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Bias-Dependent Components

x(t) = AM®)¥(t) + B@)iu(t)
y(t) = C(9)x(t) + D) u(t)

From simple examples...

NMOS 1 Two-Stage

transistor G—| H Buffer LD[

S

... to complex structures!

Low Drop-Out  r2vef |
Voltage Regulator
(LDO)

P3, Vout
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Direct SPICE Implementation : OA Example

Operational Two Design Parameters A
Amplifier (OA) 1. Bla_s-Voltage (9,)
2. Gain (9;)

$(3,2) Magnitude

—35(3,2) data
= = +8(3,2) model

191=1.1V

Model accuracy is good but...
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’ j Suppose to generate a
e OuUT % SPICE netlist
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'SPICE BLOWS UP!
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Direct SPICE Implementation FAILS ... Why?

H(s;9) =

N(s;9) — Xn 2 Rup §1(9)pn(s) i ), i (9)

D(s;9) - anl Tn, 51(19)%(5) - S — pn(ﬁ)

n=1

Stability ? Model poles: pn(wz) = zeros of D(s; 9)

Model is UNSTABLE

Parameter-dependent

Uniform stability
Rip,(9)} <0,VI

We must focus on the
model Denominator...

604 606 608 61 612 614 6.16 6.18
Im(p)/2 [Hz] x10°
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Model Stability and PR Denominator

NGsi9) _ Zn 2t R S (s) _ i Ra(9)
D(S; 19) Zn Zl n,1 fl(ﬁ)(pn(s) S — pn(ﬁ)

n=1

H(s;9) = + Hy, (9)

Theorem: (Sufficient condition for Uniform Stability)
If D(s;9) is a Positive-Real function, then R{p,,(9)} < 0, VI

See D(s;9) as a passive immittance function

1. D(s;9) regular for R{s} > 0 guaranteed by

2. D*(s;9) = D(s%;9) model structure
.9 >

3. R{D(s;9)} = 0 for SR{F} >0 _can be checked

“only fors = jw

R{D(jw;I)} >0 Vw,VI €O
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Model Identification with Uniform Stability

PSK Scheme... with linear inequality constraints

foru=1,2,..

| “N u (S 9) — Dy (s m)ﬁ(sk;ﬂm)H Cast as
min

________ D, 1(Sk» ) min||x||?
-7 s.t. Qx < b

( st ‘.R{D (s;; 1)}>0 :;
~=" Which points??

Positive-real denominator
guaranteed at each iteration
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How to Realize the Constraints?

ER{D” (ja)l-; 191)} >0

> Set of Points

Points from two datasets
1. FIXED
2. ADAPTIVE

R{D(s)}

at each u-th iteration

(jwk;ﬂm)
k=1,.. K
m=1,.. M

T

Adaptive Sampling
« Local minima search based on
passivity check
« See Zanco et al. SP12018
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(Fast) Model Identification with Uniform Stability

foru=1,2,...

JN 1 (S 9m) — Dy (sg; m)ﬁ(sk;ﬂm)“ Cast as

min||x||?
s.t. Qx <b

fixed and
adaptive samples

I_Constrained LS problem to solve | -
for the denominator unknowns
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Numerical Results : OA Example

Model accuracy is almost

the same and...
S(3,2) Magnitude

... PR denominator —

Model is stable!

300

——5(3,2) data
= = 5(3,2) model

191=1.‘IV

10°
Frequency (Hz)
S(3,2) Magnitude

—5(3,2) data
= = +5(3,2) model

v,=16

10°
Frequency (Hz)

POLITECNICO DI TORINO

1019

250 -

1010
Frequency [Hz]

Stable model poles

1.5

2 2.5 3
Im(p)/2n [Hz]

4

4.5
x10°

Is the model stability always guaranteed?
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Final Stability Enforcement

Perturb denominator coefficients

B(s3 9) = Z Z (Fas + 8731) EB)9a(s)

X decision variables

lterate AD(jw; 9)

Find local minima - r l '
gr}ﬂir% ||D(ja); 9) — D(jw; 19)”

Solve constrained _ ,
least-squares problem st iR{ﬁ(jw--ﬂ-)} >0
e L l

—

- Until PR

Y
ZH

> Optimize numerator coefficients
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Numerical Results : NMOS Example

Model accuracy is good and ... PR denominator — Model is stable!
‘ 8(3’.1) Magnit‘ude (dB) ,

Robust Enforcement ( y=3)

—85(3,1) data
= = +5(3,1) model

10°
Frequency (Hz)
S(3,1) Phase

Frequency [HZz]

