MATLAB EXPO 2019

Wired Communications Systems
Modeling and Analysis

¢

Barry Katz '

Development Manager, MathWorks ‘ ’ ‘




What's Covered

= Introduction to SerDes Design and Signal Integrity Analysis

= Using SerDes Toolbox for System-Level Design and Analysis

= Automatic Generation of Standard Compliant IBIS-AMI Models
= SerDes Verification Using Channel Simulators
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Introduction to SerDes Design and Signal Integrity Analysis
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What is Signal Integrity?
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Typical SerDes Design Workflow

Time-domain characterization of the channel

Design of analog and digital equalizers

Simulation of the system performance in the time domain
Hardware implementation and IP verification

IBIS-AMI model generation and SerDes system verification
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A Typical SerDes System: TX, RX, and Channel
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SerDes Design and Verification Challenges

Difficult architectural SPECIFICATIONS / CHANNEL MODEL < < e
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System-Level Design and Analysis Leads to Continuous Verification

Rapid system
analysis

Multi-domain
simulation

Rapid design
iterations

SPECIFICATION / CHANNEL MODEL

V. V.

ANALOG & DIGITAL DESIGN

44 |

IMPLEMENTATION IMPLEMENTATION
VHDL, Verilog Spice-like

PROTOTYPE / INTEGRATION
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Easier analog
modeling

Integrated
specification

Improved team
communication
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Shifting-Left
/\ Where Errors are Introduced... and Detected /\
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Clive Maxfield and Kuhoo Goyal
“EDA: Where Electronics Begins”

Increased Traditional Verification
Modelling & Simulation
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Save 30% of Overall Development Time
(and improve gquality, reduce re-spins, etc.)

Time spent over project phases

With MathWorks
Tools

Without
O \
Tools ‘ ‘

50 100 150 200 250
L Requwements System Design ® [mplementation ® [ntegration TestingDayS

EE Times - Top-down verification guides mixed-signal designs

K. Kundert and H. Chang, Partners, Designer's Guide Consulting
“In order to address these challenges, many design teams are either looking to, or else have already implemented, a
top-down design methodology. In a top-down approach, the architecture of the chip is defined as a block diagram
and simulated and optimized using a system simulator such as MATLAB or Simulink. From the high-level simulation,
requirements for the individual circuit blocks are derived.”
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https://www.eetimes.com/document.asp?doc_id=1272246

What’'s New

\/ \/

Integration with IC design tools

SerDes Toolbox |
and channel simulators

IMPLEMENTATION IMPLEMENTATION

NOILVOIdId3aA & 1S3L

VHDL, Verilog Spice-like I
PROTOTYPE / INTEGRATION
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20] 9 SerDes Toolbox

Design SerDes systems and generate IBIS-AMI models for high-speed digital interconnects

= Design and analyze transmitters and receivers with the SerDes Designer app
= Develop equalization algorithms with MATLAB System objects and Simulink blocks
— FFE, DFE, AGC, CDR, CTLE, etc...
= Perform SerDes statistical analysis and time-domain simulation
- Generate dual IBIS-AMI models for 3" party channel simulators
= Use reference designs for high-speed links such as Ethernet CEI-56G, DDR5, PCI-Gen4, USB3.1
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Modulation Select: |NRZ v Channel
Eye Diagram
PAM4 1 (Rx

2 2 (Reserve d_Parame’ ters
, N > ) un LQK—I Scel He‘p Apply 3 (AMI_Version (Usage Info) (Type String) (Default "6.8") (Description "AMI_Version™))
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AGC CDR 5 (Getwave_Exists (Usage Info) (Type Boolean) (Default True) (Description "GetWave_Exists"
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SerDes Designer app: No Need to be a SerDes Expert

4\ SerDes Designer - untitled

SERDES DESIGNER

ﬁ_F‘ i H Symbol Time (ps) 100 Modulaton|[NRZ v @ @ |ven) L% @ |ror) HLEJ 1 @ @; [ Analyze = Q?

