 1(c) 1(d) 2(a) 2(b) 2(c) 2(d)
R 1 2.5 Ω 2.5 Ω 1.907 Ω
R 2 5 Ω 2 5 Ω 5 556 Ω 5 435 Ω 3 100 Ω

R  = 50 Ω, C  = 4 pF, R S  = 10 Ω, R P  = 500 Ω, Pole Angle = 30o & 45o, R 1 selected for Fig. 2(d)
Symmetrical T-Coils Asymmetrical T-Coils

R 2 2.5 Ω 2.5 Ω 5.556 Ω 5.435 Ω 3.100 Ω
R B 250 Ω 2000 Ω 222.2 Ω
L 1 5 nH 5 nH 5.025 nH 5.025 nH 4 nH 5.409 nH 4.257 nH 3.888 nH
L 2 5 nH 5 nH 5.025 nH 5.025 nH 6 nH 5.702 nH 6.612 nH 6.127 nH

Gain 1 1 0.95 0.95 1 1 0.98 0.943
C B (30o) 0.333 pF 0.653 pF 0.362 pF 0.698 pF 0.480 pF 0.364 pF 0.504 pF 0.489 pF

L 3 (-1.667 nH) (-0.867 nH) (-1.609 nH) (-0.767 nH) (-1.200 nH) (-1.867 nH) (-1.330 nH) (-1.154 nH)
BW 2.167 GHz 1.548 GHz 2.136 GHz 1.536 GHz 1.806 GHz 2.075 GHz 1.780 GHz 1.841 GHz

BWER 2.723 1.945 2.684 1.930 2.269 2.607 2.237 2.314
GBWER 2.723 1.945 2.550 1.834 2.269 2.607 2.193 2.182
C (45o) 0 500 pF 0 980 pF 0 552 pF 1 074 pF 0 720 pF 0 556 pF 0 772 pF 0 750 pF
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C B (45 ) 0.500 pF 0.980 pF 0.552 pF 1.074 pF 0.720 pF 0.556 pF 0.772 pF 0.750 pF
L 3 (-1.250 nH) (-0.050 nH) (-1.133 nH) 0.173 nH (-0.600 nH) (-1.387 nH) (-0.659 nH) (-0.504 nH)

BW 2.251 GHz 1.608 GHz 2.198 GHz 1.575 GHz 1.876 GHz 2.135 GHz 1.829 GHz 1.893 GHz
BWER 2.828 2.020 2.763 1.980 2.357 2.683 2.298 2.378

GBWER 2.828 2.020 2.625 1.881 2.357 2.683 2.253 2.243

General Asymmetrical Calculations
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Parameterized SPICE Automatic
T-coil Design Subcircuit

***************************************************** 
*ASYMMETRICAL T-COIL WITH PARAMETERS 
***************************************************** 
 
***************************************************** 
* PARAMETERS 
***************************************************** 
** ENTER 
.param R = 50                             $ Load Resistor 

$.param C = 4e-12                          $ Load Capacitance
.param RS = 10  $ set 'max(1e-10, 10)'    $ Series Resistor 
.param RP = 500 $ set 'max(1e-10, 500)'   $ Parallel Resistor 
.param CB = 0.653p 
.param R1 = 2   $ set 'max(1e-10, 2)'     $ Select R1 with RP>0 
** CALCULATED 
.Param GP = '1/RP'                        $ Parallel Conductance 
.param R2 = 'max(1e-10,(R*R*GP-R1*(1+(RS+R)*GP))/(1+(R1+RS-R)*GP))' 
.param LT = '(R-R1)*(R-R1)*C/(1+(R1+RS-R)*GP)' 
.param L1 = '(R1-R)*(R1+RS-R)*C/(1+(R1+RS-R)*GP+SQRT(1+(R1+RS-R)*GP))' 
.param L2 = 'LT-L1' 
.param L3 = 'R*R*CB-L1*L2/(L1+L2)' 
* 
***************************************************** 
* ASYMMETIRCAL T-COIL CIRCUIT (Ground = 0) 
***************************************************** 
*  
XCOIL1 in outc  outr TCOIL_ASM 
RLOAD  0  outr  R='R' 
* 
***************************************************** 
* SUBCKT TCOIL CONSTANT RESISTANCE T COIL (RL)
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* SUBCKT: TCOIL_CONSTANT RESISTANCE T-COIL (RL)
***************************************************** 
.SUBCKT TCOIL_ASM in outc outr 
* 
L1  1     d     L='L1' 
L2  2     d     L='L2' 
R1  in    1     R='R1' 
R2  outr  2     R='R2' 
CB  in    outr  C='CB' 
* 
L3  d     3     L='L3'  $ Negative L3 ok 
RS  3     outc  R='RS' 
C   outc  0     C='C' 
RP  outc  0     R='RP'  
.ENDS 
* 
***************************************************** 

More Recent Work in Last 10 Years 
(dozens of contributions)

• Technical literature (journals, conferences, thesis, and 
patents) for up to 40 Gb/s designs

• T coil types• T-coil types
– Standard
– Extended – multiple higher order with/without bridging 

capacitance
– Sometimes with other C’s and losses

• Part of high speed designs
– ESD compensation
– Acceptable (but not 0) S11 and extended (>4) S21 bandwidths
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p ( ) ( )
– Up to 5th order to polynomials fitted by (Bessel coefficients, 

optimization or approximation equations)
• Inductance structure contributions
• Splitting the C load strategies for better performance
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Example of a Recent IC T-Coil 
Application

Low S11 with a forth order Low S11 with a forth order 
polynomial extension and 
lossy fabrication for ESD 
compensation
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M. Kossel, C. Menolfi, J. Weiss, P. Buchmann, G. von Bueren, L. Rodoni, 
T. Morf, T. Torifl, and M. Schmaltz, “A T-Coil-Enhanced 8.5 Gb/s High 
Swing SST Transmitter in 65 nm Bulk CMOS With < -16 dB Return 
Loss Over 10 GHz Bandwidth,” IEEE J. Solid-State Circuits, Dec. 
2008

Summary

• Some T-coil background and history
• Second order extensions for lossy design Second order extensions for lossy design 

applications
– Due to more detailed load models
– Due to inductor fabrication losses
– Parameterized by CB for greater solution space versus 

often used inductor coupling coefficient
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– Used in current IC buffer design including SerDes

• T-coils can be a factor in IBIS-AMI and IBIS-ISS 
applications
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