Stable model poles

——5(3,1) data
- = :S(3,1) model

. | IR
10 Im(p)/2x [Hz]
Frequency (Hz)
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(Admittance) SPICE Synthesis: Poles Realization

H(s) = N(s)

. 2n Rn@,(s)

D(s)

o

Single Admittance
Sub-blocks

- 2n Tn®Pn(S)

(=

N
£
By 02t
-4 S — (n
n=1

Complex Poles q,, = g, + jw,
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N(s; 9) . X Ry, (s)

H(s; 9) = D(s;9)  Y,1(9)p,(s)

Sparse Synthesis

Common
RC cells for model poles between

Numerator and
Denominator

Real Poles
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(Admittance) SPICE Synthesis: Interface Circuit

_ N(s) _ 2n Rpn(s) N(s;9) X R,,(9)¢,(s)
HE) =53]~ Trmen®) <,I: HS ) = 59 = 3 7 @) o, (5

< y
Single Admittance D(s) = + -
Sub-blocks » ) Z ’
: Model

<T> 1ve Sparse Synthesis Residues
RC cells for model poles (Coefficients)

Admittance
loVp rve 1 'nVe,N
Interface <+
Circuit

il ““ POLITECNICO DI TORINO

o | o [ i



Model SPICE Extraction

H(s)
N(s)| 2nRp@n(s) Sub-blocks
D(S)|  ZnTnpn(s) Connections =
t : Model 7
| Representation
Single Admittance Y—-7-5
Sub-blocks

o—|
o—
o—
o—

H(s)

1. Numerator file Total number of (elementary)
2. Denominator file circuit elements scales as

3. Model file O(NP?)

N : Model poles
« P :Ports

&4" POLITECNICO DI TORINO

o | o [ i



N(s)

Model SPICE Extraction

. 2n Ry (s)

H(s)|=

D(s)

o

Single Admittance
Sub-blocks ‘

- 2n T ®Pn(S)

Sub-blocks
Connections =

Model N
Representation

Z-Y-S

H(s)

Scattering (S)
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Model SPICE Extraction

®) inp
N[ ZnRnn(s) .
DE)| Tt n(s)

o

Single Admittance
Sub-blocks ‘

H(s)|=

H(s)
Sub-blocks
Connections =

Model N
Representation

Z-Y-S

Impedance (2)
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@ Model SPICE Extraction

N .
- (9 Parameter-dependent Netlist
D(S;w)):zr() P
n=1

+ 10(9)
S —({n

H(s;9)
Sub-blocks
Connections =

Model .

‘ | | Representation
Single Admittance o Y—-Z—-5S

Sub-blocks

N(s; 9) _ Zn Rn(ﬂ)¢n(s)
D(s;9) Zn rn(ﬂ)(pn (s)

o—
o—
O—
O—

H(s; 9)

Same pole Parameter-dependent Electrical Interface Nodes
sub-circuits of components in HOW TO PROVIDE THE

non-parametrized admittance sub-circuits PARAMETER?
model Parameter Call
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Parameter-Dependent SPICE Models

oO—
oO—
o—
o—

H(s;9)
Sub-blocks
Connections =

Model N
Representation

Y-Z-S

N

D(s;9) = ) @) o)
] ~—t n
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Multivariate SPICE extraction
available

LN Eme group



@ Parameter-Dependent SPICE Models

N(s; 9) B Zn Rn(ﬁ)(pn(s)

H(s; 9) = D(s;9) X7 (9)@,(s)

Parameter-dependent Netlist

Electrical Interface Nodes

HOW TO PROVIDE THE
PARAMETER?

Parameter Call

3 alternative interface circuits

1. Global Par = Global variable

oO—
oO—
o—
o—

x={y}

O—

H(s;9)
Sub-blocks
Connections =

Model
Representation

Y-Z-S

p—

o—
o—

—

o—
o—

—

Option 1: external parameter

:* Testing netlist
:xl 1 0 myModel x={y}

jit o011

! 1
:* BEGIN: parameterized macromodel 1

1
:.subckt myModel nl n2 params: x=1 1

i[mstufij

2. Independent Par - Input Variable ==

3. Control Pin = Additional Input Pin
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| ¥ END: parameterized macromode
1

1
| ¥ Run a parameter sweep

:.step param y -1 1 0.1

HE
:vControl 2 0 {y}
1

Option 2: extra input pin

:* Testing netlist
1%x1 1 0 2 myModel

1011

1

:* BEGIN: parameterized macromo
1

1 .subckt myModel nl n2 controlPin 1

1
1 [.stuff.]
1

1
1 .ends

1
1 * END: parameterized macromode
1

1
1 ¥ Run a parameter swe

: step param y -1 1 0.1




@ Parameter-Dependent SPICE Models

Option 1: external parameter

* Testing netlist
X1 1 0 myModel x={vy}
il 0 11

* BEGIN: parameterized macromodel

.subckt myModel nl n2 params: x=1
[..stuff..]