A T e I T o1 AGC FFE VGA  Sawratng  DFECDR coR cLe Pass Delete  Add Phts Defaut  Export
w  Open Save - Signaiin = e ul
> Target BER | 1e-06 | Qoifteieniel Amplifier Through « [ Auto-Analyze 2
File CONFIGURATION BLoCKs ANALYSIS LAYOUT |EXPORT | &

| SerDes System

= Design and analyze SerDes systems
iIncluding transmitters and receivers with — -
g | e > | @@_ one ncc || oFEs

arbitrary configuration /
= Use parameterized building blocks —

- Perform statistical analysis: eye diagram, o ]
BER, bathtub, pulse response.... e P
e e N

Name D
1 |Eye Height (v) 0.50417
2 [Eye Width (ps) 849764
4 |cTLEConfigSele 8
6 |AGC:Gain (V) 25612

NJ
ECDR:TapWeights (V) [-0.0808 0.0158 -0.0066 -0.0127] {
[s] )

Tx Rx

FFE AnalegOut Channel Analogin CTLE AGC DFECDR
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SerDes Design: Where to Start?

Add SerDes components

4\ SerDes Designer

= m] X "
—— Export to:
SERDES DESIGN S & B
e e a— P— [ & = B o O} @ - MATLAB
» - Samples per Symbol |16 ! : " 2 .
New  Of e Target BER 106 l Signaling Differential | GEC EEE yea s:‘r:l‘;:::? LREELY CTLE AddPoIl [ po Analyze  O° Exp'on ) .
FILE CONFIGURATH YSis | LAYO! . - I I l I k
7\ SerDes System | @ S I u I n

- Sample rate
- Signaling

.- HM

+ Channel J—
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CDR

AnalogOut

Channel

Analogin

CTLE

DFECDR
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Plot analysis results

| Block Parameters |

BER Statistical Eye

goc ) Puise Response
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P : N ig in
Ay . \
specifications IE RN
[s] x10°®
| Report ‘
| Name ‘ Data PRBS Waveform
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SerDes Top Down Design

= Create a MATLAB script for automation and design

space exploration

= Export to Simulink models for time-domain simulation

=  Create dual IBIS-AMI models

" <
A Fle Edit View Inset Tools Desktop Window Help

Deds @ 0EIKE

Pulse Response

Statistical Eye

=T Name oata |
Exual 1 |Eye Hewgnt Upper (mV) 1268658
' |2 [EyeHeght Center (mV) 127.0298

3 Eye Heignt Lower (mV) 126.8658

4 [Eye Width Upper (ps) 332782

5 |[Eye Width Center (ps) 375883

§ (EyeWidth Lower (ps) 332752

Configuration

D1

4 Eye Diagram

File  Tools

- &

Running

Help
IR

Q-[Cl|M-u-jE |

01 D1
l—» wave_in Tx wave_out In Analog Channel Out
| &
®
» |04
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Eye Diagram
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% ld
txBlocks{1l}
txBlocks{l}.
txBlocks{1l}.
txBlocks{1}.
txBlocks{1l}.

rxBlocks{1}

rxBlocks{1l}.
rxBlocks{1}.
rxBlocks{1l}.
rxBlocks{1}.
rxBlocks{1l}.
rxBlocks{1}.
rxBlocks{1l}.

rxBlocks{2}

rxBlocks{2}.
rxBlocks{2}.
rxBlocks{2}.

rxBlocks{3}

rxBlocks{3}.
rxBlocks{3}.
rxBlocks{3}.
rxBlocks{3}.
rxBlocks{3}.

serdes.FFE;
BlockName
Mode = 1;
TapWeights = [0 1 0 0 0];
Normalize = true;

= serdes.CILE;
BlockName = 'CILE';
Mode = 2;
ConfigSelect = 0;

Specification = 'D
PeakingFrequency
DCGain = [0 -1 -2 -3 -4 -5 -6 -7 -8];
PeakingGain = [0 1 2 3 456 7 8];

= serdes.AGC;
BlockName
Mode = 1;
TargetRMSVoltage = 0.3;

= serdes.DFECDR;
BlockName = 'DFEC

Mode = 2;

TapWeights = [0 0 0 0];
MinimumTap -1;
MaximumTap = 1;

txAnalogModel = AnalogModel( ...

