Asian IBIS Summit 2015 Taipei, ROC

WELCOME FROM MIKE LABONTE, SIGNAL INTEGRITY SOFTWARE

Ladies and Gentlemen,

As chair of the IBIS Open Forum it is my pleasure to welcome you to the 2015 Asian IBIS
Summit in Taipei and to thank you for your presentations and participation. We are grateful to
our sponsors 10 Methodology, Keysight Technologies, and Synopsys for making this event
possible.

Since 1993 IBIS has provided the digital electronics industry with specifications to make signal,
timing, and power integrity analyses much easier and faster. The challenges keep changing and
the IBIS community keeps responding with new enhancements to the IBIS family of
specifications, which the IC vendors, EDA tool companies, and system designers adopt readily.

Support for IBIS in Asia has been strong, and the IBIS Open Forum looks forward to continued
innovation and contributions from technology companies in this part of the world. Thank you!
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Mike LaBonte

Signal Integrity Software (SiSoft)
Chair, 1BIS Open Forum
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AGENDA AND ORDER OF THE PRESENTATIONS

(The actual agenda might be modified)
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IBIs SUMMIT MEETING AGENDA

SIGN IN
- Vendor Tables Open at 8:30

WELCOME
- Mike LaBonte (Chair, IBIS Open Forum)
(Signal Integrity Software (SiSoft), USA)

IBIS Chair's Report . . . . . . . . . . . o o oo oo ...
Mike LaBonte (Signal Integrity Software (SiSoft), USA)
Introducing IBIS Version 6.1 e .
Michael Mirmak (Intel Corporation, USA)

Enabling Full Power-aware Bus Simulation with Non-IBIS Device
Model - A Kit Using IBIS [External Model]
Skipper Liang (Cadence Design Systems, ROC)

BREAK (Refreshments and Vendor Tables)

A Practical DOE Application in Statistical SI Analysis Using

IBIS & How Can We Make IBIS Work Beyond Best Case/Worst Case?
Feng Shi*, Anders Ekholm**, Zilwan Mahmod**, and David Zhang*
(Ericson, *China, **Sweden)

IBIS Interconnect BIRD Update . . . . . . . . . . . . .
Walter Katz (Signal Integrity Software (SiSoft), USA)

FREE BUFFET LUNCH (Hosted by Sponsors)
- Vendor Tables
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AGENDA AND ORDER OF THE PRESENTATIONS (Continued)

PAM4 System Simulation Using AMI Models
Fangy Rao (Keysight Technologies, USA)

Some Results for General K-table Extraction Proposal Using SPICE
Bob Ross* and XueFeng Chen**
(*Teraspeed Labs, USA, **Synopsys, PRC)
IBIS Simulation Case Study: Unexpected Glitch and Using
C_fixture
Lance Wang (IO Methodology, USA)
BREAK (Refreshments and Vendor Tables)

Laplace Transform Time Response Utility
Bob Ross (Teraspeed Labs, USA)

DISCUSSION
CONCLUDING ITEMS

END OF IBIS SUMMIT MEETING
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89
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IBIS Chair’s Report

Mike LaBonte
SiSoft
Chair, IBIS Open Forum

Asian IBIS Summit
Taipei, Taiwan
November 13, 2015

http://ibis.org/

13 November 2015 IBIS Chair’s Report

IBIS Milestones

1/0 Buffer Information Specification Other Work

e 1993-19941BIS 1.0-2.1: e 1995: ANSI/EIA-656

— Behavioral buffer model (fast simulation) — IBIS2.1

— Component pin map (easy EDA import) e 1999: ANSI/EIA-656-A
e 1997-1999 IBIS 3.0-3.2: — IBIS3.2

— Package models e 2001:1EC62014-1

— Electrical Board Description (EBD) — IBIS3.2

— Dynamic buffers e« 2003:ICM 1.0
¢ 2002'2096 IBIS 4.0-4.2: — Interconnect Model Specification

— Receiver models *  2006: ANSI/EIA-656-B

— AMS languages — IBIS4.2
¢ 2007-20121BIS 5.0-5.1: . 2009: Touchstone® 2_0*

— IBIS-AMI SerD del
b eroes modess *  2011: IBIS-ISS 1.0
— Power aware o
— Interconnect SPICE Subcircuit

+ 2013-2015 IBIS 6.0-6.1: specification
— PAM4 multi-level signaling
— Power delivery package models

T s a regi k of Agilent Technologie

13 November 2015 IBIS Chair’s Report

Inc.
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Progress: IBIS 6.1 Ratified

Ratified 11 September 2015
Support for PAM4

IBIS-AMI Parameters Simplified
Package Models for Power Integrity

and more ...

13 November 2015 IBIS Chair’s Report 3

Lifespan of IBIS Versions
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13 November 2015 IBIS Chair’s Report 4
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In The Works

 IBIS 6.2 dedicated to reference node clarifications
— Potential SAE standard
* Advance Technology Modeling Task Group
— Optimization/Back-channel support
— External circuit enhancements
* Interconnect Task Group
— External Package/on-die models using IBIS-ISS

IBIS Quality Task Group
— IBISCHK enhancements and documentation

13 November 2015 IBIS Chair’s Report

Status of IBIS Standards

I/0 Buffer Information Specification IBIS 4.2: SAE/EIA-STD-656-B
IBIS 3.2: [EC-62014-1

IBIS Interconnect Modeling Specification ICM 1.1: ANSI/GEIA-STD-0001)

IBIS 6.2 might be next ...

Contact Us | Help | Shopping Cart

IBIS, | O Buffer Information Specification
Committee [[IF

Standards Status Definitions

Document List

[C1Remember Me Display: Al Documents

Document Title

Date Status
Sep 01,2006 | Revised

EIASTDB56B | /O Buffer Information Specification (IBIS) Version 4.2

©2015 SAE international. All rights reserved. SAE Home
Intellectual Property Policy | Content Policy | Privacy Policy | Terms & Condtions
Technical Feedback | Qutage Schedule | Help

13 November 2015 IBIS Chair’s Report
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162 days

down from 173 days
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24 IBIS Members
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13 November 2015 IBIS Chair’s Report 9

IBIS Officers 2015-2016

¢ New Chair, Treasurer and Postmaster elected 15 June 2015
* Many thanks to incumbent IBIS officers for their continued service

A special thank you to outgoing chair Michael Mirmak
(Total of 11 terms!)

Chair: Mike LaBonte, Signal Integrity Software
Vice-Chair:  Lance Wang, 10 Methodology Inc.
Secretary: Randy Wolff, Micron Technology
Treasurer: Bob Ross, Teraspeed Labs

Librarian: Anders Ekholm, Ericsson

Webmaster: Mike LaBonte, Signal Integrity Software
Postmaster:  Curtis Clark, ANSYS

13 November 2015 IBIS Chair’s Report 10
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Organizational Activities

* So farin 2015:
— 15 Open Forum teleconferences
— 3 Summit meetings (including this one)
* 2015 first year for EPEPS IBIS summit
— 38 ATM Task Group teleconferences
— 10 Editorial Task Group teleconferences
— 10 Interconnect Task Group teleconferences
— 35 Quality Task Group teleconferences

13 November 2015 IBIS Chair’s Report 11

Upcoming Summits

* Asian IBIS Summit, Tokyo, Japan
CALENDAR
— November 16, 2015 [ =====

* DesignCon IBIS Summit, Santa Clara, CA
—January 22, 2016

e SPI IBIS Summit, Torino, ltaly
— May 11, 2016

13 November 2015 IBIS Chair’s Report 12
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We Have Moved!

e Our gratitude to Accellera for eda.org web and
email service from 1993 to 2015

* Email lists have moved to freelists.org
* Website has moved to http://ibis.org

13 November 2015

| s IBIS Open Forum

‘ € ibis.org

iBis

Upcoming Events
Summits

VSYVE Available for Review: IBIS POl

LSYE The IBISCHKSG golden parser:

IBIS Chair’s Report 13

Same Website For Now

* Manually edited HTML

* Perl scripts

13 November 2015

Upcoming Events

- ‘Welcome to the IBIS Open Forum
igis

VWA Availabie for Review: IBLS POLICIES AND PROCEDURES, Draft Review 2 (update 21 Aug 2015

[T aticicd: 1515 6.1 Specification (ratified 11 Sep 2015)
W
NEW

Summits The IBISCHKS goiden parser s now avaiabie for Windows DOS and Limus. Click here.
Articles Our Specifications
FAQ
Support 10 Bufter nformation Specifcation wsen™ gmssn? sacensToess gecsmen
o) Bisins cifcation et 1.0 (ansvcen-sTo.o0o
AMI Model Review |, cston misass 10~
FREE Tools K 2
1BIS Parsers
o
Accuracy info
Specifications e DS A cadence
Open Forum
Member Poster n csT ”
Roster Listng posil B nisen A s
Task Groups. cisco el
Working Directories o G
Roout s @i @ e 4 oo
GMSRRr  gicron i SiSof SYNOPSYS m
Toshiba $CXILNX ZTE MZUKEN

The IBIS Open Forum is the industry organization responsibie for the management of the [BIS specifications and

standards including IBIS, [BIS-AMI, IBIS-ISS, ICM, and i Open Forum meets every three weeks

by teleconference. Membership is open to al interested companies. If you are interested in joning the IBIS Open
‘Forum, please contact the IBLS Open Forum Chair or any of the IBIS Officers

Home | Artices | FAQ | Support | Models | Specs | Roster |

2015, IBIS Open Forum

IBIS Chair’s Report 14
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New Website In The Works

* WordPress
e Bug trackers 1815
. e S
* Live Calendar s < o i Bl i s
- Responsive Design « BSCEhmilin
= .
= ieis
s
e
1815 = pae
= .
e .
e 5 S e (s
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= e g ZTE mmmen
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T
s
13 November 2015 IBIS Chair’s Report 15

[Thank You]

IBIS Open Forum:
R Web: http://ibis.org

Email: ibis-info@freelists.org

We welcome participation
by all IBIS model makers,
EDA tool vendors, IBIS model
users, and interested parties.

13 November 2015 IBIS Chair’s Report 16
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Open BIRDs

Make IBIS-ISS Available for IBIS Package
Modeling

Allow AMI_parameters_out to pass
AMI_parameters_in data on calls to
AMI_GetWave

Cascading IBIS I/O buffers with [External Circuit]s
using the [Model Call] keyword

Back-channel support

AMI| Touchstonefile (R) Analog Buffer Models

Supporting Incomplete and Buffer-only
Component] Descriptions

Instantiating and Connecting [External Circuit]
Package Models with [Circuit Call

Allowing Package Models to be defined in
External Circuit

Parameter Passing Improvements for [External

Circuit]s

Resolving problems with Redriver Init Flow

New [BIS-AMI Reserved Parameter
Special_Param_Names

Arpad Muranyi, Mentor Graphics

Walter Katz, SiSoft

Taranjit Kukal, Ambrish Varma, Cadence Design
Systems, Inc. Arpad Muranyi, Mentor Graphics.

Marcus Van lerssel, Snowbush IP; Kumar
Keshavan, Sigrity, Inc.; Ken Willis, Sigrity, Inc.;
Walter Katz, SiSoft

Walter Katz, Signal Integriity Software, Inc.

Michael Mirmak, Intel Corp.

Arpad Muranyi & John Angulo, Mentor Graphics;
Ambrish Varma & Brad Brim, Cadence Design
Systems, Inc.

Ambrish Varma & Brad Brim, Cadence Design
Systems, Inc.; Arpad Muranyi, Mentor Graphics

Arpad Muranyi & John Angulo, Mentor Graphics;
Ambrish Varma & Brad Brim, Cadence Design
Systems, Inc

Walter Katz, Signal Integrity Software, Inc.
Darshan Shah, FSNetworks, Inc.

Arpad Muranyi, Mentor Graphics

IBIS Chair’s Report

21-Oct-10

11-Mar-11

19-Sep-11

18-Oct-11

20-Feb-13

8-May-13

9-Jan-14

9-Jan-14

9-Jan-14

2-Apr-14

13-Oct-15

17
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Introducing IBIS Version 6.1

Michael Mirmak
Intel Corporation

http://www.ibis.org/

ASIAN IBIS Summit
Taipei, Taiwan
November 13, 2015

Agenda
IBIS 6.1 Overview and Development

Key Features
AMI Improvements
Traditional IBIS Improvements

Methods for Providing Feedback

References

* Other names and brands may be claimed as the property of others
2
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Specifications and Activities

« IBIS Version 6.1 approved Sept. 11, 2015
- Nearly two years to the day after Ver. 6.0 approval
- Freely available at http://www.ibis.org/ver6.1/

» Waiting for IBIS 6.2 for possible SAE
standardization

* A free syntax checker/parser under development
- Release tentatively expected in November
— Source code license is available for purchase
- Current ibischk6 licensees will receive a free update

* Other names and brands may be claimed as the property of others
3

Key Features of IBIS 6.1

* AMI improvements
- Extending IBIS-AMI for PAM4 Analysis
— Model dependencies are supported through a new API
- Buffer directionality for AMI models

« “Traditional” IBIS improvements
- V-t table delay and overclocking
- Package RLC Matrix Diagonals
- Power Pin Package Modeling

- New keyword [Initial Delay] for Submodels and Driver Schedules

* Plus corrections, clarifications, and a recommendation

* Other names and brands may be claimed as the property of others
4
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AMI Improvements

* PAM4 Signaling
- Expands IBIS’s AMI support beyond 2 levels (NRZ) to 4 (PAM4)

- Adds “Modulation”, “PAM4_Mapping”, offset and threshold
Reserved Parameters

- Re-defines bit-time and clock-times concepts

* Model Dependencies

- Allows the final values of some .ami parameters to depend on the
values of others, or of IBIS [Model]s

- New flow resolves dependencies before simulation

— Adds “AMI_Resolve” and “AMI_Resolve_Close” functions

— Adds “Resolve_Exists” and “Model_Name” Reserved Parameters
— Adds “Dep” Usage Type

* Other names and brands may be claimed as the property of others
5

AMI Improvements (2)

+ Buffer Directionality
- Paving the way for DDR4 and beyond under AMI

— Associates all Reserved Parameters and Model_Types with
directions (Tx, Rx)
- Most Serdes buffers are Tx-only or Rx-only
- DDR4 DQ buffers are I/O (bi-directional)

- Enables explicit information to be used by EDA tools about the
direction for a given I/O buffer in a particular simulation

— Adds “Direction” descriptor to all Reserved Parameters

— Adds “Executable_Tx” and “Executable_Rx” subparameters to the
[Algorithmic Model] keyword

* Other names and brands may be claimed as the property of others
6
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Traditional IBIS Improvements

 Overclocking and delay

- [Initial Delay] defines the explicit amount of time, before transitions,
embedded in the V-t and any I-t tables
— Supported for both single-Model and [Driver Schedule] structures

» Package and Power Pin Modeling
- Diagonal package matrix values are enforced positive-only, and
more mathematical assumptions are documented
- More rigorous rules are defined for EDA tool interpretation of partial
Package Models which do not cover the entire [Pin] list
— Added support for [Merged Pins] where a single pin covers the
parasitics of multiple physical pins

* Other names and brands may be claimed as the property of others
7

Feedback is Welcome
» Anyone may submit IBIS specification change proposals
(BIRDs — Buffer Issue Resolution Documents)
- This is the primary mechanism for making IBIS changes
- http://ibis.org/birds/

* Bugs and enhancement requests may also be proposed
— The BUG report covers both
- http:/ibis.org/bugs/ibischk

* The IBIS Open Forum and Task Group teleconferences
welcome public participation

Your feedback is vital for keeping IBIS relevant
and useful to the industry!