.ends

* END: parameterized macromodel

* Run a parameter sweep

.step param y -1 1 0.1

.op
.print v (1)
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Option 2: extra input pin

* Testing netlist
X1 1 0 2 myModel
i1 011

vContrel 2 0 {y}

* BEGIN: parameterized macromodel

.subckt myModel nl n2 controlPin
[.stuff.]

.ends

* END: parameterized macromodel

* Run a parameter sweep
.step param y -1 1 0.1

. Op
.print v(1l)
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SPICE Validations and Numerical Results: LDO

Model is accurate and Stable SPICE responses identical to the
MATLAB-computed responses

3(1,121 . S(1,1) Magnitude

Maximum error is less than 1e-12

——s(1.1) data Three circuit interfaces available
- - S)madel] o gt T S0M) HAE |« 2 with electrical interface nodes
only and parameter as variable
J 1 Electrical interface nodes only +
10° control pin
Frequency (Hz)
S(3,1) ‘Magnitude

Control
Circuit

—3(3,1) MatLab P3, Vout

= =+8(3,1) Spice

Feedback
Circuit

105 J,

Frequency (Hz)
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Example 1

@: S-parameter ports

v me-n LDO and OA

Application of parameter-
dependent DC correction

LDO transient

OPA transient
ne 0-3 T T

. Transistor level: 43 min o 028

<026

Macromodel: 295 88 X

1.245 M

0.2
0

—— Schematic

- - -Corrected LTFM | (o
SN IR F TR L R RN . ’ .

{ lj, A ; i.i il i‘-l !“, M ,: ili ."'-, i tynt -’\. fi it I-'-, ,Fi P : Schematic

BTV IO L TS HI TS \ = = =Corrected LTFM

AARERBNAA QAR

04 "’i‘ 1 J?

time (us)

1

1.
time (us) time (us)
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Example 2

Integrated INAUCtOr (square, 1.5 turns, multilayer)

[Courtesy: Prof. Swaminathan, Georgia Tech, USA]

, magnitude

0.8

0.7 "—8(1,2), data
|- = §(1,2), model
|

06"-
0 2
Frequency (Hz)

S,,» phase (degrees

200 |
—8(1,2), data
100 - - S(1,2), model

0

Frequency (Hz)
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Double-folded
microstrip filter

Localization of non-passive bands, lteration 1
I

o
—
o

L]

E

E

=

p=2

[ = -
S

a2

2

w

Example 3

Port 1

—8§(2,1), data
- = §(2,1), model
|

1.5
Frequency (Hz)

Localization of non-passive bands, Iteration 2
T

n
N

Stub length (mm)
n
&

n

1
1.5
Frequency (Hz)

o
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Frequency (Hz)
Scattering responses, phase (degrees)
I T

2
x10'0

1

—8(2,1), data
- = §(2,1), model[.

Frequency (Hz)




Example 4

PCB interconnect
over a slotted
reference plane
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Multiboard PCB link
parameter: via radius a

Example 5

Port 1

Board 1 Connector Board 2

[Courtesy: J. B. Preibisch and C. Schuster, Technische Universitat Hamburg-Harburg, Hamburg, Germany]

1

raw data
= = model

2

Time (ns)

SPICE transient
simulations with
NL terminations
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Example 6

Field-excited transmission line Data from

full-wave solver

Frequency (Hz)
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300
200 250
150
100
50

7 (degrees)

350

x108

Frequency (Hz)

Data
o Model

250 300
200
100 180
50

1 (degrees)
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Example 6

Field-excited transmission line Data from
full-wave solver

-
1
1
1
I
1
1
1
I
1 -
1 T 0
[ -7
I
-
e A
y’

CW field with clipping diode SPICE transient simulations

c\ip-ping
no clipping

Clock signal + EMI field

Voltage (V)
I

Voltage (V)

Voltage (V)

|
I
I
I
I
|

2 4 6 8 10 12 14 16 18 20
Time (ms)

EMI OFF EMI ON
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Conclusions and Further Improvements

Total number of test cases 25
B Maximum relative error : less than l1le-2
m All models simulations are stable

Speed-up (transient simulation) between model and
transistor level ~ 10—100 X

Intellectual property guaranteed by model
construction

Further Improvements
m Extension to all SPICE languages (LTSpice)
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Thank You All
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