'R', S0,

'C',1.000000e-13);
tx Transmitter( ...

3',txBlocks,

', txAnalogModel,
,1.000000e-11,
gIdeal’,

4 Figure 1 = [m] X
File Edit View |Insert Tools Desktop Window Help N
Dads @ 0E| E

Pulse Response

0.8
0.6
04
=
0.2 f
0
-0.2
22 24 26 28 3 32 34
[ns]
= =
File Edit View Insert Tools Desktop Window Help N
Deds @ 0E|YE
o5 PRBS Waveform

File Edit View |Insert Tools Desktop Window Help N
Dogds (@ 08| KE
Statistical Eye

05 7 10°
rxAnalogModel = AnalogModel( ... ‘
'R', 50,
'C',2.000000e-13) ;
rx = Receiver( ... E 0 10
s',rxBlocks, |
', rxAnalogModel,
'RX');
1
3 0.5 L I 10719
channel 0 20 40 60 80 100
"Ch [ps]

5000000000,

ed; ',100);

SymbolTime
SamplesPerSymbol = 16;
ModulationLevels = 2;
BERtarget = le-0€;
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SerDes Toolbox: Simulink Models

= Develop adaptive equalizers using white-box models such as
DFE, CTLE, AGC, and CDR

= Use parametrized blocks and algorithms for single-ended and
differential signals

and NRZ modulation

S Simulink Library Browser

SerDes Toolbox/Datapath Blocks

Generate PRBS and custom stimulus patterns supporting PAM4

P

Configuration (mask) (link)

Configure system wide settings in a SerDes Toolbox model.

Parameters

Symbol time (s) [ 1e-10 l
Samples per symbol 16

Sample interval (s): 6.25e-12

Target BER [1e-06 |
Modulation NRZ v
Signaling Differential x
Analysis

Plot statistical analysis after simulation

58 Simulink Library Browser = O
<@ MEN©)
SerDes Toolbox/Utilities
Robust Control Toolbox A
V' SerDes Toolbox Nin Analog Channel out Configuration
Datapath Blocks
Utilities =
SimEvents Analog Channel Configuration
Simscape
Simscape Multibody Multiphysics Library p. EE Stimulus out
Simulink 3D Animation
Simulink Coder Eye Diagram Stimulus

Simulink Coder Support Package for ARM 1 Vv
< >

Robust Control Toolbox

Vv SerDes Toolbox

Datapath Blocks
Utilities

SimEvents
Simscape
Simscape Multibody Multiphysics Library
Simulink 3D Animation
Simulink Coder
Simulink Coder Support Package for ARM
Simulink Coder Support Package for Bea
Simulink Coder Support Package for NXF
Simulink Coder Support Package for NXF
Simulink Coder Support Package for STh
Simulink Control Design
Simulink Design Optimization
Simulink Design Verifier
Simulink Desktop Real-Time
Simulink Extras
Simulink Real-Time
Simulink Requirements
Simulink Support Package for Android Dy
Simulink Support Package for Apple iOS
Simulink Support Package for Arduino H.
Simulink Support Package for LEGO MIN
Simulink Support Package for PARROT M

Cirsdinte Csonmnrt Daclinan fnr Dannbaras

< >

v

Tools
Open SerDes IBIS-AMI Manager
= O X
AGC > X CDR
AGC CDR
CTLE > DFE/CDR >
CTLE DFECDR
FFE > > Pass-Through >
FFE PassThrough
Saturating
Amplifier p > VGA P
SaturatingAmplifier VGA
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SerDes Simulation and Architecture Exploration

Configuration

Global
Parameters

4 SerDes IBIS-AMI Manager
Export ‘ 18IS ‘AMI-TX |AM\-Rx
+ serdes_rx
~ Reserved_Parameters
AMI_Version
Init_Returns_impulse

