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Mixed-Signal Integrated Circuits Require New Methodologies!

= Analog and digital circuits integrated on the same chip

= Large analog + large digital
— ADC/DAC, PLL, Power supplies, MEMs, Sensors, ...
(control systems based on feedback loops + digital signal processing)

= Analog content in shipped semiconductor is growing

MATLAB EXPO 2019



Challenges in ASIC Workflows

Design

Limited design
abstractions

Design trade-
offs difficult

Slow design
iterations

MATLAB EXPO 2019

SPECIFICATION

Software

Digital

C/C++

oo | |

Digital
Hardware

Hardware

4\ MathWorks

Verification

Specification
isolated from
verification

Multiple,
disconnected
tools

Disconnected
teams



4\ MathWorks

Agenda

Motivation

System Level Design of Mixed-Signal and SerDes Blocks

Linking System Design to Circuit Design

Conclusion

MATLAB EXPO 2019



4 MathWorks'

Mixed-Signal and SerDes system design
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Phase-Locked Loop

- Feedback control system
— Which generates a signal with a fixed relation to a reference
— Itis used for frequency synthesis, synchronization

= Focus on loop filter system design
— Design should target minimal phase noise
— Start with a PLL behavioral model
— Use circuit level verification to build better models for CP

dBc/Hz for Moise, dB for TF
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PLL Phase Noise Calculations

Closed loop analysis using
 MATLAB

S 2 Total PLL Phase Naoise
= — —— - -|— — — Reference oscillator phase noise |

Frequency response PLL
— — —VCO phase noise

Frequency response VCO

10° 10* 10° 108 107

Hz

— Loop filter final design Frer PFD CP+LPF VCO

Reference Phase
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Block Parameters: Charge Pump *

Behavioral Model of Phase-Locked Loop

Block Parameters: YCO1
VCO (mask) (link)

Model a voltage controlled osdillator with the following working
equation:

2.4GHz PLL - Example of Loop Filter Design F = ( Kvco * Vctrl ) + Fo , where
F = Frequency of the oscillator output at 'voo out’ port.

Copyright 2011-2019 The MathWorks, |
Kvoo = Voltage sensitivity in Hz/V.

/ / Vctrl = Input voltage at the vetrl' portin V.
LPF

CP — 1 = VCO Fo = Free running frequency in Hz.
REF ckp——ref PED U _"'“";'_ Y 1 Vcpntrpl By
ok —— an ek — | vk Ve out p— i
: — var D || doir ‘. % Vconirgl _— Farnmeters | IIER R
Reference oscillator vt Voltage sensitivity (Hz/V)

detector |va.r(2wp|-],| | :

plFc= 2440 MHz | Free running frequency (Hz)
BW= 160 MH -
DIV |2.44e9 IE

RF stl:ﬁﬂmm ';n E_"‘-'; Output amplitude (V)

Info F I Wil mage ~eje | . | :
Clock Out  div# 24444 :

[] Enable increased buffer size

Divide by N

Cancel Help Apply

[T EMapie Tnoreased DUTTED 522
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PLL Going Beyond Behavioral — Using Analog Co-simulation

2.4GHz PLL - Example of Loop Filter Design

Copyright 2011-2019 The MathWorks, Inc

> irnf It
REF >
[ 3
Reference oscillator - VCO

\ . DIV
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@ Desian Environmant L Ediing: Virks v T \_spectre_with_Cauplar sche
aaaaaaa

MSPLL2p4 GHz .cosimulation/RF Spectrum Analyzer ... - o x

File Tools View Simulation Help N

B-lOoP® - a-|Ba KelERN

Ready RBW=312,09 kHz  Sample rate=160 MHz | T=5e-05
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Fitting of PLL Model With Circuit Non-idealities

Block Parameters: Charge Pump
2.4GHz PLL - Example of Loop Filter Design

Caopyright 2011-2019 The MathWaorks, Inc

ChargePump (mask) (link)

Output a current level proportional to the difference in duty
cycles between the "up" and "down" input ports.

i Parameters
REF - » U = up — fi ' Impairments
PFD gut =i in | Dot — vetzl rde o i Caiil LI P