* Other names and brands may be claimed as the property of others
8
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References

* IBIS Web site: www.ibis.org
- Links to Task Groups available there
 Specifications
- IBIS 6.1: www.ibis.org/ver6.1/
- IBISCHK®6 parser (6.1 in progress): www.ibis.org/ibischk6/
— Touchstone: www.ibis.org/touchstone ver2.0/
« Summit Presentations
- www.ibis.org/summits/
* IBIS 4.0 Cookbook
- www.ibis.org/cookbook/
* Training
- www.ibis.org/training/

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

* Other names and brands may be claimed as the property of others
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Enabling Full Power-aware Bus Simulation with
Non-IBIS Device Model - A Kit using IBIS [External
Model]

Skipper Liang

Cadence Design Systems

Asian IBIS Summit, Taipei, Taiwan
November 13, 2015

cadence’

Agenda

Introduction

Approach 1: Using IBIS [External Model]

Approach 2: Using an IBIS model to drive the SPICE netlist

Solution: A dummy IBIS model using [External Model] and additional circuit

Summary

cadence
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cadence

Bus simulation

* It refers to an automatic process

— which includes simulation, measurement and report generation against a Bus, especially
the memory interface in an EDA tool

£l
cadence
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IBIS model

 Intrinsic format - the description of [Pin], [Diff Pin] and [Model Selector]

+ IBIS makes Bus simulation possible in an EDA tool
— easy to assign data groups with individual timing reference
— Easy to change models and settings in batch mode

ose
et ste 115393 | cps lock P T [1537801] = ot perds 1 = (3360751 i =of s

Controller | Memary | WLO/ClkeasDelay 7] Memory Bocks Shere 10 Modek
Transmit 10 Model Receive 10 Model Status
= Groupation 1000110101110001..  Default
DDRO_DQ<56>  1000110101110001.  0.5T pod12_34 600dt pod12_34_600dt Sgnal
DDRO_DQ<S57>  1000110101110001.. 0.5T pod12_34_60odt pod12_34_60odt Signal
DDRO_DQ<58>  1000110101110001.. 0.5T pod12_34 60odt podi2_34 60odt Signal 1
DDRO_DQ<S9>  1000110101110001.. 0.5T pod12_34_60odt pod12_34_60cdt Signal 1
DDRO DQS 7 P 10. 0.75T pod12_34 60odt pod12 34 60cdt Timing Ref
DDRO_DQS_7_N 01 o0.757 pod12_34_600dt o
B oorocxor
[ oporockon —~ o~

1000110101110001..  Default

DDRO_DQ<60>  1000110101110001.. 0.5T pod12_34_600dt pod12_34 60cdt Sinal
DDRO_DQ<61>  1000110101110001.. 0.5T pod12_34_600dt pod12_34_60cdt Sinal
DDRO DO<62: 0.5 pod12 34 600dt pod12 34 60cdt onal

10 Model Fier

cadence

SPICE netlist

¢ Maximum freedom in the circuit format but hard for Bus simulation to
be implemented

+ Has detailed characteristics of circuits which can’t be fully described
by IBIS model

—  Some IC designers prefer using SPICE netlist model than IBIS model
B
7 e v

01
o R termination control "+
103
“high-active for
105 trol as bellow)
100 VODT1 0DT1 GROUND 0
107 VODT2 0DT2 GROUND 0
109 ++:2* termination impedance table****

110 0DT2 0DT1 0DTO
11

112 'mode=10 (DDR2 mode)

|

Ixed_cor_sw=1  Vdd33="3.3iatio' vdd15="1.5ratio’ vdd18="1.8 Watio’ vd 12="1.2 \natio’

d
144 " param watio=1

cadence
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IBIS External Model

+ Allow a spice netlist to be called by an IBIS model, which means:
[External Model]
Language SPICE
. | Corner corner name file name circuit name (.subckt name)
° W|th |B|S format, eaSy for Corner  Typ buffer typ.spi| buffer io typ
. . Corner  Min buffer_min.spi | buffer_io_min
Bus-Sim to be implemented  corer e buffer max.spi | buffer_io max
M Include detailed | Parameters - Not supported in SPICE
. . . |
characteristics of circuit | Ports List of port names (in sane order as in SPICE)
Ports A signal my drive my enable my receive my ref

Ports A puref A pdref A pcref A geref A extref

| D_toA doport portl  port2  vlow vhigh trise tfall corner_name
DtoA Ddrive my drive my ref 0.0 3.3 0.5n 0.3n Iyp
D to A D enable my enable A geref 0.0 3.3 0.5n 0.3n  Typ
portl port2 low vhigh corner_name
ve my_receive my ref 0.8 2.0  Typ

Note: A_signal might also be used instead of a user-defined interface port
for measurements taken at the die pads

End External Model]

cadence

ransistor based device

SPICE netlist o{ t

model

* An example of
SPICE netlist for a
transistor based
device model

For power supply,
there are:

» VDD_Core/Vss_Core
- VDDIO/VSSIO
- VREF

Question: if we
can use IBIS
[External Model]
to call this
netlist to
execute a fully
power-aware
Bus-Simulation?

*** termination load and voltage********
TTVIT GROUND '0.5*vild15"
R1VITPAD 25

*C1PAD GROUND 4p.

*C2.C GROUND 0.1p

‘termination control

72
178 VODT1 ODT1 GROUND 0
177 VODT2 ODT2 GROUND 0

El

‘termination impedance table****
*0DT2 0DT1 0DTO

‘mode=1b0 (DDR2 mode)
1 on
*31001=1500hm
*31010=750hm
*3b011=500hm

‘mode=11(DDR3 mode)
one.
*31001=1200hm
*31010=600hm
*3b011=400hm
*3100=300hm
194 °3101=200hm

L TR

VDDIONSSIO and VREF

T T T PR TR PR TTR T, T T PR TR
- - "
[ S N T cane Phmbe s e i e
Input Output
20f XDUT1 C CN1 CN2 CN3 CP1 CP2 ] S SSLP_BI_SDS_18V_D_PDO
208 XDUT3 € CN1 CN2 CN3 CP1 CP2 CP3 DSEL. P_BI_SDS_18V_D_PDO
PDPOC P_BI_SDS_18V_D_PDO
LP_BI_SDS_18V_D_PDO
DT PDPOC VSS SLP_BI_SDS_18V_D_PDO

VSS SLP_BI_SDS_18V_D_PDO

LP_BI_SDS_18V_D_PDO
D

RXEN VDI
1 1PD POC RXEN VDD VREF VSS SLP_BI
RXEN I3

D VREF VSS SLP_BI

CoNt
218 XDUT12 C CN1 CN2 CN3 CP1 CP2 CP3 DSEL

218 XDUT13 C CN1 CN2 CN3 CP1 CP2 CP3 DSEL.

1220 XDUT14 € CN1 CN2 CN3 CP1 CP2 CP3 DSEL.
221 XDUT15 C CN1 CN2 CN3 CP1 CP2 CP3 DSEL.

PDPOC

222 XDUT16 € CN1 CN2 CN3 CP1 CP2 CP3 DSEL.

1223 XDUT17 € CN1 CN2 CN3 CP1 CP2 CP3 DSEL.

1224 XDUT18 € CN1 CN2 CN3 CP1 CP2 CP3 DSEL.

1225 XDUT19 € CN1 CN2 CN3 CP1 CP2 CP3 DSEL.

1225 XDUT20 C CN1 CN2 CN3 CP1 CP2 CP3 DSEL.

227 XDUT21 € CN1

CP3DSEL

RXEN
PD POC RXEN VDD

VDD VREF VSS SLP_BI_SDS_18V_D_PDO
VREF VSS SLP_BI_SDS_18V_D_PDO

cadence
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Approach 1: using IBIS [External

Model]

cadence

Multi-power nets in [External Model] Section?

my_drive —!
D_drive

my_ref

my_enable — o
D_enable b_toA

Ageref SPICE, [ Agcref

[Verilog-A(rs),
or

my_ref

Agnd —|

ny_receive +—|

- A_puref

{t A_pdref

[External  (—
Hodel]
using

A_pcref

VHDL-A(HMS)  — A_signal

[— Aextref

[External Model]
Language SPICE

Same as a normal IBIS model, an | corner comer name

IBIS model with [External Model] coreer v
Corner Min
can connect to only one PWR/  comer  wax
GND pair, usually the VDDIO and | ;...ecers - wor ou
VSSIO. i
| Ports List of port
. Port signal my dri

1. VDD_Core/Vss_Core

=) A puref, A_pdref, A_pcref, A_gcref g

2. VDDIO/VSSIO

———)

3. VREF

What will we do for the following:

>

file name
buffer_ty,
buffer mi:
buffer_max.spi

circuit name

buffer_io_typ
buffer_io_min
buffer_io_max

ported in SPICE

ames

nable my receive my_ref

Port‘:[}«,:puref A_pdref
|

s
A peref A_geref|A_extref

(in same order as in SPICE

)

| Dto Ad port portl port2
to A D drive my drive my ref 0.0 3.3 0.5n 0.
 to A D enable my enable A geref 0.0 3.3 0.5n 0.
|
| A to Dd port  portl port2 vlow vhigh

A to D D_recelve

my_receive

my ref 0.8 2.0

Typ

(.subckt name)

vlow vhigh trise tfall corner name

3n Typ
3n Typ
corner name

| Note: A_signal might also be used instead of a user-defined interface port
| for measurements taken at the die pads

|
[End External Model]

cadence
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Multi-power nets in [External Model] Section?
(S$Cont’)

ce_io.ckt)

1 subekd se_irv15_odtof

I
I Hodel se_dru15_odtoff

I
[Hode1] se_dru15_odtoff
Hodel_type 1/
Polarity Non-Inverting
nctive-iigh
[usLtage nange] 1.5000 1.4250 1.5750
amp]

3 param v

_unprotect | variable up nax
10 du7dt_r 0.720/0.006n 0.720/0.006n
dU/dt_F 0.720/0.906n 9.720/0.006n

11 "VDVDD DVDD GROUND vild15 *pawer supply voitage
12 "UDVSS DUSS GROUNN O R_load = 50.000

13[VDDA12 VDD GROUNDVdd 12 “Core power supply voltage]

I
14|VSSA12 VSS GROUND 0 [External Hodel]

Language SPICE

I
| corner

10 VHODE NODE GROUNDVId2 o select signal ircuit_nane (.subckt name
"0 selects DOR2 mode Corner P o arus. ot
‘11 selects DDR3 mode Corner it i min.ckt ~ se_dru15_odtoff

{3UPOC POCGROUNDO *power on control @padring b

| Pagts List of port names (in same order as in SPICE
Ports [a_puref a_pdref A_signal ny_drive my_enable my i =T

2 .connecl OERXEN
22

d_port port1 port2 ulow vhigh trise tfall corner_name

24UPD PD GROUND vdd12  ‘active-high for receiver power down signal
_drive ny_drive A_pdref

2
28 UDSEL DSEL GROUND vdd12  *DDR2 drive slect signal
*T0 60% drive (clasel)
T full drive (classl)

enable ny_enable h_pdref
enable my_enable A_pdref 8
Zenable ny_enable A_pdref
d_port port1 port2 ulow uhigh corn
_receive my_receive A_pdref 0.0 1.0 Typ
_receive ny_receive A_pdref 0.0 1.0 Hin
receive my_receive A_pdref 0.0 1.0 Hax

“termination control *

a1

32 VODTEN O “high-active for

33 YODTO ODTO GROUNDwdd12 *ODT[2:0] termination impedance bits control, ex: 3000,
34VODT1 0DT1 GROUND 0

35 VODT2 ODT2 GROUND 0 End External Hodel]

none (detailtable as bellow)

» Except the VDDIO and VSSIO, which will be connected to real power delivery network
routing, the other PWR and GND will be connected to a “IDEAL” voltage source.

