Practical Aspects of Modeling
Complex Analog Behavior in
Modern Circuit Simulators

Marek Mierzwinski



What | hope you'll learn

— How the overall circuit design process works

« But how it’'s similar to most other engineering endeavors

— How simulators work

» And the models are the critical piece

— Getting a model into a simulator has become very simple
* New programming languages have made it possible

* New models can be implemented by individuals

— A bit about Keysight Technologies
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A little background on Keysight Technologies



History

— The original test and
measurement divisions of
Hewlett-Packard

— HP spun off Agilent
Technologies in 2000

— Agilent Technologies spun
off Keysight Technologies
in 2014

— Corporate headquarters in
Santa Rosa



Around the World, We're Ready to Help You Change |t

150 locations

Over 1,000 patents

Conducting business in
more than 100 countries

>4,000 products
12,200 employees R&D centers

in 13 countries
ASIC design center and around the world

proprietary fabrication facility 5
40 service hubs
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Technology centers for MMICs,
optical components and
microelectronic packaging



New Keysight R&D Center at Georgia Tech

 Keysight has opened a new Atlanta-based Software Development Center.
* Will house >200 software developers & engineers over next 5 years.

« > 50 new engineers hired.



Circuit Design Environment



The Problem

Even something as basic as an amplifier has multi-technology design

Challenges Complete front-to- Multiple IC’s on

back GaAs/Silicon different fabrication
MMIC design technologies

Integrated full
3D FEM to
model package,
solder bumps,
bond wires

Design & EM
simulation of
entire laminate

Electro-Thermal
MMIC inter

3D EM

Design, layout and
Components

verify IC, laminate,
and PCB in a single
environment

RF Power Amplifier Module
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RF and Microwave Design Flow




Each step of the flow can be complex

Layout and visualization

MMIC/Module

Board

3D View




Metal traces become circuits on their own at high frequency

Use 3D Planar simulator and Full 3D Finite Element Method simulator

High Speed Digital
Power, Ground, and
Trace Analysis.

Field and Current Distributions

Co-Simulation Between Circuit
and EM

Multiple Technologies
Multi-Chip Modules

Integrated IC-Package-Laminate-Board Solder Balls and Spirals




The Circuit Simulator
Analyzes nonlinear behavior

This is the portion of the problem

we’ll look at in more detail



Basic simulation flow

Start with some

collection of information

that describes the circuit
add sources and select

an analysis to run

et

Netlist

Schematic
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Basic simulation flow

2

Simulator “parses” the
information and creates
an internal database of
elements and values

global 0
parameters _:

+ m =5
+ 1 = 0.05e-6
e ) vsourc

_r ) vsource dc
_r ) vsource dc

resistor r=1 i
stor r=0.1




Basic simulation flow

3

Simulator creates and solves
the matrix of circuit equations,
storing the results in a data file.

Post processing algorithms
provide a convenient way to
view the results of the data file.




Circuit Simulation

Let’'s now at a simple example of
a circuit, but follow the steps in
solving a bit more closely



A simple circuit simulation example
Start with a current source and some resistors

R
R12
R=3 Ohm
V1 V2
. e AAA, —
| DC | l
1 I R I R
{) lde=10 mA RO1 R20
R=10 Ohm R=7 Ohm

VO What is V1 and V2?

Everything you always wanted to know about SPICE -
Colin Warwick, Keysight



Nodal Analysis

R12

1 . R=3 Ohm .
GOl(Vl — Vo) — GZO(VO — VZ) — 11 =0 - -
Apply Kirchoff’s i ko R20
CEFr)rgnt Law to the G, (Vo = V) —Goy (Vi = Vo) + 1, =0 C‘D de=10'mA §R=10 Ohm R=7 Ohm

nodes
Gzo(Vo - Vz) - G12(V2 - V1) =0 VO

The resistor’s constitutive relation: | = V/IR=G*V



Rearrange to matrix form

2
Arrange into the (Go1tGz0)  —Gox —G20 Vol [-4L
matrix form of —Goq (G12+Go1) —Giz [x|Vi|=| 1L
—G2o —G1 (G20+G12) V2 0

GxV=I




Solve the matrix

3
50 mV
: V1
Invert the matrix,
solve for
| DC
V=Gl .
d-, ldc=10 mA

R
R12
R=3 Ohm 35 mV
50 mV V2
50mvV VMV
R R
RO1 R20
R=10 Ohm R=7 Ohm

V0 assigned to ground



Some complicating factors

— Voltage sources don’t work in simple nodal analysis
— Multi-terminal devices get loaded into the matrix differently