Getwave_Exists
Max_Init_Aggressors
Modulation
PAM4_CanterThrashold

~ | Node Details
Node name | PAM4_UpperThreshoh
Deseription

Upper eye voltage thresnold for
waveform and eye processing

()]
——— Wavein

——

o1
Tx WaveDut

eln

Analog Channel

WaveOut

o

PAM4_UpperThreshold

PAM4_LowerThreshold
~ Model_Specific

- CTLE
Mode
ConfigSelect

~ DFECDR
ReferenceOfset
PhaseOffset
Phase
Mode

-

Block Parameters: Anzalog Channel
AnalogChannel (mask) (link)

Channel Model

Channel model | Impulse response

@ . Y
| Channel modeling |

Construct loss medel using a channel loss metric or an impulse response from
another source in a SerDes Toolbox model. Analog model inputs are only used
for IBIS file construction when using impulse response.

X

Impulse response |[zeros(1,63),1;’SampleInterval,zeros(l,192)] | B

Analog Model
TR (ohme)
R (o)

Tx C(F) |160e-15 ;

wstme () [zoose ] vameo 1 |:
\

P iaveln

/

R WawveOut

~ TapWeights
1

Type | Float
Usage |Out
Format | Value

value | 0.333

Currentvalue  0.333

o

( Close I

r

White-box (customizable)
models

$Note that step or time domain adaptation of the CTLE must be
$done in an exterior block.

GO

ixed (ob]j)

Simulate and customize adaptive equalizers [ ===

privConfigInitialFlag

j .privConfigInitial = obj.ConfigSelect;

j .privConfigInitialFlag = false;

(1

j .privConfigInitial = obj.ConfigSelect;

‘ CTLEParameter.Mode I—b Mode CTLE
Rx C (F) |160e-15 i CTLEMode
D1
D1 ConfigSelect —b{ CTLESignal.ConfigSelect l
‘ CTLESignal.ConfigSelect I—P ConfigSelect
CTLEConfigSelect1
CTLECenfigSelect
Cancel Help Apply J CTLE

= obj.privConfigInitial;

bj .FilterCoefficients.np(Config+l)+1;
bj .FilterCoefficients.nz (Config+l)+1;

‘

S
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Automatic Generation of Standard Compliant
IBIS-AMI Models
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IBIS-AMI Terminology

Analog Channel

........................... . A
7 {‘ \// N
| ] 2 - .' | 3
| Transmit 1 3 System g i Receive Data  _;
i Equalization i 6_% Interconnect EL% i Equalization Recovery i
\  Algorithmic Model i ol |* |
M J i Recovery i

Analog Model L Algorithmic Model )
\ J \ } \ /
f \ f
.ami : .ami
di 1bs il
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Statistical vs. Time Domain

Analog | L
D) 5 O

T —
Channel Transmit Receive Statistical ;“’___ .»j—; E;" Statistical
Pulse Equalization Equalization Analysis - § = Eye
Response _ _ —
P TX Init RX Init
RX AMI File
Parameters :: > Clock PDF
Analog Channel I
Impulse Response
‘ —
’:::;:_:::::::::::’ésfnfsm PerSIStent
] ] ] — " Ee
: Transmit Receive |
Stimulus HHHH > Equalization > Convolve > Equalization > Accumulate >
Clock PDF

TX GetWave RX GetWave
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SerDes Toolbox: IBIS-AMI Dual Model Generation

4 SerDes IBIS-AMI Manager - X
. . Expot  IBIS | AMI-Tx | AMI-Rx
= Generate standard-compliant Init and GetWave s Sl

Tx model name | serdes_tx

IBIS-AMI models
- Generate associated analog IBIS model il

Tx and Rx comer percentage | 10

Customize the model interface by managing the
IBIS- AMI-parameters

= AMI File
,_7, serdes_rx.ami
1_1 serdes_tx.ami
(=l Autosave Simulink Model or Library
@ untitled.slx.autosave
=/ Application extension
L_] serdes_rx_wint4.dll
_] serdes_tx_win64.dll
=l Exports Library File
&9 Rx.exp
8 Tx.exp
=l IBS File
=l Object File Library
BE8 Rx.lib
BE8 Tx.lib