Not Fully Power-Aware

cadence

Approach 2: Using an IBIS model to
drive the SPICE netlist

cadence
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IBIS-drive SPICE netlist

You will have all
convenience F
brought by the IBIS

format for Bus-sim vob_core vop o | m—)

Your 10 SPICE Netlist

An IBIS model » i
Your
4 System
VSS CORE  vss o |
You will have all connection
flexibilities as you use SPICE; _
For example, all the PWR/GND
nodes could be connected to
real PDN.
cadence
IBIS-drive SPICE netlist (Cont’)
VDDfCi)RE VDI|37IO I—
Your |0 SPICE Netlist
An IBIS model ~> g
Your
4 System
CORE vss jo M)
cadence
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Solution: A dummy IBIS model using
[External Model] and
additional circuits

cadence

A simple kit

NG i g ouny_10
> an Dunmy10
F‘ou_w\/_Vrlte . IBIS vyhlch - e
calls &'short circuit to P b D
pass through.digital data ;o e Rt

using [External Madel]

Dunmy_10

Dunmy_10

Dunny_10

Dunmy_10

Dunmy_10

Dunny_10
D

Gh
POVER

‘For “Read”: IBIS which
calls an.open circuit to
probe analog.received
data using [Extérnal
Model]

R=1e+15

I

through.ibs

Non-Inverting
Active-High

T
[Uoitage Range] 15000 1250 1.5750
[Ranp]
| variabie tp
au/at_r 9.120/9.001n 0.120/0.001n 0.120/0.001n

dU/aEF 012070 0010 6.120/0.001n 0.120/0.601n -
R_load = 50000 write.ckt

read.ckt

cadence
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Write Operation

™. ‘ g
IBIS which calls a

shori“‘citg_yit to pass VDD_CORE VDD_IO | )
through digital data
using [External"Model] Your 10 SPICE Netiist

I

= |

—1— R=le-15

System

VSS_CORE  vss (o |

You will have all connection h

flexibilities as you use SPICE;

For example, all the PWR/GND

nodes could be connected to

real PDN. _
cadence

19 28 160.606m0 0. 65
21 22

Write Operation (cont’)-

xxComponent Bus Definitions xxx:
[Model Selector] Dumnmy_I0

Write single end driver
Read single end Receiver
|

™. I

| Hodel Write

IBIS which calls a ,
short circuit to pass e e o

S Polarity Non-Inverting
through digital data active-tign

[VYoltage Range] 1.5000 1.4250 1.5750

H o [Ramp]
using [External-Model] Poie wp -
du/sdt_r 9.1268/0.801n 8.120/08.0801n 6.128/6.0801n

du/dt_f 8.120/0.001n 06.120/08.001n 6.120/6.001n
R_load - 50.000

|
[External Model]
Language SPICE

|

| Gorner cormer_name _£ile ircuit pame (-subckt name)
Corner  Typ write.ckt write

Corner  HMin write.ckt write

Corner  HMax write.ckt write

|
| Ports List of port names (in same order as in SHEF)
Ports A_puref A_pdref A_signal my_drive my_enable my_veceive

I D_to_a d_port porti |.subckt write DVDD DVSS PAD 1 OE nd_out_of_in
D_to_ D_drive my_driy

drive my_driv) RIPAD 1e-15

drive my_driy

D_to_n D_enable my_enal .ends

| A_to_b d_port port1 porTZ UTow ORIgl £
A_to D D_receive my receive A_pdref 0. e th
A_to_D D_receive my_receive A_pdref 0. -

A_to_D D_receive my_receive A_pdref 8.6 1.6 Hax

|
[End External Hodel]
I

| Hodel Read

cadence
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Write Operation (cont’)

* In a bus simulation, user can easily switch the model of the
Controller’s buffer to “Write”

Controller | Memory |

Bus Group/Signal Stimulus Pattern

e DATAD 1000110101110...
B dmo
dao 1000110101110...
dal 1000110101110...
da2 1000110101110...
El da3
=
|
=
|
10..
dgson | OL..

@[ patar

Stimulus Offset (ns)

Default

0.5T
0.5T
0.5T

0.75T
0.75T

Transmit I0 Model Status

Write

Signal
Signal
Signal

Write Timing Ref
Write Timing Ref

cadence

Write Operation (cont’)

10 circuit block

through.ibs
C

Digital data in mm) ' Gmster

-»

SPee_odel

pka_pcb

M
Memory1

Digital data Analog data observed
Directly out 2 at memory pin
VRM
ly o
- 1 [ waveform [+] BB = acc thveshod: ~lga wereonfE ]
Vatego )
12 — —aserocke sk
0 7 S N s s W Y 7 |
NI A0 11 O O B/ I |
| e A
| \ | i I \ ! | A
B O O N LD AV [ L
[ ] { \ | | (
o i : 3 : : LI G . I It I3 I
et e Ty TPl G rem9Datn Wi T TPy DQV.cr  ——rekiDa Mt Ty Tysitademary B2 ax
evr it ot
cadence
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Write Operation (cont’)

For a new project, the kit is re-usable with little modification

Modify according to your new project:

through.ibs

c|

Controller1 SPICE_Model pkg_pcb

Memory1

cadence

Write Operation (cont’)

For a new project, the kit is re-usable with little modification

21 22 100.000nU 005

| #xxsnnmsrssn k2220 xCONPONENT BUS DEFiNiTiONS *AARIMMHHLLRNKKLARUHARRERS.

|

[Model Selector] Dummy_I0
Urite single end driver
Read single end Receiver

Hodel Urite
|

|
[Model] Write
Hodel_type 1/0

H Polarity Non-Inverting
through.ibs Enable fiotive-tigh
[Voltage Rangd] 1.5800 1.4250 1.5750
C
| variable t nin nax
Controllert du/dt_r 0.120/0.001n 8.120/0.0801n 0.128/0.68681n
du/dt_f ©.128/0.001n 8.128/0.9801n 8.128/0.6881n

R_load = 50.808

|
[External Hodel]
PICE

Language S|

| Corner corner_name File_name circuit_name (.subckt name)
Corner  Typ write.ckt write

Gorner  Hin write.ckt write

Gorner  HMax write.ckt  write

| Ports List of port names (in same order as in SPICE)
Ports A_puref A_pdref A_signal my_drive my_enable my_receive

10’s Enable node

|

| D_to_A d_port port1 port2 ulow whigh trise tfall corner_name ;

D_to_A D_drive ny_drive A_pdref 0.0 [1.2]10p 10p Typ Modify to the correct
b_to A D_drive ny_drive A_pdref 0.0 [1 voltage level of your
D_to_A D_drive my_drive A_pdref 0.0 [1.2|10p 10p Hax ,

D to A D_enable ny_enable A_pdref 0.9 [1.2] 10p 10p Typ 10’s Input node
DZto A D_enable ny enable A pdref 0.8 16p Hin

DZto_A D_enable ny_enable A_pdref 0.8 {1.2]1

| A_To_D d_port porti port2 ulow uhigh corner_nane

A_to_D D_receive my_receive A_pdref 8.8 1.0 Typ .
A_to_D D_receive my_receive A_pdref 8.8 1.8 Hin Modify to the correct
?_t eceive ny_receive A_pdref 8.0 1.9 Hax voltage level of your
[End External Hodel]
|
|
|

Hodel Read

cadence
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Read Operation

F

VDD_CORE VDD
N
IBIS which calls a

(0 | —

open circuit to probe
analog received data

Your |0 SPICE Netlist

using [External Model]

=

Your
System

R=1e+15

2

VSS_ CORE VSS

You-will have all connection
flexibilities as you use SPICE;
For example, all the PWR/GND
nodes could be connected to
real PDN.

o |—)

—_

cadence

to_b D_receive m

_receive A_pdref 0.

Read Operation (cont’)i: i iz £

0_D D_receive my_veceive A_pdref

[End External Hodel]
I

| Hodel Read
|
.. i
. [Hodel] Read
IBIS which calls a Hode_type 1/0 _
P . Polarity Mnr_k]fu?vt)ng
open circuit to probe [onttoge Range] - S.an T2su 125750
- [Ranp]

| varianle typ
du/dt_r 0.128/0.861n
du/dt_f 8.126/9.801n
R_load = 50.800

analog received data
using [External Model]

[External Hodel]
Language SPICE

max
0.126/0.001n
©.126/6.881n

min
0.120/0.001n
8.128/8. 0810

R=1 e+1 5 | Corner cormer_
Corner Typ
Corner Min
Corner Max

- jt_nane (.subckt name)
read.ckt

read
read.ckt  read
read.ckt  read

| D_to_n d_port porti

| Ports List of port names (in same order a
Pnrts A_puref A_pdref A_signal my_drive my

receive

E)
i _dri _enable W _recei
ort2 viow vhigh trise trallillorner_nane

_driv

enable my_ena;
enable my_ena;
|™h_to_b7d_port porti

fA_to_D D_receive my_refl
D D_receive my_receive A_pdref 0 -

D D_receive my veceive A_pdref 6. re,ad ckt

A_to]
u _to,

[Enn External Hodel]
[End]

aaaaaaaa
|[1h15cnk§ _U5.0.3]

subckt read DVDD DVSS PAD | OE nd_out_of_in
RPAD DVSS 1e+15

ends

ified by Cadence Design Systemsxxxex

cadence
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Read Operation (cont’)
If you want to observe the waveform
before 10:

F

VDD70|ORE VDD_IO \|—

Your 10 SPICE Netlist
N

=

I Your
4 System
| Voltage Controlled

Voltage source

VSS_CORE  vSS_IO |

IBIS which calls a
open circuit to probe
analog received data
using [External‘Model]

cadence

Read Operation (cont’)

*VCCT2B DVDD dum17854 DC 0.000000

* You will need to et e
modify the netlist of | .o omn
the IO circuitblock | imttatitmeron oen VDD GORE VDD 10
by adding some e ot ot o 210 - -
“Voltage Controlled e oo ot o Lomed
?1 Tar?'_e Soufceﬁ g e oo ot o Lomed Your 10 SPICE Netlist
which is controlle TEMP 25000000
by the voltage on 1O |aishsag:boomo
circuit block’s PAD. JE———
:mm TRAN V(PAD) (VCCT2B)
+  Connect the dummy et
controller’s output

pad to these
“Voltage Controlled
Voltage sources”

E1probe_PAD1DVSS VOLT = "1'V(PAD1,DVSS)"
probe_f = X

(PAD10.DVSS)"
(PAD11,0VSS)"
(PAD12DVSS)"
(PAD13,0VSS)"
(PAD14,VSS)"
(PAD15,0VSS)"
(PAD16,0VSS)"

E21 probe_PAD21 DVSS VOLT =1 VIPAD21OVSS)"
E22 probe_PAD22 DVSS VOLT = 1 VIPAD220VSS)”

Lends

spice_io_read.ckt

Voltage source

‘ Voltage Control

VSS_CORE  vSS_IO

cadence
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Read Operation (cont’)

* In a bus simulation, user can easily switch the model of the
Controller’s buffer to “Read”

Controller | Memory |

Bus Group/Signal Receive IO Model Status

=) DATAD
dmo Read Mot Connected
da0 Read Signal
dgl Read Signal
dq2 Read Signal
dag3 Read Not Connected
dg4 Read Mot Connected
dgs Read Not Connected
da6 Read Mot Connected
dq7 Read Mot Connected
dgsip Read Timing Ref
dason Read Timing Ref

) DATAL

cadence

Read Operation (cont’)

10 circuit block
through.ibs
C

M
Contrllert SPEE iocel pkg_peb e
5
VRM
| ;l'//‘
0 oo 5] B ® B e el e weonbs ] )
voroge
B tage (V)
o =
g : =
g Just Overlap | /1 N J
O 1 am - > \ 1 e 7 \
|:|=mn { f i f o\ Y/ { \
I desowdoson : fid i \ [ J \
/ \
cast /R ] / / I
5 B3 SPIcE_podel: Prce / | Y ! i J \ \
BH soralr- d i " | Ji
/ / ) N \
, J . \ / \ o \ )
o -t h \ i ) i
I sorai29-Sgraiz0 - ! \ ] ' -
)
e o i 7 3 7 7 : 7 ; s B3 i 3
ST TP I M ST o 30
e s e e e
i

cadence
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Read Operation (cont’)

For a new project, the kit is re-usable with little modification

Modify according to your new project:

Can be re-used
through.ibs

c|

Controllert SPICE_Model

et Memoryt

cadence

Differential Buffer

No matter true or pseudo, you can use the same kit without any modification

because:

(take “write operation” as an example)

Controller (through.ibs)

SPICE Model Circuit Block
(Netlist-based 10 Model)
Vdd_core Vdd_io

out_p
out_n
< > G
out_of_in_p
en
out_of_in_n
it wita VDD DVSS PAD 1 GE nd_out_of_in
RIPAD 1015 Vss_core Vss_io
onds write.ckt
- .
caaence
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Differential Buffer
For Truly Differential Buffer type1:

(cont’)

Controller (through.ibs)

[ ]
IR

1 )

Because:
1. During load IBIS, you will set dgsOp and
dgsOn as TimingRef

2. dqsOp and dqgsOn refer to one same model
whose polarity is “non-inverting”

EDA tool should or already can automatically
generate two stimulus signals with 180° phase
shift

SPICE Model Circuit Block
(Netlist-based 10 Model)
Vdd_core Vdd_io

inp

out_of_in_p

Vss_core Vss_io

cadence

Differential Buffer (cont’)

For Truly Differential Buffer type2:

Controller (through.ibs)

[ ]

SPICE Model Circuit Block
(Netlist-based 10 Model)
Vdd_core Vdd_io

out_p

—

out_n

IR

1 )

Because:

1. During load IBIS, you will set dgsOp and
dgsOn as TimingRef

2. dqsOp and dqgsOn refer to one same model
whose polarity is “non-inverting”

EDA tool should or already can automatically
generate two stimulus signals with 180° phase
shift

-~
A

out_of_in

Vss_core Vss_io

cadence
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Differential Buffer (cont’)

For Pseudo Differential Buffer:

Controller (through.ibs)

[+ ]
[ -]

1 )

Because:
1. During load IBIS, you will set dgsOp and
dgsOn as TimingRef

2. dqsOp and dqgsOn refer to one same model
whose polarity is “non-inverting”

EDA tool should or already can automatically
generate two stimulus signals with 180° phase
shift

SPICE Model Circuit Block
(Netlist-based IO Model)

out_of_in_p -g-

PSR —

out_of in_n

cadence

Differential Buffer (cont’)

For Pseudo Differential Buffer:

Controller (through.ibs)

[+ ]
[[- e -]

1 )

Because:

1. During load IBIS, you will set dgsOp and
dgsOn as TimingRef

2. dqsOp and dqgsOn refer to one same model
whose polarity is “non-inverting”

EDA tool should or already can automatically
generate two stimulus signals with 180° phase
shift

SPICE Model Circuit Block
(Netlist-based 10 Model)

O
fo)
S

‘ out_of_in_p -g-

< > —

out_of in_n

cadence
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Differential Buffer (cont’)
An example with method2: 3 DQ and 1 pair of DQS

S curves (nne varaton)
Radhadt IR SR 5 N RE R
v

NI RI

A

VAVAIRYAVATAVA'IANRY
cadence
Solution flow chart New project
Get the kit embedded
in this document
Modify “through.ibs” according to your
I0’s “input” and “enable” voltage
At the node For “read
“out of in” operation”, At the 10 pad
observe the
waveform...
Just use the Modify the netlist of
kit you've 10 it tock by
(e EliGE “Voltage Controlled
Voltage source”
which is controlled
by the voltage on IO
circuit block’s PAD. cadence
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cadence

Notes

For analysis of SSN

— With the full flexibilities as using SPICE, this method allows user to do

, such as
VDD_Core/VSS_Core, VDDIO/VSSIO, VTT and VREF together at the same time.