— Some elements are best described by their frequency dependence rather than voltage-
current relations

— Users want DC, time/frequency-dependent, noise, small-signal, large signal, and other
types of analyses in order to understand how the circuit works

— Nonlinear elements eliminate straight-forward solutions, as we’ll see next



Another simple circuit
But much more difficult to solve

Replacing the resistor network with a resistor E
and a simple (ideal) diode makes the solution Ri3 ohm
much harder to determine. \11 o AN V2
The current through the diode is: v ! Diode
vy — _ ( N deal
I; = C(el\f -1 = Vdc=0.8 V Id / e
So, substituting and rearranging using 1 !

Kirchoff's Voltage Law:

V2
RSC(e k — 1) ~+ VZ - V1=O
A transcendental equation of the form:

F(V,)=0



Nonlinear Circuit Simulation
Solves equations iteratively using Newton-Raphson technique

Make
guess

F(V2)

Compute new
gUESS USING & e
tangent.

Converged




Basic Simulator Equation

The simulator solves the equation
D o = e (50)

Where v,f,k) is the vector of node voltages on the k" jteration

And J is the ‘Jacobian’ matrix, the first order partial derivatives of the function

Every component must be described not just by its constitutive relations, but by its Jacobian
entry.

The models have the information about how the circuit works, the rest of the job is just
solving the matrix equation.

UC Berkeley’s SPICE was the first program to do this and today’s simulators share many
design ideas.



Analog Models

Let’'s now look in detall at the
transistor models that the circuit
simulator uses



Modeling the MOSFET

How can we get the answers the simulator needs?

1. What current flows if we
apply biases to each

node?
Source I I Drain 2. How fast can the current
change if we change the

bias quickly?

3. How much noise is
generated?

4. What if | change the size
of the transistor

5. What if | change the
materials?




Macro Models
e.g., The Hybrid Pi

— Quick and easy and portable
since just consists of
standard components

— Nonlinear behavior can T
sometimes be implemented 31
if the simulator supports it

::llrlu ':III'- o
L

— Messy when used beyond
simple devices

 Parameters...

Lna



Physics Based Models

Solve the Fundamental Equations

— Commercial and research programs allow the user
to define the material and geometric values of a
device, then apply biases or other stimuli

— Simulator will apply varying levels of physics to the
problem
« E-M / charge
e Thermal
« Quantum mechanics
« Statistical physics

— Produces output such as potentials, currents and
charges, light, etc.



Problem solved?



Reality

Transistors do not come out of the
process ‘as-drawn’

A cross section of a simple CMOS

FET device shows that geometries ’ ‘

are hard to define, hard to control, -

and hard to measure ' ‘

Bl
R

Credit: Texas Instruments

So physics based modeling can’t
give you the correct answer
because it doesn’t have the correct
question!

So, what to do?



Simulate the semiconductor process

Feeds the results to the Physics Model

Process simulators exist, Stanford’s

SUPREM was one of the early ones o]

Process simulators take the equipment
parameters as input, calculate the
doping profiles, dielectric dimensions,

etc. E a—

They take complex phenomenon such
as stress-induced diffusion, oxidation

processes, etc. into account 0.5

SUPREM-IV.GS B.3385




Problem solved now?



Accurate Physics
Doesn’t Mean Correct Answer

Process
parameters

Process simulator Device simulator Circuit simulator

It just pushes the problem of calibration back another level



The fundament modeling issue
Why can’t we simulate everything?

We don’t have all the information

Even with the information we already have, it's too much for
our computers



Do We Even Need a Model?

Can we just measure it instead?

NVNA

gkw

Measure X-Parameters

MDIF
File

Simulator

X-parameter instances

Data-specific

simulate-able

instance

Compiled X-parameter component

Simulation and Design

N
a4




Compact Transistor Models
A set of equations and related parameters that describe the behavior

— Calculate equations from physics but
simplify the math

— Keep the physics that’s important

— Parameterize it so it can be applied to
a wide variety of device types in that
family

— Use empirical relations where you can
see an effect but don’t understand the
cause

https://inst.eecs.berkeley.edu/~eel05/fal5/handouts/discussions/Discussion5.pdf



Choosing the level of model complexity
An optimization problem

Physics models

Compact models — —
Measurement-based models

Accuracy

Macro models

Complexity



Compact Transistor Models

Physics based

Circuit simulator

Empirical / Parameter values
knowledge § from

measurements



Device Modeling: Compact Model Parameter Extraction




Compact Model Implementation

Compact models are the best
way to describe nonlinear
behavior, like transistors. How are
they actually implemented in the
simulator?