O b—# doig I VICQniro Enable impairments

Referance oscillator

C P L P F VCO Current impairments

Current imbalance (A) ‘56-9 ‘ -

F 3
w

Leakage current (A) ‘2.3e-8 ‘ E

—
Y DIV Timing impairments
' Output step size calculation

L
(® Default

(O Advanced

up
Rise/fall time (s) |150e-12 IE

« EE= Minimum Up propagation delay: 2.4e+02ps

File Tools View Simulation Help kl

B-Or® & (R DAMED Propagation delay (s) ‘36-9 ‘

down

Rise/fall time (s) |150e-12 IE

Minimum Down propagation delay: 2.4e+02ps

Propagation delay (s) ‘1e-9 ‘ :
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SerDes System is a Specialized Mixed Signal Circuit

Parallel interface

I
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SerDes Designer app: No Need to be a SerDes Expert

4\ SerDes Designer

SERDES DESIGNER
E;}, | H Symbol Time (ps)| 100
Samples per Symbol |16
Target BER| 1e-06
FILE CONFIGURATION BLOCKS

i Signaling Differential v

FFE VGA Saturating DFE( 1SS %
Amplifie

New Open Save

| SerDes System |

= Design and analyze SerDes systems

including transmitters and receivers with : —
arbitrary configuration e e
= Use parameterized building blocks
- Perform statistical analysis: eye diagram, z:p 3'\
BER, bathtub, pulse response.... iz
| S ————

Name Data
Heigh 50417
width 845764
CTLEConfigSelect 8
Gai 256134
pWeights (V) [-0.08 58 -0.0066 -0.0127]

Tx Rx

FFE

M

o e

FFE

AnalogOut

Channel

Analogin

CTLE

DFECDR
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SerDes

Modulation
Sample rate
Signaling

—

Design: Where to Start?

Add SerDes components

_—

| Block Parameters |

| | BER

Statistical Eye |

Name: CTLE
Mode adapt
Configuration select |0

Peaking frequency (GHz) 'S

AC gain (dB) |0

CTLE (CTLE)

Specification | DC Gain al

DC gain (dB) |[0-1-2-3-4-5-6-7-8]

Pulse Response

v

v

nd AC Gain

Component
specifications

MATLAB EXPO 2

[ Probability ]

7
& |DFECDR:TapWeights (V)

| Report |
[ Name Dat:

1 |Eye Height (V) 0.50417

2 |Eye Width (ps) 84.9764

3

4 |CTLE:ConfigSelect 8 o ;
5 =
6 |AGC:Gain (V) 256134

[-0.0808 0.0158 -0.0066 -0.0127]

PRBS Waveform

<
| \

'w'«n

(\

T
A \

02 J\/'\h 41‘\ " } |H ‘1 ﬂ \ ‘\H ’ }\ ﬂ H 1‘ " “/ ‘
3 m LU ﬂ\ ..‘“W
'O:AT” | J ‘ . \ Iy J,
0 02 04 [ ]
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4\ SerDes Designer - o X EXpO rt to -
.... o .
SERDES DESIGN a4 B 2
EEP S — Symbole(DS)\faa Jodulation | NRZ = @ FFE vea| ﬁ ﬁ @ cTie @ @ g_ﬁ |, Analyze E % - M A I L AB
Samples per Symbol 16 v . v e \
Ne: 0 : S Differential | AGC FFE VGA Saturating DFECDR CDR CTLE Pass. Delete  Add Default]
w :e Tmﬂﬂ‘hg-% | Signaling Differential | Ampifier Through| « [ ' Auto-Analyze E)q:of! . .
i E— conFauRATN — e — sloces ) vos | avour St - Simulink
7\ SerDes System | ) &
_ \
DFE/
.—{ H [> ’—«‘ Channel }—“ D % CTLE -—{ AGC H P \
AnalogOut Channel Analogin CTLE AGC DFECDR P I t I - It

T~

High-speed link
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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

™ =
Ele Edt View |[nsert Jools Desktop Window Help »
I DS de A0 RE
untitied . Pulse Response Statistical Eye
® Unoquaized| 4 Eye Diagram - o x v
1 Equalzed M r
Eile Jools Yiew Help -

0- & WP -Q-CH- W-E

.~ sl 10* [ps]
Waveform Derived from Pulse Response
1 ! Name

Eye Hoght Upper (mV
Eye Heght Center (V]
Eye Hoght Lower (m)
Eye Width Upper (ps)
Eye Width Center (ps;
Eye Width Lower (ps)

on fon [on fuo o |

Configuration

jo1

1]

wave_in Tx wave_out

Runng

Te821e.08

Analog Channel

D1
Out wave_in

Rx wave_out

Eye Diagram

T=9239¢-00 [G»

FixedStepDiscrete

» | Da
M QT L Q Runving 150%
|y @} [ U5y 4y W B e

[ R I I S TR R SR Tt
L e S e I )

BB R R B B R R B B W0 DWW W W W W W
LS RN e v e 7 RS S

s0

3 1d
txBlocks{1l}
txBlocks{1l}.
txBlocks{1}.
txBlocks{l}.
txBlocks{1}.