Model modification and change of topology

— This method requires the change of topology - inserting a Spice block but the
wrapping .sp file according to the description in [External Model] is not necessary
sinceg’s ready for use in the kit - easy for re-using this kit in a new project of a
new IO.

Read Operation

— As this method requires the change of topology when building to olog?/, during the
analysis of read operation, user will need to modify the netlist of the 1O circuit
block by adding some “Voltage Controlled Voltage source” which is controlled by
the voltage on IO circuit block’s PAD.

Differential Buffer

— This method can use the same kit without additional modification for both single-
end and differential buffer, no matter it’s truly or pseudo.

cadence
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\

AGENDA

> IBIS & Statistical analysis

> DOE as a statistical methodology

> Practical DDR3/DDR4 Topology problem solved by DOE

> How can we extend IBIS to support confidence interval analysis.

> Suggestion to enhance IBIS typ, min, max corners with distribution data.
> Conclusion

DOE&IBIS | Ericsson Presentation | Asian IBIS Summits | October 2015 | Page 2 (14)
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\\\

IBIS & STATISTICAL ANALYSIS

> IBIS based Sl analysis uses:
- Behavioral buffer models. typ, min, max (BC/WC)
—Trace modeling of topology BC/WC
- Via modeling BC/WC
> Best Case / Worst case analysis assumes:
—100% confidence interval. Every produced individual works.
> Statistical S| analysis predicts:
— Defects at a given confidence interval.
- Help manage overdesign and possible BC/WC failures.

. 214%
W +lo 420 43
DOE&IBIS | Ericsson Presentation | Asian IBIS Summits | October 2015 | Page 3 (14) Value of X

-
DOE AS A STATISTICAL METHODOLOGY >

> DOE Design Of Experiments will fit a model to our solutions space
(often used is a RSM Response Surface Model)
> Uses much fewer simulation than sweep analysis or Monte Carlo
analysis.
> Catches cross term interaction missed by OFAT analysis.
— (OFAT, One Factor At a Time)

> RSM used to predict the fitted part of the solutions space and to give
Confidence Intervals for the predicted respons.

DOE&IBIS | Ericsson Presentation | Asian IBIS Summits | October 2015 | Page 4 (14)

Page 40 of 98




Asian IBIS Summit 2015 Taipei, ROC

PRACTICAL DDR TOPOLOGY PROBLEM SOLVED BY DOE

\\\

> Problem of ringing in a high speed DDR3/DDR4
address/command/control bus in memory down solutions with thick
PCB’s >1mm.

> Find an optimal topology that solves the problem with a given
confidence e.g. 95%

DOE&IBIS | Ericsson Presentation | Asian IBIS Summits | October 2015 | Page 5 (14)

\

PRACTICAL DDR TOPOLOGY PROBLEM SOLVED BY DOE

> DDR3/DDR4 address/command/control bus topology
- Flyby? Daisy-chain. > Reflection
—Thick PCB’s >1mm. > Ringback

DOE&IBIS | Ericsson Presentation | Asian IBIS Summits | October 2015 | Page 6 (14)
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\\\

PRACTICAL DDR TOPOLOGY PROBLEM SOLVED BY DOE

Length of lead Tline 0iLength TLead 2.25inch [ B3inch |  Design |
Length of second load Tline 03Length Tload2 | Continuous | 0.4inch [ 07inch | finch |  Design |
Length of forth load Tline 05Length Tload4 | Continuous | 0.4inch [ 07inch | finch |  Design |

Length of memory fanout Tline | 07Length_TBreakin 0.02 inch 0.04inch 0.06inch |  Design |
Driver impedance of controller 09Z Controller | Categorical | 34ohm | 400ohm [ 480ohm [  Design |

e | Lo Lo L L | o
Impedance of lead Tline 11Z TlLead Categorical 50 ohm Manufacturing
termination resistor 13Z_TRterm Categorical 50 ohm Manufacturing
buffer 15C_MemorylO Categorical 4 Manufacturing

Packaging resistance of memo 17R_Pkg 0.050hm | 0.525 ohm

19C_Pkg Continuous 0.2pF 0.5pF 0.8pF Manufacturing

Packaging capacitance of memory|

DOE&IBIS | Ericsson Presentation | Asian IBIS Summits | October 2015 | Page 7 (14)

PRACTICAL DDR TOPOLOGY PROBLEM SOLVED BY DOE

\

> Prediction Profiler

- preicton Profir

8RR R

rcomaun s siznwo sznos sz s sscamno

- Confidence interval ------ > Quality

- Slope ------ > Influence /Importance

- Vertical red line ------ > “What if ” analysis & Interactions
- Desirability function ------ > Optimization

DOE&IBIS | Ericsson Presentation | Asian IBIS Summits | October 2015 | Page 8 (14)
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>
PRACTICAL DDR TOPOLOGY PROBLEM SOLVED BY DOE >
> DOE Optimization

DOE&IBIS | Ericsson Presentation | Asian IBIS Summits | October 2015 | Page 9 (14)

PRACTICAL DDR TOPOLOGY PROBLEM SOLVED BY DOE

\

> DPM (Defects per Million)

- Equation Simulator to evaluate the response equation at millions of conditions.

“é%‘i:

0150, .
2o 1
i

0 2 E 3 5 4 L7403 0.43902
LENGTHTLE  LENGTHTLOY

s J
_ENGTH.TRTE SOSLAYERVA $IZTLEAD S$IZTLOAD $137TRTERM 14ZTBREAKI SCMEMORY _$URPKS _ $16LPKS _$19CPKG

Random__~) (Random v Random = [Randor.___= [Fandom___~ [Random.___+ [Random.___~ [ Random__Rondom v [Random v [Random = [Fandom =]
;n[,u”u“u;TJTHTHTH;D[‘,:\“UE\DDDD|
(Uniform__ <] Unifarm_ [Uniferm__v [Uniform = | Normaltrur_ | Nermal rur | Normal . | Normalwur.» [ unifrm [ Uniform_ [Uniforn_= [Uniform =]
Lower| 25| Lower| 0| Lower| 006 Lowsr| 3| Mean| 42| Mean| 58| Mean| 42 55| Lowsr| 2 Lowsr| 005 Lower| 05 Lowr| 02
Upper| 265 Upper| 08 Upper| 1| Upper| 75D 050 00 ey 00| Upper| 6 Uppar| 1 Upper| 3 Upper|_ 08
Lower| 40 Lower| 56| Lower| 40 Lowr| 5
Upper| 44 Upper| 60 Upper| 44| Upper| 0
/= Distributions
4~ Ringback Margin
5 | | “Quantiles 4= Summary Statistics |4 = Capability Analysis
1000% masimum 026914 Mean 0190007 Specification  Value Portion % Actual
ws 02305 SdDev 0006414 LowsrSpeclimit 0 Belowls 00000
5% 022616 SdErMen  L7641e5  SpecTorget A w0000
% 021860 Upper $5%Meon 0.1929233  Upper SpecLimit 0525 Total Outside 00000
TS%  quatle 020694 LowerdSMean DINESHL 4 »
S e 500%  median 019067 N 1000000 ECogiTe . Soma =
0004 01 016 022 028 034 0.4 046 052 0% quartle 07843 Capabilty  Index Lower CI. Upper CI
% e 560 387
2% 016462 <P a5 360
0% 015013 Mok oM
00%  minimum 014268 o 3645 364 3650
o T cu s G e
_ Sigma
0 02 04 06 Portion Percent PPM Quality
Sigma = 001764 BelowlSL o000 00000
AboveUSL 00000 0000

Total Outside 00000 0.0000
DOE&IBIS | Ericsson Presentation | Asian IBIS Summits | October 2015 | Page 10 (14)
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HOW CAN WE EXTEND IBIS TO SUPPORT CONFIDENCE
INTERVAL ANALYSIS.

\\\

> IBIS currently and traditionally uses a typ, min, max parameter
definition.

> This is based on a Best/Worst case scenario analysis. E.g. 100%
confidence.

> Best/Worst case analysis has served us well during the years and still
does in some cases, however more and more cases will not reach
design closure using Best/Worst case analysis.

> When it does not reach design closure how will we know how many of

our produced units will fail ????
=

__IB1s

Min Typ tan

DOE&IBIS | Ericsson Presentation | Asian IBIS Summits | October 2015 | Page 11 (14)

ADD AN OPTION TO IBIS TYP, MIN, MAX CORNERS TO USE
DISTRIBUTION DATA AS A PARAMETER DEFINITION.

\

> If we add an option to IBIS to support distribution data for parameters
as an average/mean and a variation/sigma.

> If we feel we can not assume a standard distribution we could even add
support for other distributions.

> These parameters could be used in DOE analysis scenarios and could

help us predict confidence intervals for our products as well as DPM
(Defect Per million) predictions.

DOE&IBIS | Ericsson Presentation | Asian IBIS Summits | October 2015 | Page 12 (14)
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\\\

CONCLUSIONS.

> Our design work is moving beyond Best case, Worst case analysis.

> We need to start working on an infrastructure both in modeling and tool
support for statistical analysis.

> Many of us EE’s need to go back to our statistics books and review
statistical analysis.

> We need to secure that we can get the correct information from IC and
PCB vendors on parameter distributions.

> SI/PI statistical analysis is the next step to secure our product quality.

DOE&IBIS | Ericsson Presentatior Asian IBIS Summits | October 2015 | Page 13 (14)
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IBIS Interconnect BIRD Update

Walter Katz
Signal Integrity Software, Inc.
Asian IBIS Summit
Taipei, Taiwan
November 13, 2015

W SiSoff
\ We Are Signal Integrity

Overview

» |BIS Interconnect Task Group
* Models Represent Package and On-Die Interconnect

+ On Die, Package, Supply and Signal Interconnect can be
Combined or Kept Separate

« |BIS Interconnect Model Terminals
» Examples

- W SiSoff
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IBIS Interconnect Task Group

*  Meets Wednesdays 8AM PDT
* hitp://www.ibis.org/interconnect wip/
* Major Contributors

— Altera David Banas

— Cadence Design Systems Bradley Brim

— Intel Corp Michael Mirmak  (Chair)

— Keysight Technologies Radek Biernacki

— Mentor Graphics Arpad Muranyi

— Micron Technology Justin Butterfield, Randy Wolff
— Signal Integrity Software Walter Katz, Mike LaBonte

— Synopsys Rita Horner

— Teraspeed Labs Bob Ross

W W SiSoft

Models Represent Package and
On-Die Interconnect

» Currently IBIS supports lumped coupled RLC
models or lossless uncoupled distributed
models.

» New modeling will support broadband, coupled,
signal interconnect and power distribution
models.

« Languages Supported
- IBIS-ISS

» IBIS Interconnect SPICE Subcircuit (IBIS-ISS)
Specification, Version 1.0, October 7th 2011
http://www.ibis.org/ibis-iss_ver1.0/ibis-iss_ver1_0.pdf

— Touchstone @
* http://www.ibis.org/touchstone_ver2.0/

- W SiSoff

Page 47 of 98



Asian IBIS Summit 2015 Taipei, ROC

On Die, Package, Supply and
Signal Interconnect can be
Combined or Kept Separate

» Supports separate on-die and package
interconnect models and combined on-die and
package interconnect models

 Independent Supply and Signal Interconnect
Models

» Coupled Supply and Signal Interconnect Models

» Singled Ended and Differential Interconnect
Models

" W W SiSoft

Similar Approach for Both IBIS and EBD

IBIS (.ibs) Interconnect Model Terminals
— Pins ([Pins])

— Die Pads

— Buffers

EBD (.ebd) Interconnect Model Terminals

— A similar approach will be used to update EBD
(Electrical Board Description) or EMD (Electrical
Module Description) to support broadband, coupled
interconnect models

: W W SiSoff
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IBIS Interconnect Model Terminals

* Pins
— Pin_name (aka Pin Number)
— Signal_name (assumes signal_name pins shorted)
— Bus_label (allows sub-groups of rail signal_name pins)
» Pads (Die/Package Interface)
— Pin_name (aka Pin Number) for I/O connections
— Pad_name for rail connections
— Signal_name (assumes signal_name pads shorted)
— Bus_label (allows sub-groups of rail signal_name pads)
» Buffers
— Signal (I1/0)
— Rails
» Pin_name and (puref/pdref/pcref/gcref)
» Signal_name (assumes signal_name terminals shorted)
» Bus_label (allows sub-groups of rail buffer terminals)

W W SiSoft

Interconnect Model Terminals

» <Terminal Number> <Terminal Type> <Qualifier>
— X: /O pin_name
— Y: Supply pin_name, signal_name or bus_label
— Z: Supply pad_name

Terminal_Type pin_name signal_name bus_label pad_name
Buffer_I/0
Puref
Pdref
Pcref

Gecref
Extref
Buffer_rail Y Y
Pad_I/0 X
Pad_rail Y Y 4
Pin_I/O X
Pin_rail Y Y Y

XX |X [X|X|X

- W SiSoff
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—

Interconnect Model Examples

| IBIS-ISS Model

[Interconnect Model] DQ1
File_ TIBIS-ISS DQ.iss DQ
Param Length Value 0.1
Number_ of Terminals = 2
1 Pin_I/O pin_name
2 Buffer_I/O pin_name
[End Interconnect Model]

[Interconnect Model] Al

File TS Al.s2p
Number of Terminals = 3
1 Pin_I/O pin_name

2 Buffer_I/O pin_name
3 Pin_rail
[End Interconnect Model]

\\\ 0

signal name

Al
Al

| Touchstone File Shortcut

Al
Al
VSsSs

i SiSoff

We Are Signal Integrity

—

Full Package, All Pins to All Buffers

[Pin] signal_name model_name
Al Dol DQ

A2 DQ2 DQ

Pl VDD POWER

P2 VDD POWER

P3 VDD POWER

P4 VDD POWER

Gl Vss GND

G2 Vss GND

G3 Vss GND

G4 Vss GND
[Begin Interconnect Model]

1 Pin I/O pin_name Al
2\\Bin\rail pin_name Pl
3\\Pin\rail pin_name P2
4 Pin_rail pin_name P3
5 Pin_rail pin_name P4
6 Pin_rail pin_name Gl
7 Pin_rail pin_name G2
8 Pin_rail pin_name G3
9 Pin_rail pin_name G4
10 Pin_I/O pin_name A2
11 Puref pin_name Al
12 Buffer_I/O pin_name Al
13 Pdref pin_name Al
14 Puref pin_name A2
15 Buffer_I/O pin_name A2
16 Pdref pin_name A2

[End Interconnect Model]

Buffer
PU(A1)