Compact Transistor Model Implementation
Lots of work

— Models need to:
« compute matrix stamp
* Implement multiple entry points for different analysis types

« Handle housekeeping of parameter input and range
checking

« Compute derivatives for the Jacobian entry

— Keep up with simulator changes as new features or analyses
are added

— Historically, this was done by writing subprograms that the
would be compiled into the simulator program



Model Implementation
Historically

Research group
develops
equations

Writes example model in c-
code using open source
simulator (SPICE)

EDA vendor A | Simulator A

EDA vendor B | Simulator B

EDA vendor C 1 Simulator C

This step takes a few months, even years.



SPICE Implementation of the Resistor
A simple linear component

— To implement the resistor model, SPICE uses 30,000 lines of
code!

— Each simulator vendor would take the c-code and convert to
their own programming language

— Typically the original code would have bugs (typically in the
derivative equations)
« Some vendors would quietly fix the bug

« Users not always happy to have a different answer

sep
Jun
Apr
Apr
Apr
Apr
Apr
Apr
Mar
Apr
Apr
Apr
Apr
Apr
Apr
Apr
Apr

b bt o bt o o e o e e e e

res.c
resask.c

resdel.c

resdest.c
resload.c
resmask.c
resmdel.c
resmpar.c
resnoise.c
resparam. cC
respzld.c
ressacl.c
ressetup.c
ressload.c
ressprt.c
ressset.c
restemp.c




What do Foundries want?

— Want accurate, robust, and tested models.
— Want their end users to use any simulation too.
— Want a wide range of models, not one model that you have to fit your device to.

— Want to easily modify the underlying equations for special needs.



What do EDA (Electronic Design Automation) Vendors want?

— Want to have as many models in their simulator as possible
— Want their models to work just like everywhere else

— Don’t want to have to change anything



The Solution

A new programming language
made for device model
developers



Verilog-A
Hardware Description Language

Verilog-AMS

Digital circuits are
‘programmed’ with Verilog

Verilog-A is a subset of this
language — simulators can
choose to just implement this
small part rather than the full
language



Features of Verilog-A

— Natural programming language uses potential and flows, can be learned in hours

* Thermal

* Mechanical

* Rotational

+ User defined

— Models can ‘instantiate’ other models

* |t can even be the netlist

— Works same in all simulators

— Code execution is a bit slower, but that will improve and should surpass manually-
coded models



The Resistor in Verilog-A
~10 lines of code!

"include "disciplines.vams"

include "constants.vams" Include files
module resistor (p,n);
electrical p,n; Ports
parameter real R=1 from (0:inf]; Parameter(s)

real g; Variable(s)

analog begin
g = 1/R; .
I(p,n) <+ V(p,n)*g + Behavior
white noise(4 * "P K *
Stemperature/ R, "thermal");
end
endmodule

..............................................................................................................................................................

Declaration

block



Verilog-A in the Simulator

' S C s
' include "disciplines.vams"
‘include "constants.vams"

module resistor (p,n);
electrical p,n;

parameter real R=1 from
(0:inf];
real g;
analog begin
g = 1/R;

I(p,n) <+ V(p,n)*g + E Compiler Compller

white noise(4 * E

Verilog-A C Simulator A

"P_K *

$temperature/
R, "thermal") ;
end
endmodule

..........................................

A separate program, called the Verilog-A compiler, takes the model and converts the
parameters and equations into the information that the individual simulator needs.

» This includes calculating all the derivatives

» All the parameters and their limits
* How to load into the matrix (the stamp)

This step takes a few seconds.



State of the Art Compact MOSFET Model

BSIM-CMG (Berkeley Short channel Insulated gate Model - Common Multiple Gate)

— Release document contains
about 70 pages of equations

— These are just the
constitutive relations — no
derivatives provided!