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

rxBlocks{2}

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

rxBlocks{3}

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

'R',50,

serdes.FFE;
BlockName =
Mode = 1;

TapWeights = [0 1 0 0 0];
Normaliz

= serdes.CTLE;

BlockName = 'CTLE';

Mode = 2;

ConfigSelect = 0;
Specification = 'DC Gain and

PeakingFrequency = 50000000
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.DFECD!
BlockName =

Mode = 2;

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

MaximumTap = 1;

txAnalogModel = AnalogModel( ...

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

rxAnalogModel

', txBlocks,

1',txAnalogModel,
00000e-11,

1"

4\ MathWorks

4| Figure 1 - m} X
File Edit View Inset Tools Desktop Window Help N

Deds |2 |0E»E

Pulse Response

AnalogModel( ...
+50,
'C',2.000000e-13);
rx = Receiver( ...
iy cks',rxBlocks,

1', rxAnalogModel,

Data:

LossdB', 8,
,5000000000, ...
»100);

SymbolTime le-10;
SamplesPerSymbol = 167
Modulationlevels = 2;
BERtarget = le-06;

0.8
0.6
04
=
0.2
0
-0.2
22 24 26 28 3 3.2 34
[ns]
- B =
File Edit View Inset Tools Desktop Window Help N~
Dade @ 0| E
PRBS Waveform
0.5
T
| 1L i
il |01
= ol } | M "
W
YAAA A
-0.5
0 2 4 6 8 10 12 14
[ns]
- =
File Edit View Inset Tools Desktop Window Help k]

Dedse |08 KE
Statistical Eye

0.5 7 10°
= 0 10°
| J 110
05 10
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[ps]
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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

- Generate PRBS and custom stimulus patterns supporting PAM4
and NRZ modulation

S Simulink Library Browser

SerDes Toolbox/Datapath Blocks

Fal

Configuration (mask) (link)

Configure system wide settings in a SerDes Toolbox model.

Parameters

Symbol time (s) ‘ le-10

Samples per symbol 16 v
Sample interval (s): 6.25e-12

Target BER [1e-06

Modulation NRZ ¥
Signaling Differential v
Analysis

Plot statistical analysis after simulation

S Simulink Library Browser - m]
@ 2@
SerDes Toolbox/Utilities
Robust Control Toolbox A
V' SerDes Toolbox Alin Analog Channel outp 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 V
< >

MATLAB EXPO 2019

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 i0OS
Simulink Support Package for Arduino H.
Simulink Support Package for LEGO MIN

Simulink Support Package for PARROT M ¥

Chcrs Bl Cecnranet D~ olinar o D ombinesys

< >

Tools
Open SerDes IBIS-AMI Manager
Cancel Help
= O X
AGC > X CDR
AGC CDR
CTLE > DFE/CDR D
CTLE DFECDR
FFE > Pass-Through >
FFE PassThrough
Saturating
Amplifier » VGA P
SaturatingAmplifier VGA

Apply

4\ MathWorks
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SerDes Simulation and Architecture Exploration

! Customize AMI
parameters

4] SerDes 1BIS-AMI Manager - o x

Export | 1BIS | AMI-Tx | AMI-Rx
~ serdes_rx ~ | Node Details
~ Reserved_Parameters

Node name | PAMA4_UpperThreshol
AMI_Version

Init_Returns_Impuise
Getwave_Evists
Wax_Init_Aggressors

Description
Upper eye voltage thresnold for
waveform and eye processing
Wedulation
PANM4_CenterThreshold

Configuration

o

————] Wiaveln

o1
Tx WaveOul

eln

Analog Channel

WavaOut

o

PAM4_UpperThreshold

Type | Float
PAM4_LowerTnreshold
~ Model_Specific Usage | Out
T CIE Format | Value
Wode
ConfigSelect Valug | 0.333
~ DFECDR

ReferenceOfiset
PhaseOffset
Phase

r_ Channel modeling

Block Parameters: Analog Channel e

AnalogChannel (mask) (link)

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.