A1l

PD(A1)
PU

(A2)
A2

PD(A2)

Pin

11
12
13

14
15
16

—_

—e
B P1
3 P2
& P3
P4
/3 G
/G2
[ G3
G4
B A2

O O©W O ~NO O~ W —

.subckt AllPinsAllBuffers 1 2 3 45 6 7 8 9 10 11 12 13 14 15 16

N\

i SiSoff

We Are Signal Integrity
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Full Package, All VDD and VSS Pins Shorted
All Buffer Rail Connections Shorted on Die

Buffer Pin
[Pin] i 1, del_:
Alln ;ét{na name IS; e name PU(A1 )
a2 po2 DQ 1 3 A1
Pl VDD POWER \\\\\\
P2 VDD POWER
P3 VDD POWER A1 > 2 D P1
P4 VDD POWER
Gl vss GND / I P2
G2 Vss GND
G3 Vss GND : P3
G4 vss GND PD(A1} B P4
AN PU(A2)
[Pin Maj ng] lldown_ref llup_ref
Bu:_labggisggng‘{_nam: putiup 3 D A2
Al vss VDD
A2 vss VDD 4 D G1
A2 G2
[Begin Interconnect Model]
1 Pin 1/0 i a1 G3
in in_name
Pin_rail I:;ig;alfname VDD PD(A2) D G4
Pin I/O pin_name A2

1

2

3

4 Pin_rail
5 Buffer_ I/O
6

7

8

[

Buffer rail
Buffer rail

Buffer I/0

signal_name
pin_name
signal name
signal_name
pin_name

End Interconnect Model]

\u

vss
Al

Vvss

.subckt AllPinsRailsShorted 1 2 3 4 5 6 7 8

i SiSoff

We Are Signal Integrity

Crosstalk Model, Signal 1/0O Only

Buffer Pin

[Pin] signal name model name
Al DQ1 DQ
a  bez 3 Ua1) = P
Pl VDD POWER
P2 VDD POWER
Pi VDD POWER A1 > I_' P2
P VDD POWER
Gl vss GND : PS
G2 vss GND
G3 vss GND PD(A1 ) : P4
G4 vss GND

1 [ Al
[Pin Mapping] pulldown_ref pullup_ref
Bus_label signal_name PU(AZ) 2 : A2
Al Vvss VDD
A2 vss VDD : G1

[ G2

[Begin Interconnect Model] G
BN \ m G3
1 P:Ln_I;O pin_name Al G4
2 Pin_I/O Pin_name A2 I |
3 Buffer I/O pin_name Al PD(AZ)
4 Buffer I/O pin_name A2

[End Interconnect Model]

!

\12

.subckt XtalkNoRail 1 2 3 4

i SiSoff

We Are Signal Integrity
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—

Crosstalk Model, Signal I/O Only,
Touchstone Model

[Pin] signal_name
Al DOl
A2 DO2
Pl VDD
P2 VDD
P3 VDD
P4 VDD
Gl Vss
G2 Vss
G3 Vss
G4 vss

model_name

[Pin Mapping] pulldown_ref pullup_ref
Bus_label signal_ name

Al vss VDD
A2 vss VDD
[Begin Interconnect Model]
File TS xyz.s4p

1 Pin_I/O pin_name Al

2 Pin_I/O pin_name A2
3 Buffer I/O pin_name Al
4 Buffer I/O pin_name A2
5 Pin_rail signal_name VSS
[End Interconnect Model]

\13

Buffer Pin
PU(A1) iy
A>3 '—'ig
— )
PD(A1) 1| mmA1
PU(A2) 2 A2
Gt
4 5 /G2
OGS
PD(A2) 0G4

.subckt XtalkNoRail s4p 1 2 3 4

i SiSoff

We Are Signal Integrity

—

DQ1 Pin to Buffer

[Pin] signal name model name
1 DQ1 DQ
A2 DQ2 DQ
Pl VDD POWER
P2 VDD POWER
P3 VDD POWER
P4 VDD POWER
Gl Vss GND
G2 vss GND
G3 vss GND
G4 Vvss GND

[Pin Mapping] pulldown_ref pullup_ref
Bus_label signal_name

Al vss VDD
A2 vss VDD
[Begin Interconnect Model]

1 Pin_I/O pin_name Al
2 Buffer I/O pin_name Al

[End Interconnect Model]

\14

Buffer Pin
U(A1) m=p
p2
AL 2 mps
P4
PD(A1) 1| A
PU(A2) A2
Gt
G2
EmG3
PD(A2) G4

.subckt DQlPin2Buffer 1 2

i SiSoff

We Are Signal Integrity
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—

DQ1 Pin to Pad, DQ1 Pad to Buffer

i ; Buffer Pad Pin

[Pin] signal_name model_name
Al DQL DQ PU ( A1 )
A2 DQ2 Do
Pl VDD POWER D P1
P2 VDD POWER
P3 VDD POWER A = P2
P2 VDD POWER 1 >>—12 1| -2 m p3
Gl Vss GND A1
G2 Vss GND
G3 vss GND PD(AT) I P4
G4 vss GND

1 T A1
[Pin Mapping] pulldown_ref pullup_ref
Bus_labgll:.’_sggngl_name P P PU(AZ) D A2
Al vss VDD H |
A2 vss VDD G1

03 G2

[Begin Interconnect Model] : GS
1 Pin_I/0 in_name Al
2 Pad_I/0 ginfname Al : G4
[End Interconnect Model] PD(AZ)

.subckt DQ1Pin2Pad 1 2

.[Begln Interconnect Model] .subckt DQlPad2Buffer 1 2

1 Pad_I/O pin_name Al . . X
2 Buffer I/O pin_name Al XPinPad PinAl PadAl DQ1lPin2Pad
[End Interconnect Model] XPadBuf PadAl BufAl DQlPad2Buffer

L W SiSoff

—

VDD Pad by signal_name

[Pin] signal_name model_name

Al Dol DQ A

A2 DO2 Do Buffer Pad Pin

Pl VDD POWER

P2 VDD POWER

3 v Sowes PU(AT) = P
P4 VDD POWER

Gl vss GND VDD1 P2
G2 Vss GND

G3 vss GND AT>> o 1 & P3
G4 Vss GND

[Pin Mapping] pulldown_ref pullup_ref PD A1 VDD2 2 : P4
Bus_label signal_name
A vop (A1) 2| == I Al
A2 vss VDD PU(AZ) 1 VDD3 D A2
[Die Supply Pads] signal_name bus_label

vDD1 VDD VvDDa \ (| Gl
VDD2 VDD VDDa

vDD3 VDD VDDb A2 m G2
[End Die Supply Pads] GS
[Begin Interconnect Model] : G4
1 Pin_rail signal name VDD PD(AZ) :

2 Pad _rail signal_name VDD

[End Interconnect Model] subckt VDDPin2Pad sn 1 2

. su 1 A

.EBng.n Interconnect Model] .subckt VDDBuf2Pad sn 1 2

2 adam N XPinPad VDDPin VDDPad VDDPin2Pad_sn

[End Interconnect Model] XBufPad VDDPad VDDBuf VDDBuf2Pad_sn

\ - 15 Sisof
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—

VDD Pad by pad_name

[Pin] signal name model name
Al DQL DQ

A2 DQ2 DQ

Pl VDD POWER
P2 VDD POWER
P3 VDD POWER
P4 VDD POWER
Gl vss GND
G2 vss GND
G3 Vss GND
G4 vss GND

[Pin Mapping] pulldown_ref pullup_ref
Bus_label signal_name

Al Vss VDD
A2 vss VDD
[Die Supply Pads] signal name bus_label
VDD1 VDD VDDa
VDD2 VDD VDDa
VDD3 VDD VDDb
[End Die Supply Pads]

[Begin Interconnect Model]

1 Pin_rail signal_ name VDD
2 Pad_rail pad_name VDD1
3 Pad_rail pad_name VDD2
4 Pad_rail pad_name VDD3
[End Interconnect Model]

[Begin Interconnect Model]

1 Buffer rail signal_ name VDD
2 Pad _rail pad_name VvDD1
3 Pad_rail pad_name VDD2
4 Pad_rail pad_name vDD3

[End Interconnect Model]

\17

Buffer Pad Pin
PU(A1) = pf
\ VDD1 : P2
Al > 2 L 2 1 | P3
/ VDD2 0 P4
PD(A1) 3 () 3 A1
PU(A2) 1 VDD3 3 A2
4L omme{4 B G1
A2 G2
(N CK
PD(A2) G4

.subckt VDDPin2Pad 1 2 3 4
.subckt VDDBuf2Pad 1 2 3 4

XPinPad VDDPin VDD1 VDD2 VDD3 VDDPin2Pad
XBufPad VDDBuf VDDl VDD2 VDD3 VDDBuf2Pad

i SiSoff

We Are Signal Integrity

—

VDD Pad by bus_label

[Pin] signal name model name
Al Dol DQ
A2 DO2 DO
Pl VDD POWER
P2 VDD POWER
P3 VDD POWER
P4 VDD POWER
Gl Vss GND
G2 vss GND
G3 Vss GND
G4 vss GND

[Pin Mapping] pulldown_ref pullup_ ref
Bus_label signal name

Al Vss VDD

A2 vss VDD
[Die Supply Pads] signal name bus_label
VDD1 VDD VDDa
VDD2 VDD VDDa
VvDD3 VDD VDDb
[End Die Supply Pads]

[Begin Interconnect Model]

1 Pin_rail signal name VDD

2 Pad_rail bus_label VDDa
3 Pad_rail bus_label VDDb
[End Interconnect Model]

[Begin Interconnect Model]

1 Buffer rail signal name VDD

1 Pin_rail signal_ name VDD

2 Pad_rail bus_label VDDa
3 Pad_rail bus_label VDDb

[End Interconnect Model]

\13

Buffer Pad Pin
PU(A1) i
VvDD1 o p2
VDD2 I P4
PD(AT1) n = A1
PU(A2) 1 vDD3 [ A2
\ 3| emmme|3 G
A2 /G2
/ mm G3
PD(A2) mm G4

.subckt VDDPin2Pad bl 1 2 3
.subckt VDDBuf2Pad bl 1 2 3

XPinPad VDDPin VDDa VDDb VDDPin2Pad_ bl
XBufPad VDDBuf VDDa VDDb VDDBuf2Pad bl

i SiSoff

We Are Signal Integrity
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Thank You

IBIS Interconnect Task Group
http://ibis.org/interconnect wip/

W SiSoff

We Are Signal Integrity
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PAM4 System Simulation using AMI models

Fangyi RAO
Asian IBIS Summit
Taipei, Taiwan
November 13, 2015
Presented by Ming-Chih LIN

KEYSIGHT

TECHNOLOGIES

Agenda

— Overview of PAM4
— Challenges in PAM-4 Link Designs

— Solutions for Simulating PAM-4 Links with IBIS-AMI Models

AA, KEYSIGHT ) )
TECHNOLOGIES © Copyright 2015, Keysight Technologies
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Enabling the next step in link data rate

* 56 Gb/s lane data rate will be the principle enabler for 400GbE

= Two contenders for implementing 56Gb/s lane data rate:

* 56G NRZ
+ + No new science — linear evolution from 25/28G lanes
« - Difficult to manage channel loss & channel reflections

+ 28 Gbaud PAM-4
* + Channel loss problems worked out with 28 Gb/s NRZ
* - 30% chip real estate, 35+% more power
* - Lose 9.6 dB usable SNR
+ - Lots of new challenges — little experience to draw from

+ Both signaling technologies will be utilized to enable 400GbE

KEYSIGHT

TECHNOLOGIES

NRZ (Non-Return-to-Zero) VS. PAM (Pulse Amplitude Modulation)

NRZ (PAM-2) PAM-4

« 2 amplitude levels « 4 amplitude levels
« 1 bit of information in every symbol « 2 bits of information in every symbol
+ 56 Gbaud for 56 Gb/s v 2x throughput for the same Baud rate
v' 28 Gbaud for 56 Gb/s, half of the loss in dB
« Lower SNR, more susceptible to jitter & noise
« More complex TX/RX design, higher cost
KEYSIGHT ‘

TECHNOLOGIES © Copyright 2015, Keysight Technologies

Page 4
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Moving from NRZ to PAM-4
Revolutionary — not Evolutionary

= Jump from 10G NRZ to 25G introduced many new concepts....

« Still a linear transition (more or less)

= Multi-Level signaling changes all the rules — in place for 50+ years!

+ Saturating to linear output stages

» More complex (and precise) level threshold detection for inputs

« Finite rise time creates inherent S|

. i 2 —

How to implement clock recovery” ’ \?( .Y(’ =

» How will DFE need to change? ,‘:}, ‘.;‘ :,‘ ‘.;" =
> >

: R PR NI

KEYSIGHT

TECHNOLOGIES

~— - ~— - ~~
- .