— 500 parameters

— This is typical fora MOSFET
model



BSIM-CMG Verilog-A Code

The source code is the reference and the documentation

if (l!$param given(THETADIBL)) begin
tmp = DSUB i * Leff / scl + 1.0e-6;
if (tmp < 40.0) begin

Although not yet as We”- Theta DIBL = 0.5 / (Bosh(tmp) - 1.0);

end else begin

documented as the reference Theta DIBL = exp(-tmp);

end

manuals, the source code is i

readable.
Theta RSCE = sqrt(l.0 + LPE0 i / Leff) - 1.0;
. g tmp = DSUB i * Leff / scl + 1l.0e-6;
It is also correct-by-definition. if (tmp < 40.0) begin

TO = 1.0 / max((1.0 + DVTP2 * (cosh(tmp) - 2.0)), 1.0e-6);

The model’s behavior is defined T D B e o Py
by the source code.

end

Theta DITS = TO;
nbody = NBODY ij;
gbs = “gq * nbody * Ach / Cins;

This section shows the
. // Gate Current
equations related to those if (TIPE == “ntype) begin

. . . Aechvb = 4.9?2}29-?; // HMOS
displayed on the previous slide. o = iseesenty /) s
Aechvb =
Bechvb =
end

.42537e-7; // PMOS
.16645el12; // PMOS

3
1

TO TOXG * TOXG;

Tl TOXG * POXEDGE_i;

T2 Tl * T1;

Toxratio = lexp(NTOX i * 1ln(TOXREF / TOXG)) / TO;




Modeling Self-heating in Devices
An illustration of the simplicity and power of Verilog-A models

— Any device dissipates some power and this raises the device temperature, which
changes the device characteristics — much more important as devices shrink

— Modeling self-heating is conceptually very simple:

| DC R 1 C

SRC1 Rth Cth

ldc=PowerDiss R=Rth ~~ C=Cth
L '

— The voltage on node t is proportional to the temperature rise, so just add that to the
device temperature

— And then add all the partial derivatives with respect to temperature!



Modeling Self-heating in Devices
The Verilog-A solution

Self-heating is simple to add to any Verilog-A model:

T = $temperature + Temp(t);

Pwr(t) =<+ - Id * vd;
Pwr(t) =<+ Temp(t) / Rth_T + (Cth * Temp(t));

IDS.i[0] (H)

The circuit can even be described in terms of thermal
characteristics.

And all the partial derivatives with respect to temperature
are automatically calculated!

Self heating

1.0

0.8+

0.6

0.4

0.2

0.0

I I LI I LI
00 05 1.0 15 20 25 30 35 40 45 50

VDS



Compact Model Coalition

The CMC is an international standards
body formed to qualify and describe
compact models in a way that

1. all simulators would access them in the
same way

2. all simulators would return the same
results when used in a simulator

3. New requirement: all models must be
written in Verilog-A



nanoHUB.org
A NSF funded site for model collaboration

“nanoHUB.org is the premier place for
computational nanotechnology research,
education, and collaboration.

These resources help users learn about
our simulation tools and about
nanotechnology in general. ”



nanoHUB.org
An active compact model development site

Users can

« post their models,

« provide feedback on other
models,

 create tools for helping others
create models

« access teaching material to
understand devices



NanoHub
Tools to help model developers

— VALint looks through Verilog-A code
and checks for problems that a
compact model might encounter

— Verilog-A is a general language for
any analog behavior so it has more
features than a compact model
developer would (or should) use



Compact Model Coalition

In the early 2000’s there was

1

standard compact model, the BSIM4
model developed by UC Berkeley.

Now there are

> 20

standard compact models, from
universities including

UC Berkeley (3 separate families)

Auburn

University of Hiroshima (4 separate families)
EPFL (France)

Leti (France)

UC San Diego

MIT

IIT — Kampur (India)

Chalmers (Sweden)



Summary




What | Hope You've Learned

— The circuit design flow is complex and software tools play a critical part in developing
today’s products

— Analog circuit simulators work on the basic principle of solving Kirchoff's laws to create
the equations, then using an iterative solving procedure based on Newton-Raphson to
find the solution.

— To participate, nonlinear models must supply their constitutive relations but also their
partial derivatives, plus a lot of other information

— Verilog-A provides a convenient way to quickly implement models — changing the
paradigm from one model fits all devices to a model for each device

— Analog models can be developed by individuals now and a new infrastructure to
support that is being created



Thank you for your attention!