AMI Model Settings - Tx
Model Type

e Dual model
) GetWave only
_ Init only

Bits to ignore |

File Creation Options
Models to export
®) Both Tx and Rx
() Tx only
() Rx only

AMI Model Settings - Rx
Model Type

(@) Dual model
) GetWave only

) Init only
0 Bits to ignore | 0]
[v]1BIS file
IBIS file name (ibs) | serdes
V] AMI file(s)
V| DLL file(s)

Target directory | L:Wwork2\01082019

| Browse... |

Close

‘ Export
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SerDes Verification Using Channel Simulators
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Channel Simulation Using IBIS-AMI Models

— Correlation & regression testing
— Identification of corner cases over large families of channel models and configurations

Ede Et Libranes Setup

SmOata Run Logs

ools DOE Help

Integrate standard-compliant IBIS-AMI models in 3rd party channel simulators

Ded & DaXxo % + ¢ @RAAUR BB xS nEE 4 83
Pre-Layout Analysis | Post-Layout Verification
- |
- ™1
serdes
e Tx RX1
= serdes_tx serdes
7 200.0ps - 200ps w1 w2 w3 Rx
1 None *_0_diff_strip_1... *_3_diff_strip_1... *_4_diff_strip_1... serdes_rx
$ $W1:Length $W2:Length $W1:Length
il

sheett
sheett
sneett
sheett
sheet?
sheett
sheett
shoett
sheett
sheett
sneett
sheatt
sheett
sheet?
sheett
sheett
sheett

Reference

Process
RX1.CTLE Mode

RX1.CTLE ConfigSelect
RXTAGC Mode

RXTAGC TargetRMSVoltage
RX1.DFECOR ReferenceOffset
RX1.DFECOR PhaseOffset
RX1.DFECOR Mode
RXTDFECOR TapWeights 1
RX1.DFECOR TapWeights 2
RX1.DFECOR TapWeights 3
RX1DFECDR Tapieights 4
TX1OpamEye

TX1 FFE Mode

TX1FFE TapWeights -1

TXTFFE TapWeights 0
TX1FFE TapWeights.1

Set sett

Corner
Integer
Integer
integer
|Float
Float
ul
Integer
[Tap
Tap
Tap
Tap
swing
Integer
Tap
Tap
Tap

Unset

State:

default

Topology: sheet1

st Comers

Al List <none>
AMiRange |<none>

A Ust one>

AMIRange |<none>
AMi Range |<none>
AMIRange <none>
AMI List <none>
AMIRange RX1Tap
AMliRange |RX1Tap
AMiRange |RX1Tap
AMiRange |RX1Tap
AMiList | <none>

JAMILIst|<none>

AMi Range |TX1Tap
AMiRange TX1Tap
Ali Range |TX1Tap

Current Set. sett

T (Typ.
acapt

e

Sheet Options: || Case Mode  Global Options: Select DOE Shest

v | (] show On Boara w All Sheets

QCD Simutation CountENNRII
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Integration with QCD/QSI (SiSoft Link)

= Bidirectional link between SerDes Toolbox and SiSoft QCD/QSI

= Automatically create a QCD/QSI project from SerDes Toolbox

= Back-annotate the channel model, stimuli, and AMI parameter settings into SerDes Toolbox
- Rapidly iterate between system design and channel simulation

- o X

Edit Zoom Display Help
2 oo mamalvalalalala«)kn B L2 EE -~ ad
rms | Plots | PCB Layout |
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Use Simulink and SerDes Toolbox 20]9

= Algorithmic design, analysis, and system-level simulation of SerDes systems with many
trusted functions

= Integrate with 3" party channel simulators for SerDes verification
— Generate standard-compliant IBIS-AMI models

= Link with IC design tools to model implementation impairments and reuse testbenches
— Co-simulation, HDL/SV code generation, and data post-processing

CONFIDENTIAL | 33



Thank Youl!
Q&A
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