Agenda

— Overview of PAM4

»
| ’

— Challenges in PAM-4 Link Designs

— Solutions for Simulating PAM-4 Links with IBIS-AMI Models

KEYS' G HT © Copyright 2015, Keysight Technologies 6

TECHNOLOGIES
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Implementing PAM-4 links = “New Science”

» Inherent ISI requires receivers to be less susceptible to pattern dependent jitter

normalized amplitude

o o
5 o

|

|

|

|

|

|

|

|

normalized amplitude

02 % _

0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1
normalized rise/fall time normalized rise/fall time

------——- decision threshold
Amount of switching jitter

KEYSIGHT

TECHNOLOGIES

Implementing PAM-4 links = “New Science” (2)

= Some of the other challenges learned so far include...
« Eye time skew from linear drive of VCSELs
» Upper eyes arrive sooner than lower transitions
» Each eye needs to be sampled with independent delay

KEYSIGHT

TECHNOLOGIES
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Challenges shifting from NRZ to PAM

PAM-4 is one of the enablers of 56 G lane rate supporting 400G links

Multi-level signaling changes all the rules that have in place for 50+ years!
Saturating to linear output stages
More complex (and precise) level threshold detection for inputs
Finite rise time creates inherent I1SI
How to implement clock recovery?
How will DFE need to change?

|0 — 3 crossing | |0 — 2 crossing |

—I—
o ‘-.,,A .\\,‘-

~ 4,9
0 1..0,‘ T

' 2 "" oSN
_
KEYSIGHT

TECHNOLOGIES ‘

Page 9

Other impairments that challenge PAM-4 receivers

* Non-linearity - Amplitude compression in lower eyes
* Non uniform effective SNR across individual eyes

= Receivers sensitive to additional artifacts beyond “traditional” jitter types in NRZ
« Still learning what impairments cause problems
* New measurements WILL be defined for Tx Outputs
* New stress types WILL be defined for Rx Input testing

KEYSIGHT

TECHNOLOGIES
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Challenges in PAM-4 SerDes Design

— Nonlinearity between levels due to saturation

— CDR

— Upper and lower eye slicer reference level tuning

— Timing skews between three slicers for optimal sampling

— Analog based architecture vs ADC based architecture

Challenges in PAM-4 Link Simulation

— How to capture PAM-4 SerDes behaviors

— How to measure PAM-4 eyes (three stacking eyes vs single eye in NRZ)

KEYSIGHT

TECHNOLOGIES © Copyright 2015, Keysight Technologies ‘

Page 11

Agenda

— Overview of PAM4
— Challenges in PAM-4 Link Designs

— Solutions for Simulating PAM-4 Links with IBIS-AMI Models

KEYSIGHT

TECHNOLOGIES © Copyright 2015, Keysight Technologies 12
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AMI Simulation Flow for NRZ

— \J
T R
DLJ'SO -DLL;('so N ‘ I I 1 I

FFE Backplane AGC clock times
Board CTLE/FFE
Cable DFE
Connector CDR
Via

Package

simulated by vendor supplied
AMI model DLL

- simulated by EDA tool

KEYSIGHT |
© Copyright 2015, Keysight Technologies

TECHNOLOGIES

Page 13

IBIS-AMI Based PAM-4 Link Simulation

— AMI successfully brings SerDes vendors’ models and EDA tools together

— Interoperability: AMI defines a common interface between SerDes model and
channel simulator

— IP protection: SerDes behavior is concealed in model DLL/shared object

— Superior simulation speed

— AMI has been widely adopted by IC, system and EDA companies

’ﬁ]§ http://www.ibis.org/

KEYSIGHT |
© Copyright 2015, Keysight Technologies

TECHNOLOGIES

Page 14
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AMI Modeling for PAM4 Signaling: Tx

— For NRZ, input stimulus to Tx DLL has two levels (0.5 and -0.5V),
representing 1 and 0 bits

— For PAM4, input to Tx DLL has four levels (0.5, 0.5/3, -0.5/3 and -0.5V),
representing symbols 0, 1,2 and 3

— Tx DLL/.so interface is unchanged for PAM4

KEYSIGHT

TECHNOLOGIES © Copyright 2015, Keysight Technologies Page 15

Tx AMI Reserved Parameters

Modulation
— String. Allowed values are “NRZ” and “PAM4”

— Optional. Default is “NRZ”

PAM4_Mapping
— String of four non-repeated integers 0, 1, 2 and 3 (e.g. “0123”)

— Bit pairs 00, 01, 10 and 11 map to symbol levels specified by 1st, 2nd, 3rd
and 4t integers, respectively

— Optional. Default is “0132” (Gray coding)

KEYSIGHT

TECHNOLOGIES © Copyright 2015, Keysight Technologies Page 16
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AMI Modeling for PAM4 Signaling: Rx

— PAM4 Rx symbol decision relies on three slicers

Slicer thresholds can be adjusted adaptively and can vary with time

Sampling time skew can be applied independently to each slicer for optimal result and
can vary with time

Rx model should provide transient slicer threshold and timing skew information

Upper threshold V,

Center threshold V¢

Lower threshold V.

Sampling phase

KEYSIGHT ‘

TECHNOLOGIES © Copyright 2015, Keysight Technologies

Page 17

Rx AMI Reserved Parameters

PAM4_UpperThreshold, PAM4_CenterThreshold, PAM4_LowerThreshold
— Float. Upper, center and lower slicer thresholds
— Optional. If not provided by models, EDA tools have to guess their values

for SER calculations

PAM4_UpperEyeOffset, PAM4_CenterEyeOffset, PAM4_LowerEyeOffset

— Float. Upper, center and lower slicer sample time offsets relative to clock
times

— Optional. Default is 0

Rx model can update values of these parameters in AMI_Init and
AMI_GetWave and return them through the AMI_parameters_out string
argument

KEYSIGHT ‘

TECHNOLOGIES © Copyright 2015, Keysight Technologies

Page 18
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AMI Simulation Flow for PAM4

Tx Rx |
T DLL/.so DLL/.so M.
clock times

4-level stimulus FFE Backplane AGC v 8ty
Board CTLE/FFE v e
Cable DFE Vi — &
Connector CDR -
Via
Package l
simulated by vendor supplied > ] 1 % o
AMI model DLL | |
- simulated by EDA tool Vu, Ve, Vi upper, center and lower eye thresholds
3ty, Stc, 8t : upper, center and lower eye sample time offsets

Page 19

KEYSIGHT |
© Copyright 2015, Keysight Technologies

TECHNOLOGIES

Symbol Error Rate (SER) Measurement

— Measure bathtubs and SER contours individually for each of the three stacking eyes
— Horizontal eye center is placed at clock time + offset to capture CDR behavior and skew

— Vertical eye center is placed at threshold V/ V/ V, to capture slicer level fluctuation

Logic high Logic low
traces traces

Uppereye | vs(t) —=Vy () | vo(®) = Vy(®)

Centereye | v,(t) — Ve (t) vy (t) = Ve (t)

Lower eye v () =V (t) vo(t) =V, (t)

(Vo) V4, Vo and v, are waveforms of expected
0, 1, 2 and 3 symbols, respectively)

KEYSIGHT |
© Copyright 2015, Keysight Technologies Page 20

TECHNOLOGIES
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SER Measurements

in Eye Probe

A set of bathtub, contour, HeightAtBER and WidthAtBER are calculated individually for

each of the three eyes if selected

<Dataset>
{
<Eye probe measurement tab> Plot Type | Plot options | Plot Tite |
I ===
H & ® 5 &
Available Selected Datasets and Equations Traces
CrossingLevel
Waveform cell_L - Trace Options. ..
LevelMean WidthAtBER — -
Levell Bathtub [Search [tist I E:Cjiimm —» lower eyp
JitterRMS >> Add >> Contour BERL Eye_Probel time
RiseTime . BER2 Eye_Probel BER Feaidize ::g:zﬁ:é:; —» center eye
Height mack MOVELCS BER2 Eye_Probel time A
- ~* veverofp
Width BERContourl WidthAtBER2
CheckMaskViolation =l HERContaura ~= Delete <= | [TimingBathtubo
BERHeighttist0 Eye_Probel TimingBathtubL
Add Al Remove All BERHeightList0 Eye_Probel  ———————— | vincaoinno
ST [V
BERHeightlist2 Eye_Probel
BERHeightlist2 Eye_Frobel (|| Managen, || enaeaatniub2
i — Ll_l BERContourl.
BERContour
[ Enterany Equation || 5> add>=>
<SER>
o
e
010 ’//
0053
000
P
-010-]
o T T T T T AT
k] 34 3 36 3 3 1000 2000 3000 40, 5000 8000 )
time, psec time,
Keromani e peee
TECHNOLOGIES © Copyright 2015, Keysight Technologies Page 21
PAM4 System Simulation using AMI models
[/ ChannelSim I .
L LY. — EyeDiff_Probe
ChannelSim C E EyeDiff_Probe1
ChannelSim1 C3 ¥
NumberOfBits=10000 —~ C=1.2pF |,
Mode=Bit-by-bit i l Eye_Probe
~ % 4+ .,{ o \ T Eye_Probe1
=
Tx AMI> L R AMI>
e ,./ 4.//
= C | I | =g
Tx_AMI c2 L2 Rx_AMI
Tx_AMI1 ~~ C=1.2pF Rx_AMI2
IbisFile="Tx_PAM.ibs" IbisFile="PAM4_Rx.ibs"
TECHNOLOGIES © Copyright 2015, Keysight Technologies ‘ Page 22
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PAM4 System Simulation using AMI models

Tx Output

Rx Output

Eye_Probe1 Density

tme, psec

1 ] [T
_ oo HHH HEH ” | u!lsj Ll Eilr I
b 1111 T P TIRTT E AT (TR
S oms [l i 14 § oxas byl i I l‘rl-,-| A
. 1] (i | Z o It 14111 It !
& o AR A1 LA L gt LR PRCR MR LR
& o] | 1§ g s UE .
e 11081 | WA e T W
Fl A AL | ,
o0 1002 1004 \J»‘ 1010 vo‘oa 10‘02 1.004 vjm
time, usec lime, usec
KEYSIGHT
TECHNOLOGIES © Copyright 2015, Keysight Technologies Page 23
KEYSIGHT
© Copyright 2015, Keysight Technologies Page 24
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Some Results for General K-table
Extraction Proposal Using SPICE

Bob Ross, Teraspeed Labs
bob@teraspeedlabs.com
Xuefeng Chen, Synopsys

xfchen@synospsys.com

Asian IBIS Summit
Taipei, Taiwan
November 13, 2015

(From material originally presented January 30, 2015,
— this presentation given Oct. 28, 2015, & Nov. 9, 2015)
SYNopsys
Sificon to Software [ ]

o N Copyright 2015 Teraspeed Labs 1

Updated Material

* More derivation detail: January 30, 2015, “General
K-Table Exiraction Proposal Using SPICE”
o hitp://www.ibis.org/summits/jan15/ross2.pdf
o Contains Summit references
+ Some results and other observations here
* Purpose - Use SPICE for PROTOTYPING IBIS extraction
algorithms (with general C_comp, on-die, package
structures and fixture loads)

L ee——
LN/ \ : > Copyright 2015 Teraspeed Lalbs Silicon to Software’ @2
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Overview

* Fixed C_comp to local GND for extraction

* Detailed C_comp model from S-parameters or IBIS-

ISS allowed

 |IBIS Interconnect BIRD proposal adds on-die and

package models

» SPICE-based extraction proposal supports total path

measurement with more detailed C_comp/on-

die/package structures
+ Limitations exist

o ee——
° m Copyright 2015 Teraspeed Lalbs
Teraspeed Labs

SYNopsys

3

Standard IBIS Model

[Pullup [Power Clamp Fixed

L Reference]] Reference] Cli‘imps
an
[Pullup] i i [Power C-comp
Clamp]

Die

Rise & Fall T I

Transitions I

Clamp]
[Pulldown]

C_comp

']

[Pulldown| [Gnd Clamp GND
Reference]] Reference]

e 1 A b

Package

L_pin R_pi
—pin R pin

Copyright 2015 Teraspeed Lalbs

SYTOESES

4
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Generalized V-T Extraction Load
(with L/R/C_dut)

i i Vdieft) Vwaveform(t)

Ku(t)*Tu(V) Ipc(V)

L_dut R_dut | L_fixture R_fixture
}{V(o\ T ldie) v v
I(t)= J_ I V_fixture

Kd(t)*1d(V) Ige(V) C_comp C_dut IC_fixture
T | |
GND GND GND

Calculate V(t) and I(t)
from load information

o ee——
.E :gz SYNOPSYS”
4 L Copyright 2015 Teraspeed Labs Silicon to Sefai ]

Direct V(t), I(t) Solution

+ Xuefeng Chen, Asian IBIS Summit (China),
September 11, 2007: V(t), I(t) exiracted directly for
L/R/C/V_fixture by applying i=C*dv(t)/dt and
v=L*di(t)/dt

+ Extension can include L/R/C_dut (where L/R/C_dut
replaces the L/R/C_pin values for the measured pin)

« Ku(t) and Kd(t) tables extracted using the 2-
equations/2-unknowns (2EQ/2UK) method (later)

L ee——
° > Copyright 2015 Teraspeed Labs Sittcon 4o Solteat
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Indirect Feedback Solution Next

» Avoids encoding equations for complex structures

» Calculates K-tables with high-gain (e.g., 1E7)
feedback loop multiplier
o Kur(t), Kdr(t) from two rising V-T waveforms and fixtures
o Kuf(t), Kdf(t) from two falling V-T waveforms and fixtures
» Calculated and specified responses converge
» Requires vendor-specific SPICEs (versus IBIS-ISS)

o Tables
o Feedback loop issues with tables

SYNopsys

7

o ee——
° m Copyright 2015 Teraspeed Lalbs

Partial SPICE Circuit Showing
2EQ/2UK K-Table Extraction

* FEEDBACK TABLE ADJUSTMENT . .ivniiiiiinennennenneennenns BE
GDET NDET GND CUR=' (I (VDNZ)*I(VUP1)-I(VDNL)*I (VUP2) )/'
VDET NDET GND O

*

CGKUR NKU GN\D
+ QUR=" (&ZIN2) —V (PINZD *T (VDN ) -<Z{INL) — (PINLP) *I (VDN2) ) /T (VDET) '

VKUR NKU @D 0
* Kur

GKDR NKD GN\D

+ OUR=" («ZINT) V(PINID) *I (VUP2) - ¢Z(IN2) ~V (PINZI *I (VUPL) ) / (VLET) '
\:KDR NKD GND O
11(6) = Ku(®)*lu(V, (1) + Kd(t)*Id(V/ (1))

l,(t) = Ku(t)*lu(V,(t)) + Kd(t)*Id(V,(t))
N N SYNOPSYs”

Copyright 2015 Teraspeed Labs

8
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SPICE Encoding

* |-V tables: G elements (VCCS)
» V-Ttables: PWL voltage sources
+ Voltage rails: Entered
» SPICE interpolation
o Allows higher resolution time steps in V-T tables
o Interpolates G table currents
* |-V and V-T tables extended from final values
+ Convergence criteria adjustable
» K-tables printed for Kur(t), Kdr(t); Kuf(t), Kdf(t)
» Simulation done with K-table drivers:

o G elements for K-tables
o Scaled controlled ramp (1V/nS)

o_Step stimuli(0to 1, 1 to 0)

=8 et
° W Copyright 2015 Teraspeed Lalbs Siticon to Software’ @9

Part of SPICE Encoded
IBIS Prototype for Simulation

* HIGH SIDE

XUP OUT1 VCC NUl PULLUP

VUP NU1  vCC O

GUP OUT1 VCC CUR='-I(VUP)7](I(VKUR)*I (VON)|HI (VKUF)* (1-I (VON))|)"
XPC OUT1 VCC HOWER_CLAMP

3

* LOW SIDE |KU1‘, Kdr I |Kuf, Kdf |

XDN OUT1 GRD ND1 HULTDOWN

VDN ND1  GRD O

GDN OUT1 GRD CUR='-I(VDN)1{(I(VKDR)*I (VON)|+I (VKDF)* (1-I (VON))|)"