References

— SPICE: https://bwrcs.eecs.berkeley.edu/Classes/IcBook/SPICE/

— How to (and how not to) write a compact model in Verilog-A - Geoffre
J. Coram

— http://www.designers-quide.org/

— http://signal-integrity.blogs.keysight.com/2009/circuit-simulation-part-
one-spice-turns-thirty-six/ Colin Warwic

— IC-CAP Modeling Handbook, Franz Sischka

HOW TO (AND HOW NOT TO) WRITE A COMPACT MODEL IN VERILOG-A

Geafirey . Coram
Devices, In

nalog e
804 Woburn St., Wilmingion, MA 01887

ABSTRACT

e and powerful dus ssipolion and plotig rautines.
MATL

ponforcompac modebing. Tn ok for Vel A 1 be-
com he standard language for compect model devclop-
men g implementasion, owD more sieps re moeesary:

‘Verilog- is shmostas asy s ax MATLAB, mnd

o imulces e picievete catraction ooks, s well a5 in

ien in Vorilog-A almost as quickly nd relably as those
o paer

steps

these
it g compact mosels
i Verlog: A aed, by indicating the sors of techniques that
‘compact madel wrilers may use, helps UL vendars

‘casse mast of the featares we abreaiy mulable for baik-in
Spice models and for peogrictary C inkcTaces 16 he -
lators, The Vet

ther Verilog-A inerfaces.

1. INTRODUCTION

The standsnd lngoage of compast modcling has been €

« Model Counsil 1] has prefermed C
e i the pas, Dl It crcoages the feease of Veciog A
source eode for R news-pemertson MOSFET model sca-
daization effort. Al the develapers of casdidie mod-
el for the CMC effor have idicaied the et 10 wrie
Vertiog-& implementsioms of ther models.
Verlog- AMS handware geserition Jnmage (2],
and specifieally s analog-only subsstcalld Venlog: A, was
grvster suppot for compact
modeling by the ebease of the Verilog-AMS Langusge

new synéss 1o existing Functions in he C iverfaces.

signal modling. Secton 2 highlightsa few tncks tha migt
b usefl, whike Section § pekes s of pariclar cuner
far compct modhing

This paper has 3 second istended sulience: (e o
rammers developing the Verlog-A interfose for cituit
simulsors. Compact models winien in Verilog-A should
Fun ressonshiy fas, amd simulsor developers must vt
Some effort o make this hapgea. It might be accepale or

RM)version 2.2
was developed uver the vourse of the past 1wo years with
Involvemmem from coenpact model developens. vendors of
commersial simulatars, s olpers, and 8 epuctad to e
sppemvedby th

her 2004, Many of the lang uage exiensions i the new LRM
ooy hose propscd by Lesie (4]
e bfare e sddsion of these compse muceing e

cessarly e case that Voriog-A madols wil ran mare
shnsly. Circait simulators ae st wrten i assembiy lan-
e madern C campilers ar very good 3 auicmatically

ensioes, Verilog-A p
| cevelopmen and 3 dramatie |mprosement over C.
The advaniages ae lisd in Soction 2. MATLAB is of-

A goud Vesilog: A com-
ik ol well priduce mre ffcit coc han a persoe
would by hand, pariculaty if he persan concemates o

0-7803-8615-8/04/520 00 £2004 IEEE

equatioas for the model. Section &



https://bwrcs.eecs.berkeley.edu/Classes/IcBook/SPICE/
http://www.designers-guide.org/
http://signal-integrity.blogs.keysight.com/2009/circuit-simulation-part-one-spice-turns-thirty-six/

Jobs at Keysight

A few words about what skills are
best for working at Keysight




Core Skills for EDA Software Engineers

* Electronics
- Circuits and systems
- Semiconductor physics
» Software
- Programming
- Math and algorithms
- User interface and usability

« Curiosity, creativity, and community



Careers at Keysight
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Applications Engineer

Business Planner/Analyst

Customer Service/Support

Customer Support Engineer

Field Engineer/Account Manager
Financial Analyst

Hardware Design Engineer

Human Resources

IT Professional

Manufacturing Development Engineer

Materialz Engineer
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Mechanical Design Engineer
Planning/Material Procurement
Process/Mechanical Engineer

Product Marketing

Product/Test Engineer

Quality & Reliability Engineer

RF Enginesr

Quality & Test Engineers
Sales/Marketing Development
Scientist

Software Design/Development Engineer
Supply Chain Engineering/Management

Technical Consultant

Learn more and apply at jobs.keysight.com



Everywhere the Electronic Signal Goes, Keysight is There
To help design, test, manufacture and optimize

Multi-standard smartphones, tablets, IoT devices

Networks and cloud environments

Connected cars

Clean energy

Semiconductors

Aerospace, Defense, and Government

General electronics