Channel Model

Channel model | Impulse response -

Impulse response |[zer05(1,53),lfSampIeInterval_zeros(l_192)] ‘ 8

Analog Model

R [0 J e [men
wroms) [0 i e e
Rise time (s) | Voltage (V) I:I B

L

Cancel Help

I Waveln

/

Mode
~ TapWeights
1 Currentvalue | 0.333

o1
Fx WaveOut =

( Close I

4\ MathWorks

-
White-box (customizable)

models

$done in an exterior block.

o

‘ CTLEParameter.Mode

CTLEMode

‘ CTLESignal.ConfigSelect

T

CTLEConfigSelect

Apply J

Simulate and customize adaptive equalizers

i xed (obj)
= obj.configSelect;

privConfigInitialFlag
.privConfigInitial = obj.ConfigSelect;

In i i iti = ;
D1 .privConfigInitialFlag = false;
Out > 1 )
.privConfigInitial = obj.ConfigSelect;
Mode CTLE
= obj.privConfigInitial;
D1
X ConfigSelect —F{ CTLESignal.ConfigSelect I
ConfigSelect - j.FilterCoefficients.np(Config+l)+1;
CTLEConfigSalact1 j.FilterCoefficients.nz (Config+l)+1;
CTLE

1

$Note that step or time domain adaptation of the CTLE must be

17
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Cadence Integration

Analog: between Simulink and AMS Designer ( adence
= Co-simulation

Debugging

Validation of behavioral models -+ pjgital: between MATLAB/Simulink and Incisive ‘\
- HDL Verifier

Synthesizable: VHDL or Verilog

0 Code—gene_raﬂon -2 | |D| Coder

IC Implementation

Testbench generation _ : ‘\
Behavioral: real-number SystemVerilog (DPI-C)

= HD| Verifier

- Data post-processing File: import data files in MATLAB for post-processing

Result analysis (statistical)

Model fitting _
ADE Explorer & Assembler: Invoke MATLAB functions Cadence

19
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Generate SystemVerilog Module for EDA Tools

1. Make the Simulink model / MATLAB code compliant with C code generation
2. Generate C code
3. Automatically wrap the C code using the DPI-C interface (UVM Compliant Models)
4. Import, build and simulate an equivalent behavioral SystemVerilog model in your IC design tool
s\ Outt)(J(ﬂ‘eib—»\r’c:fr :%’::ﬁomlm Contin\Lllggs-Time double _l_ .:‘, |
/ veo 7 W /SystemVerllog wrapper
I — Out Trigger <
= //| /
/// -

IC Design Tool

1.CCode —| |==
MATLAB EXPO 2019
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Benefits of C Code Generation and DPI-C Export

= Fast simulation using the native SystemVerilog API

= |C design tool independent

= Uses mature C code generation technology to provide real-number models
= Most suitable for testbench generation and IC verification (regression tests)
= Supports discrete and continuous time signals

= Supports code generation from MATLAB and Simulink

.'i
RIEENEELEE

MATLAB EXPO 2019
21
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Endorsed Workflow by STARC

A Next-Generation Workflow for System-Level Design of
Mixed-Signal Integrated Circuits

By Kunihiko Tsuboi and Nobutaka Okumura, STARC

In the competitive world of mixed-signal design, project delays are deadly for profitability. Design cycles are short, and the market moves

very quickly, giving a competitive edge to any company that manages to accelerate its design process. At the Semiconductor Technology

*
Academic Research Center (STARC), we have been given the mission of finding a way to cut design time in half and eliminate costly ( )

respins for our supporting companies. We have achieved this goal with our new system-level design flow.

Our system-level design flow (which we call STARCAD-AMS) starts with rapid and extensive behavioral modeling in Simulink . Once

we have a design that works at the system level, we generate C code from our Simulink models and import it into Cadence” Virtuoso ,

where it is simulated using AMS Designer. We use our C code to verify the correctness of our circuit-level designs. We have

benchmarked our STARCAD-AMS flow using a sigma-delta analog-to-digital converter (ADC) design. Our results show that design

time is cut in half.