XGC OUT1 GNDC GND_CTEMP T /
*

* C_COMP AND DUT PACKAGE o
= Table switching control

XCAP  OUTL GRD C_coMp
XPKG ~ OUT1 GRD PIN1 PACKAGE
*

* LOAD

TLOAD PIN1 GRD PINS GRD z0=50 TD=1N <€— Enter simulation load
RLOAD PIN9 GND 50G

* VOLTAGE CONTROL (AMPLITUDE (0 TO 1), PULSE WIDTH & PERIOD)
VPULSE STEP GRD O PULSE (1 0 OP 1P 1P 5N 10N)

m Ideal Step Stimlne SYNoPsys'

R Silicon to Software e10
Copyright 2015 Teraspeed Labs
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General Proposed Single-ended
C_comp Subckt Model

A_puref | | A_pcref

C_comp Subckt with

C_comp_I —— .
series component

—— A_signal

A_pdref | | A_gcref

* (Notation and details under development)
« C_comp_l: If needed for series path
o Resistance needs to be de-embedded from |-V tables
» A_signal: Output
e Extend model for differential connections

.E z SYNopPsys
° W Copyright 2015 Teraspeed Lalbs Siticon to Software” @11

SPICE Extraction of V(t), I(t) Setup
and C_comp A_signal Node

v, 1) ‘l'

C_comp On-die Package L/R/C/V
Vsense
=0V

Subckt Subckt Subckt Fixture
PU, PD V(t) node and I(t) are
calculated using an ideal high 7
gain (e.g., K=1e7) amplifier

O

V-T

el
AN

V-T table (originally extracted at
the Fixture) is now a PWL driver

Iy —
° - Copyright 2015 Teraspeed Labs Siticon to Software” @12
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2EQ/2UK SPICE Setup to
Generate Ku(t), Kd(t) Tables

V(D, 160
C_comp On-die Package L/R/C/V
Subckt Subekt Subckt

Fixture

o)

Vsense
2EQ/2UK| =V Load 1

Module -
K ]
V-T
\ '
l VI, 10
a

C_comp On-die Package LIRICIV
Subckt Subckt Subckt Fixture
Ku(t) o
sense |Gc
Kd(t) =0V I Load 2
K VT
+
o ee——
™ it
L4 LS > Copyright 2015 Teraspeed Lalbs Siticon to Software” @13

Ideal Ramp Test Cases

» Reference Waveforms
o 1nsramp (0% to 100%) into 50 Q-to-gnd and 50 Q-to-vcc loads
o 5V supply
o 2 ns duration

« C_comp cases

o OpF (op)
o 4pF (4p)
o 4pF || (4 pF-50Q) (4p_4p-50)

Pullup/Pulldown I-V tables
o 50 Q straight lines

1001 point extractions (not critical)

=8 e
° A \ : > Copyright 2015 Teraspeed Lalbs Sitlicon to Software” @14
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K-tables Shapes Versus Time (s)
No L_fix, C_fix

14
123
o A\
0.8 —

C_comp:
06 +———— —— 0 pF R
04— {1 4 pF I
o T 1] > 4pF 11 4pF-50Q)
0.0
-0.4 T T T 1
0.0E+00 5.0E-10 1.0E-09 1.5E-09 2.0E-09

——0p =——4p = 4p_4p-50

o ee——
; SYNopPsys
° Copyright 2015 Teraspeed Lalbs Silicon to Software’ @15

K-tables Versus Time (s) — With
L_tix=10 nH, C_tix=4 pF Fixtures

14 77 New shapes with
12 . ideal ramp and
reactive fixtures //l>\
1.0
08 1 < | | L . C_comp: ]
06 —1 | 0 pF (without C/L_fix)
0 pF
04 4 - 4pF —
a3 ” | N 4pF |1 (4 pF-50Q) =
0.0
-0.2
-04 T T T 1
0.0E+00 5.0E-10 1.0E-09 1.5E-09 2.0E-09
——0p =——0p_fix 4p_fix 4p_4p-50_fix

SYNoPSys’

con to Software e16

Copyright 2015 Teraspeed Labs
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4 ns Cycle Simulations for
4p_4p-50 C_comp Model

60 - K-tables for C_comp model reproduces
ideal ramps (50 Q to gnd, 50 Q to vcc)

5.0

RV il

20 /. N

0.E+00 5.E-10 1.E-09 2.E-09 2.E-09 3.E-09 3.E-09

4.E-09 4.E-09

SYNoPsys
° Copyright 2015 Teraspeed Labs Siticon to Software” @17
Test Case Notation Change for
Vout(t) & Isense(t); Given V(t)
No C_comp, no clamps, just a Package model which
could be a C_comp model or an on-die model
Vout(t), V(t)
Isense(t)
A Package ¢ Rfix =50 Q,
\j Subckt Vfix=0V

-7
Vsense

=0V D Cpkg

PU, PD Vout(t) node and Isense(t)
are calculated using an ideal high
gain (e.g., K=1e7) amplifier

<
I

V-T

)

V-T table (originally extracted at

the Fixture) is now a PWL driver

Copyright 2015 Teraspeed Labs

SYNOPSYS:
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Lpkg = 0nH, Cpkg =0.004 nF

Closed-form references
(50 Q to GND)

Continuous V(t) and dV(t)/dt

01 0 01 02 03 04 05 05 | [ | | |
——ISENSE (mA) ‘f//h
2 ] / 1 1
15 | > /,»/
1 ~
05 /,w/
) — A
04 0 04 02 03 04 05 06 07
—V(t) ——VOUT

SYNopsys

Copyright 2015 Teraspeed Lalbs ®19

Extractions using Laplace Element

o, POe ., A%, SO, B, Ip P 2o, AP, SO, S I,
Ao ! ! = P !
S : S R A S e
15 : : R R ot R
o : 4 R S S
05 k\ : 051
v '+ IS A SN SRR SN
Vipind) s '\ V(pind) a5
2 s 7 St S
, \ R SRS N SN N S
1 \‘ L At e e
05 x 05
U - IS I N SO TS
W \ \ (vkdr) ‘
60m \ ‘ L
Som \ 08N
“om \ L O EETEEReN
Som \‘ L S

JEVE ,,
\\\\\\\\\ G cec i o Rood | wow | Gooo | soos | 1n
200 a00p oo, 'sop in sec (in) ) J J

20m
10m
| "
)
L ee——
.
!S ! Z Same as closed-form references K-tables SYINOPSYS
L4 Copyright 2015 Teraspeed Labs Siticon to Software’ @20
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Lpkg =2 nH, Cpkg =0.004 nF

70

50

VOUT discontinuities:
Feedback loop fails

40 -

30

20

10 +

-01 0 0.1 0.2 0.3 0.4 0.5 0.6

——ISENSE (mA) 25

2

15

Closed-form references i
(50 Q to GND)

-01 i 0.2 0.3 0.4 0.5 0.6 0.7

—V(t) ——VOUuT

e —
=8 e
> = Copyright 2015 Teraspeed Lalbs Siticon to Software’  @2]

Observations and Conclusions

» Result accuracy

o K-table exiraction insensitive to K=1e5 to K=1e9 feedback
multipliers

o Requires SPICE maximum accuracy settings
o Not sensitive to number of extraction points
» Severe test cases
o Sharp waveform derivative discontinuity in ideal ramp
o Large C_comp model load can be used
o Large L_fixture, C_fixture reactive loads are ok
O

BOTH L_pkg, and C_pkg do not converge (even with smooth
waveforms) - therefore topology limited and must use tool-
dependent methods

o Fails for T-line models (delay in feedback loop)
o Works for S-parameter, Laplace transform, lumped models

L ee——
=8 e
° \ > Copyright 2015 Teraspeed Lalbs Siticon to Software’ @22
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IBIS Simulation Case Study:
Unexpected Glitch and Using
C_fixture

Lance Wang L ( _ ™
Asian IBIS Summit 1 m
Taipei, Taiwan el 4"e

Nov. 13th, 2015

‘Outline

= Motivation
» Unexpected glitch issue in the IBIS simulation
» Seeking for solutions
= Case study and solutions
» The root cause of glitch issue
» Possible solutions
= Using C_fixture in IBIS V-T curves

= Conclusions

© 2006-2015 10 Methodology Inc.
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Motivation

= An unexpected glitch found when doing an
IBIS model validation (transient analysis
simulations)
» An unexpected glitch found when we used <

450ps time step setting (called resolution setting
in some EDA tools)

» Everything is correct when we used bigger time
step in the simulations

= \WWant to find out the root cause of this issue
and solutions

© 2006-2015 |0 Methodology Inc.

The case study

= |BIS buffer model

 This is normal I2C pad buffer (Open Drain type)
+ ltis relatively low speed buffer

» About 60ns for rising and 300ns for falling to be settled with
4.7K ohm load and 3.3v to pull up

Ty

© 2006-2015 10 Methodology Inc.
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\The case study

= Simulation results with the same condition as V-T fixture settings

ONLY appeared for Rising Unexpected glitch

" Using < 450ps time step

Using bigger time step

© 2006-2015 10 Methodology Inc.

\The case study

= A simulator bug?

* We tried to use 5
different simulators
and found all the
results have the glitch
issues. Only | J
differences are the . -

T T T T T
5 10 15 20 25 30 35 40 45 A

g | itCh IevelS tirme, nsec

This is from another simulator

© 2006-2015 10 Methodology Inc.
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\The case study

= - = |BIS Model issue?

« IBIS curves are
normal

0 error, 0 warning
from IBISCHK

* Only Rising curve

/ has a small “dip”

© 2006-2015 10 Methodology Inc. 7

\The case study

= We manually
removed the “dip”.
The simulation results’
are normal for all
simulators

= So, this is the root
cause. But WHY?

© 2006-2015 10 Methodology Inc. 8
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The root cause

The “dip” width is about 1.25ns.
The dip down period is about
460ps.

Simulator got confused

when the time step is less .
than the “dip down” period |
when it produces 2 or more |
steps in the “dip down” |
region. It leads to a wrong ! :
direction without any

information from |-V curves

8

© 2006-2015 10 Methodology Inc. 9

Solutions

» Using large time step size in transient
analysis
* It could lead to an inaccurate result
» The setting needs to be manually forced. A
dynamic step setting feature might not work.
= Manually remove the “dip” area in IBIS Model
= Adding C_fixture to reduce or make the “dip”
area “lighter” or to disappear

» This method leads to another discussion topic in
this presentation

© 2006-2015 10 Methodology Inc. 10
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'C_fixture setting in IBIS V-T
section

» C_fixture optionally
can be used in IBIS
V-T waveforms

= We normally do not

recommend using LFT—e—AAA—O V_fixture
C_fixture in V-T l )

TEST FIXTURE

L_fixture R_fixture

curves

C_fixture

© 2006-2015 10 Methodology Inc. 1

\ C_fixture test case

= We used the same Spice netlist to create 2 IBIS Models.
All settings are the same except C_fixture
* Blue — without C_fixture (C_fixture = 0)
* Orange — with C_fixture (C_fixture = 15pF)

© 2006-2015 10 Methodology Inc. 12
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‘ C_fixture test case

= Use both Models with this topology

probe2

% ? <:| Without capacitance load
A
Hrnulus \_<F_l il é’z_ H 1
0 = §0chm -L
tast_cfidure -
probe? GND
- . .
BEEHESEFI RIS ? s 1<:1 With capacitance load
& e R = §0chm _L
T test_chidure L—{ f— =
c1 GND
C=15pF
© 2006-2015 10 Methodology Inc. 13

\ C_fixture test case

= Both cases correlate well with Spice
simulations for C_fixture=0 IBIS Model

. i

Red — Spice Blue - IBIS

© 2006-2015 10 Methodology Inc. 14
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C_fixture test case

» The result from the load with capacitance
correlates well with Spice simulations for
C_fixture=15pF IBIS Model

Red — Spice Blue - IBIS

© 2006-2015 10 Methodology Inc. 15

C_fixture test case

= The slight difference in results from the load
without capacitance for C_fixture=15pF IBIS
Model

Red — Spice Blue - IBIS

© 2006-2015 10 Methodology Inc. 16
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\ C_fixture test case

= C_fixture can be used in IBIS V-T curves

= Simulators need to use a de-capacitance
algorithm when C_fixture is present in the V-
T curves. C_fixture may reduce simulation
accuracy

= |tis better that IBIS V-T curves only have
resistance load (linear load)

© 2006-2015 |0 Methodology Inc. 17

\Supporting C_fixture in simulations

= This is a surprise!

3 out of 6 major simulators
don’t support C_fixture in
IBIS Model.

It got ignored!

© 2006-2015 10 Methodology Inc. 18
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‘Summary

= |n some simulations for a slow IBIS model, we found
unexpected glitch in the result

» Itis due to a “dip down” area and it could be solved by using
larger time step size (resolution value)

* The “dip down” period could be removed manually or use
C_fixture to reduce “dip down” area (size)
= Be careful when using C_fixture
* It might cause some inaccurate simulation results
» Some simulators do not support C_fixture in IBIS model
*  Recommend using linear load for V-T curves in IBIS model.