MATLAB EXPO 2019

(*) http://www.mathworks.com/company/newsletters/articles/a-next-generation-workflow-for-system-level-design-of-mixed-signal-
integrated-circuits.html
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DPI-C Customer Successes — NXP Semiconductors, India

Verification Metri
- Leveraged DPI-C to perform advanced eriication Metres

verification using MATLAB functions
=  Moved to a more efficient verification

= Sign off tool leveraged due to UVM com
of DPI-C model generation

(*)

9 EXTERNAL USE

N

MATLAB EXPO 2019 (*) Verifying hardware implementation of automotive radar signal processing with MATLAB, Sainath K, Shashank V

24
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Conclusion

- Rapid system level design of mixed-signal IC’s using architectures or from building blocks
= Build SerDes systems like never before using SerDes designer app
- Perform advanced analysis using measurement test benches and visualization capabilities

= Link with IC design tools to model implementation impairments and reuse testbenches

= Deliver DPI-C compliant SV models and IBIS-AMI to customers (internal and external)

MATLAB EXPO 2019
26
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Call to Action — MathWorks Resources

SerDes Toolbox wewesroucr

= Mixed Signal and SerDes Product Pages
« User stories

Allegro MicroSystems Reduces Anti-Lock Braking System
Sensor Development Time

"Using MathWorks tools, we identified the best algorithm
choice. Because the model ran much faster than our
circuit simulator, we caught implementation errors much
quicker and shortened our time to market.”

— Cory Voisine, Allegro MicroSystems

Fujitsu Develops and Tests State-of-the-Art 40 Gbps
Optical Transponder

“By including circuit-level simulation results in our Simulink
models we can simulate millions of cycles with the
accuracy needed to account for noise and other
transient effects. Simulink is the only tool fast enough for
our jitter-tolerance simulations.”

— William Walker, Fujitsu Laboratories of America

SerDes Design

Design SerDes systems using parametrized white-box models and algorithms.

Mixed-Signal Blockset

§ Tralsoftware  §, Contact sales
System-Level Design

Design mixed-signal systems using models of typical architectures. Set model
parameters using values from data sheet specifications. Follow a top-down
methodology and use white-box models as a starting point for your design.

PLL Design

Design and simulate phase-locked loops (PLLs) at the system level. Typical o =F % 1 [ = 1 [ _ | 3
architectures include integer-N PLLs with single or dual modulus prescalers, and g~ =t g
fractional-N PLLs with accumulators or delta-sigma modulators. Verify and visualize

the open-loop and closed-loop response of your design. . | s g |

BB Design and simulate analog phase-locked loop (PLL) systems
BB Design and Evaluate Simple PLL Model Fractional-N PLL with a delta-sigma modulator
ADC Design

Design and simulate analog-to-digital data converters (ADCs) at the system level, | o e ~

including timing and quantization impairments. Typical architectures include flash and i e f"\‘|”' -|~‘~ D
Successive Approximation Register (SAR) ADCs. U =y

BB Simulate analog to digital data converters (ADC)

BB Design and evaluate a SAR ADC
SAR ADC with Time Scope.


https://www.mathworks.com/products/mixed-signal.html
https://www.mathworks.com/products/serdes.html
https://www.mathworks.com/company/user_stories/search.html?q=&fq=marketing-industry:semiconductors&page=1
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Training Services

System Design and Modeling with Simulink

This three-day course uses basic modeling techniques and tools to demonstrate how to develop
Simulink block diagrams for signal processing applications.

Topi

MATLAB EXPO 2019

cs include:

Modeling single-channel and multi-channel discrete dynamic systems
Implementing sample-based and frame-based processing

Modeling mixed-signal (hybrid) systems
Developing custom blocks and libraries
Performing spectral analysis with Simulink
Integrating filter designs into Simulink
Modeling multirate systems

Incorporating external code

|2 Communications System

4 Simulink
Commonly Used Blocks
Continuous
Discontinuities
Discrete E
Logic and Bit Operatiol
Lookup Tables
Math Operations
Model Verification
Model-Wide Utilities
Ports & Subsystems
Signal Attributes
Signal Routing
Sinks
Sources
User-Defined Function:

» Additional Math & Disc
> Aerospace Blockset

Unenergized Angle
(theta_eq)

L

Display Floating §

Scope j

Y DR =
1

{

Outl Scope bl

3

’>

Stop Simulation Terminator };
!

]|
To File To Workspace }

3

'

3

3

XY Graph H

4\ MathWorks

1
LI D)
. theta_dot theta "o

Angular Velocity

Initial condition: 0 Initial condition: pi/6

Angle

theta <=pi2
Chapter 4 Chapter 3 Chapter 5
PWM >
Pl Controller —| T Throttle

Discrete system

Logic system

Chapter 2

Continuous
system

Sensor

Algebraic
system

Throttle
angle
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