© 2006-2015 IO Methodology Inc.
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Laplace Transform Time
Response Utility

Bob Ross, Teraspeed Labs
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Asian IBIS Summit
Taipei, Taiwan
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(Presented by Anders Ekholm, Ericsson)
Originally presented May 13, 2015
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Some Applications

« Show step and impulse response for network
analysis

« Show step and impulse response for lower-order,
reduced order (or pole-zero) Touchstone
formulations in IBIS-AMI analysis

« Embed for time-response displays in analysis
applications by inserting calculations at top

o ee—
o m Copyright 2015 Teraspeed Labs e2
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Notation and Introduction

a, s+ +a,
sn +b 71sn71 +"'+b0

n

Laplace Transform X(s)=

il

x"®)+b,_x"" )+ +bx(t) =0

Differential Equation
initial conditions, x(0),---,x""(0),

Utility calculates and displays immediately 101 points for x(#), i=0
to i=26 for the time response and all of its derivatives

Extended for more time points by copying and pasting last row

Can be used as an embedded utility involving other Laplace
Transform calculations
-ﬁi

&& Copyright 2015 Teraspeed Labs e3

Teraspeed Lab:

a

Enter Laplace Transform Num. and
Den. Coefficients and Time-Step

Laplace Transform Numerator and Denominator Coefficients

at ab a5 ad al a2 al al
0o | 1 21 210 1260 4725 -10395 10395 |
b7 b6 b5 b4 b3 b2 b1 b0
1 | = 210 1260 1725 10395 10395 0 |
T-S5tep s
Select

Step Response of 6t order Bessel (maximally flat envelope delay,
MFED) all-pass function

Change time-step to zoom-in or zoom-out and to change resolution

The graph auto-scales over 101 points

L Teee——
L4 Lg_\ Copyright 2015 Teraspeed Labs o4
aspeed Labs
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6" Order MFED
All-Pass Step Response

Copy for Paslmg

Laplace Tmnsfnrm Numerator and Denominator Coefficients
al a3 a2 1 a5 a2 al al
0 1 21 210 1260 4725 10395 10395 1 21 21() 1260 4725 10395 10395
b7 b6 b5 b4 b3 b2 b1 b0 b6 b5 b4 b3 b2 b1 b0
1 [ 210 1260 4725 10395 10395 0 ] [ 21 211 1260 4725 10395 10395 0 ]
seea ot
12
1.0
08 //
o 06 1
S o4 /
5 024A
A TA /
| AVARV
04
06
0 1 2 3 4 5 6 7 8 9
Time (s)
° Copyright 2015 Teraspeed Labs e5
6t Order MFED Low-Pass
Laplace Transform Numerator and Denominator Coefficients
al ab ab ad al a2 al al
0 | 10395 |
b7 b6 b5 b4 b3 b2 b1 b0
1 | = 210 1260 4725 10395 10395 0 |
T-Step s
Select
Convert all-pass to low-pass filter by zeroing out numerator
coefficients (click/back-space or enter 0) for real-time modification
06

Copyright 2015 Teraspeed Labs
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6" Order MFED Low-Pass
Step Response

Laplace Transform Numerator and Denominator Coefficients Copy for Pasting
af a6 ad a4 a3 a2 al ald a6 af a4 a3 al al
[ 10395 ] [ 2 210 1260 4725 10395 10395 ]
h11 [ : zh150 1;20 4;‘;5 1(:3195 1():195 h(;' ] [ :1; ; 1;;’0 4;';5 10‘3195 1(;'3195 b(;' ]
Selen
12
1.0
. oo /
E /
= 0.6
s /
E 04 //
0.2
0.0
0 1 2 3 4 5 6 7 8 9
Time (s)
° Copyright 2015 Teraspeed Labs o7
th Ord
7% Order MFED Low-Pass
Impulse Response Input
Laplace Transform Numerator and Denominator Coefficients
arl ab ad ad a3 a2 al al
0o | o 0 0 0 0 0 135135 |
b7 b6 b5 b4 b3 b2 b1 b0
1 | 28 378 3150 17325 62370 139135 135135 |
T-Step s
Select
o3

Copyright 2015 Teraspeed Labs
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7% Order MFED Low-Pass
Impulse Response

; . Laplm:; Transform Numerator and [leno;vlzirlalm Coemc1iems . . - . Copyfo;] Pasting - ; 5
::) [ 7) 0 7) I 0 ‘:) 13:135 ] [ a1 21 ;10 1260 4725 ,1:;395 1:395
b7 b6 b3 b4 b3 b2 b1 b0 b6 b5 b4 b3 b2 b1 b0
1 [ 318 3150 17325 62310 135135 135135 [ 21 210 1260 4725 10395 10395 0 ]
Selecl
1.4
12 PN
o // \\
& 08
2 o6 / AN
2 os / AN
< ’ y N
02 /
00 / \
0.2
0 0.5 1 1.5 2 25 3
Time (s)
° Copyright 2015 Teraspeed Labs o9
i 2 S ° . h
X(s) = 1/(s*+ 1) Sine Wave wit
Left-Shifted Coefficients
Laplace Transform Numerator and Denominator Coefficients
af ab ad ad al a2 al al)
o] o 1 |
b7 b6 b5 bd b3 b2 b1 bl
11 0 1 |
T-Step s
Select] 0.2617994
Set Time-Step =PI()/12 for exact ©t/12 (15 degree) steps
Can compare response with exact solution: x(t) = sin(wt/12)
e10

Copyright 2015 Teraspeed Labs
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Sine Wave Response

ol N /N L NN\
ol N\ |/ [\ [\
1o \/ \/

Amplitude

0 5 10 15 20 25 30
Time (s)
Copyright 2015 Teraspeed Labs o1l

Recursive Taylor Series Method
(Repeat b and c)

a) Initialize:i=1, ..., n-1 (n=7)
x(0) = an—4 xH(0) = ap_1; - Bizh bpi—j X7 (0)
b) Extend: i=n, ..., p (p = 26)

x'(®) =- X153 b x T (1)
c) Next time step: i =0, ..., n-1 (Taylor Series)

: i
X'(t+T) = Z?ﬂ' xj(t)(j—i)!

R. I. Ross, “Evaluating the Transient Response of a Network
Function,” Proc. IEEE, vol.55, pp. 615-616, May 1967

o !L Copyright 2015 Teraspeed Labs °12
Teraspeed Labs
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Spread Sheet Details

Laplace Transform N and D Coeffi Copy for Pastin
al ab ab ad al a2 al al ab a5 ad a3
0| o 1 | 1 21 210 1260
b7 b6 b5 b4 b3 b2 b1 b0 — b6 b5 b4 b3
1 | o 1 ] | 21 210 1260 4725

T-Step s /
Select[0.2617994] 0n9. 719
: (a) Initialize Copy to Reset Sheet
N 0 1 2 3 4 5 6 7 8 9 10
TAn/n! 1 02617994\ 00342695 0002990576 0.000195733 102485E-05 4 47177E-07 167244E-08 547304E-10 169204E-11 4 16796E-13
“"(M‘“ ) 1 2 3 4 5 5 z g 3 10
0 . -1.000E+00  0.000E+00  1.000E+00  0.000E+00
026179940 2588 | 9.659E-01 -2588E-01 -9659E-01 2588E-01 | 9659E-01 -2588E-01 | -9659E-01 2588E-01  9659E-01  -2.588E-01
05235988 0 5000 | 8 660E-01 -5000E-01 -86B0E-01  5000E-01 | 8660E-01 -5000E-01 |-8660E-01 5000E-01  8660E-01  -5000E-01
0.7853982] 0.7071 | 7.071E01 7.071E01 7.077E01  7.071E01 | 7.071E01  7OMEDT | 7.07ME01  707TED1  T.0ME0  7.071E01
1.0471976] 0.8660 | 5.000E-01 -8.660E01 -5.000E01  B8.660E01 | 5000E01  -B660E-01 | -5.000E01 B660E-01  5.000E01  -B.660E-01
1.3089969] 0.9659 | 2.68BE-01 -9.659E-01 -2588E-01  9.659E01 | 2588E-01 -9.659E-01 | -2.58BE-01  9.659E-01  2.588E-01  -9.659E-01
15707963 1.0000 | 7.342E-16 -1.000E+00 -7.342E-16  1000E+00 | 7342E-16 -1000E+00 | -7.342E-16 1000E+00  7.342E-16  -1.000E+00
18325957] 0 9659 | -2 588E-01 -9.659E-01 2588E-01 9.650E-01 | -2588E-01 -9659E-01 | 2588E-01  9659E-01  -2588E-01  -O.659E-01
2.0943951] 0 8660 | -5 000E-01 -8 660E-01 5000E-01  8660E-01 | -5000E-01 -8660E-01 | 5000E-01  BG6G0E-01  -5000E-01 -8660E-01
23661945} 07071 | 7.071E-01 7071E-01 7071E-01  7071E-01 | 7OTIE-01  TO7T1E-01 | 7071E01  7OTIE01  TO7IEO1  -7.071E-01
26179939 0.5000 | -8.660E-01 -5.000E-01 B660E-01  5.000E01 | B.660E-01  6.000E-01 | 8.660E01  5.000E01  -B.660E01  -5.000E-01
&
. C
(c) x(t+T) Taylor Series for new row (b) Extend thru N=26

Copyright 2015 Teraspeed Labs

e13

Accurate Time Response for
X(s) =1/(s*+ 1); x(t) = sin(mwt/12)

X
103 -1.05412673E-14
104 2.58819045E-01
105 5.00000000E-01
106 7.07106781E-01
107 8.66025404E-01
108 9.65925826E-01
109 1.00000000E+00
110 9.65925826E-01
111 8.66025404E-01
112 7.07106781E-01
113 5.00000000E-01

Y z AA
1.00000000E+00 1.05412673E-14 -1.00000000E+00
9.65926826E-01 -2.58819045E-01 -9.65925826E-01
8.66025404E-01 -5.00000000E-01 -8.66025404E-01
7.07106781E-01 -7.07106781E-01 -7.07106781E-01
5.00000000E-01 -8.66025404E-01 -5.00000000E-01
2.58819045E-01 -9.65925826E-01 -2 58819045E-01
1.1076974TE-14 -1.00000000E+00 -1.10769747E-14

-2.58819045E-01
-5.00000000E-01
-7.07106781E-01
-8.66025404E-01

-9.65925826E-01
-8.66025404E-01
-1.07106781E-01
-5.00000000E-01

2 58819045E-01
5.00000000E-01
7.07106781E-01
8.66025404E-01

AB

-1.05412673E-14
2.58819045E-01
5.00000000E-01
7.07106781E-01

AC

1.00000000E+00
9.65925826E-01
8.66025404E-01
7.07106781E-01

8.66025404E-01  5.00000000E-01
9.65926826E-01 2.58813045E-01
1.00000000E+00 1.10769747E-14
9.65926826E-01 -2.58819045E-01
8.66025404E-01 -5.00000000E-01

7.07106781E-01
5.00000000E-01

Iterative calculation = exact response to 9 digits
- up to 101 data points
- up to the 26t derivative

(Table resolution increased to 9 digits to show accuracy)

Copyright 2015 Teraspeed Labs

-7.07106781E-01
-8.66025404E-01

e14
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5th-order Step Response

Laplace Transform Numerator and Denominator Coefficients

afl ab ad ad al a2 al al
(/I | A 4 |
b7 b6 b5 b4 b3 b2 b1 b0
1 ] &6 13 12 4 0 |
T-Step s
Select

X(s) =4(-s + 1)/[(s + 1)? (s + 2)2s] = (-4s + 4)/(s° + 6s* + 1353 + 1252 + 45s)

Laplace transform is normalized (b, = 1)

Left-shift the numerator and denominator coefficients
Step response means b, is 0

Right-hand plane zero creates pre-shoot

Copyright 2015 Teraspeed Labs e15

5th-Order Step Response

Laplace Transform Numerator and Denominator Coefficients Copy for Pasting
3

al a6 a5 aa a3 a at a0 a6 a5 a4 a a2 at a0
o [ 4 ] [ 1 2N 210 1260 4725 10395 10395
b7 b6 b5 b1 b3 [ b1 b0 b6 b5 b4 b3 b2 b1 b0
1 [ 6 13 12 4 ] [ 21 210 1260 4725 10395 10395 0 ]
TSteps
Select] _025_]
12
10
0.8
)
3 o6 /
=
= 04
£ /
0.2 /
0.0

5 10 15 20 25 30
Time (s)
Copyright 2015 Teraspeed Labs 16
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Embedded with Constant-R
Bridged T-Coil Calculations

Bridged T-Coil Input
R 50
C (nF)
ceh 4 0.004 1
RS 0
R, 09 —
Gr (URp) | 0002 &
Ry 1.9073 08 Vc/V=1/(Bo+(Do+DCg)s+DsCo57%) ‘Gain and BW Parameters
1+RGp+{RR sGp- .
B 1.060452002 0.942994118 Gain
Ra/(R+R2)
Taep ) o]
2= > o7 / D 0122362135 | RCLo/(Li+Ls) | 1.851979655 | 3 dB BW (GHz)
“ D 5 RG 2.334806094 | BW Multiplier
O 3 p
(o) £ 06 D. 10 RC 0.795774715 Reference RC-BW GHz
= —
Calculated Values Value, Formulas [ / 2.201708412 | GBW-Mulitplier
Cg (nl & 0.5 Pole Roots.
Ca(pF) [ 0523535237 n.m:m(z?js g / Center | 3.666504555 -Bo/Do
g
Choose Ry above so | > 04 Radius | 8.412790793 (BoDallt- ‘
& s that Rz >=0 / DoDy/(BoD )"
R~[R*Ge- 03 r
R;(ﬁ:;:k 3.09998636 |R{1+G(Rs ~RI[1-C / au}.m Step Laﬁpzlace Transﬁ)r:: om
3
~(R1+RsR)| 02 0 0 0 191.0091106
LisLa(nH) | 1001450727 |(RRIFI1=Gr(Rr+Rs b3 b2 b1 b0
R)IC 01 1 23.87228262  202.5559938 0
(R-R}R1+Rs- : /'a
Loty | 3887550785 | RUIIT-ColRs-Rs. 0 | | | | |
MR [} 02 04 06 08 1 12
Ry C - - - : -
L;(nH) | 6127037521 . .
Lo |rewme| et | Calculated coefficients ™

Scaled Time (ns), L (nH), C (nF) with 34 order Laplace Transform sheet

Closed-form equations inserted above Time Response
Copyright 2015 Teraspeed Labs e17

Guidance

« Normalize coefficients (highest order denominator
coefficient set to 1)

+ Scale coefficients so that values are meaningful for
time-steps between 0.01 and 1 (because of Taylor
Series expansion)

« Left-shift the entries for lower-order functions
« Change time-step to zoom-in or zoom-out
» Get numerical values from spread sheet

« Copy and paste last row to extend spread sheet for
more time rows (also adjust display range)

Copyright 2015 Teraspeed Labs e18
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Final Remarks

« Works with real, complex, multiple roots, pole-zero
canceled roots, and right-hand plane zeros

» Response fast even though spread-sheet
implementation is based on inefficient storage

» Recursive routine (slide 11) can be done in-place
for better storage efficiency in other programming
applications

« Display shows changes as coefficients are modified

« Display diverges if Laplace Transform close-form
response diverges

° m Copyright 2015 Teraspeed Labs e19

IBIS Summit
Downloads and References

« www.ibis.org/summits/nov15b/
o ross2.xls (time-response utility)

o ross2.pdf (this presentation for instructions,
examples)

« www.ibis.org/summits/may11/

o ross3.pdf, “Continuous and Discrete Modeling for
IBIS-AMI” (gives theoretical background for both
differential and difference equations)

o ross2.pdf, “T-Coils and Bridged-T Networks”
(gives general T-coil derivations)

o m Copyright 2015 Teraspeed Labs 20
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