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MOR via Vector Fitting

Choose order and
starting poles

15

/

Solve for
residues of o(s)

Pole identification

Solve for the
poles

\.

\

/

J

Stability
enforcement

Residue
identification

Within acceptable a

range.

EGEILLINOIS

Electrical and Computer Engineering
University of Illinois at Urlmlm-(.‘hampalign

Not within

acceptable range.

Rational function
approximation:

Introduce an
unknown function
o(s) that satisfies:

Poles of f(s)
= zeros of o(s):

N

F(s)~Y C"a

n1s

+d +sh

o(s)

{o-(s)f (s)} =

+d+sh

i c
f(S)zn1 a 1

S G [T(s-2,)

nS— a n=1

Flip unstable poles into the left half plane.

‘Im

s-domain

ECE 546 — Jose Schutt-Aine

>

Re




Blackbox Formulation

Transfer function is approximated

H(w)= d+z

Using curve fitting technique (e.g. vector fitting)

]+]w/wk

In the time domain, recursive convolution is used

y(t)=dX(f—T)+Zypk(f)

where T
ypk(t)zakx(t—T)(l—e ck )+e ypk(t T)

Recursive convolution is fast

o IL LINOIS
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Passivity Enforcement

From vector
fitting

Passivity check via
Hamiltonian matrix

No

e ™
Obtain bands of passivity

violations from imaginary
eigenvalues of the

Hamiltonian matrix
vy

|

.

4 ., . . L
Obtain maximum violation

point and magnitude in

each band

y

g

-

Perform passivity
compensation via residue
perturbation

i

_(

Update the state-space h
model
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« State-space form: X =Ax+Bu
y=Cx+Du
T T
e Hamiltonian matrix: M = A+BKD C BKB
-C'LC -A -C'DKB’

K=(1-0'D)" L=(1-DD)’

e Passive if M has no imaginary eigenvalues.

eig (I-S(jw)"S(jw))

#1 #2 #3 #4

|
°' \5{/1//
[IVE) wy w37\ Wy w
* Quadratic programming:

— Minimize (change in response) subject to (passivity compensation).

«  Sweep: €g(/-S(jo)'S(jo))

min(vec(AC)Tl-l Vec(AC)) subjectto AAl=G-vec(AC).
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Macromodel Circuit Synthesis

Use of Macromodel

* Time-Domain simulation using recursive
convolution

* Frequency-domain circuit synthesis for SPICE
netlist

cccILLINOIS
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Macromodel Circuit Synthesis

Objective: Determine equivalent circuit from
macromodel representation

Motivation
e (Circuit can be used in SPICE

Goal

e Generate a netlist of circuit elements

cet ILLINOIS
E i i er Engineering
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Circuit Realization

Circuit realization consists of interfacing the
reduced model with a general circuit simulator
such as SPICE

Model order reduction gives a transfer function that can be
presented in matrix form as

_SII(S) . SIN(S)_

. _SNl (S) Sy (S)_
_J’n(S) ' le(S)_
Y(S) =
| Vi (S) Y (S)_
FN-/U.INOIS
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Method 1: Y-Parameter/ MOR¥*

Each of the Y-parameters can be represented as

vi(s)= d+Z

k=1 — pk

where the 2,’s are the residues and the p,’s are the
poles. d is a constant

*Giulio Antonini "SPICE Equivalent Circuits of Frequency-
Domain Responses”, IEEE Transactions on Electromagnetic
Compatibility, pp 502-512, Vol. 45, No. 3, August 2003.
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Equivalent-Circuit Extraction

Macromodel is curve-fit to take the form

Y(S)=d+ZL:

k=1 — Py

Ty

Need to find equivalent circuit associated with

e Constant term d
e Real Poles
 Complex Poles

cor
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Y-Parameter - Circuit Realization

Each of the I can be realized with a circuit having

the following topology.
;o Iy f
- °
+
v,
I*I,
! 1%V <‘f> ik A
- J
il L I

The resulting current sources can then be superposed
for the total current /; leaving port 7

All Y parameters are treated as if they were one-port' Y
parameters

o ILLINOIS
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Y-Parameter - Circuit Realization

We try to find the circuit associated with each term:

v,(s)=d, +Z

k=1 — P,]k
For a given port 4, the total current due to all ports
with Voltages vV (/':] ...,P) is given by

I = ZyUV ZdUV +ZVZ i

-1~ pljk
For each contrlbutlng port, with voltage 7, the total
current due to a voltage V at port j is given by

=dV +VZ

k=13 — pljk

ECE 546 — Jose Schutt-Aine 11
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Y-Parameter - Circuit Realization

We try to find the circuit associated with each term:

a,

vi(s)=d+Y

k=18 — Py

1. Constant term d
Vi (s)=d

2. Each pole-residue pair
Ay

— Px

yijk(S):
S

cor
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Circuit Realization — Constant Term

R=1/d

et ILLINOIS
Llectrical and Computer Engineering ECE 546 - Jose SChUtt'Aine 13
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Circuit Realization — Pole /Residue

In the pole-residue case, we must distinguish two cases

a;

S — Pi

(a) Pole is real Y (S)=

(b) Complex conjugate pair of poles

o+ jp —-jp
yk(S)_ : - + .k
S—0,—Jw, S—0,+ jo,

In all cases, we must find an equivalent circuit consisting of
lumped elements that will exhibit the same behavior

o ILLINOIS
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Case (a) - Real Pole

o—
L R
Vi ‘ M—Wj
A1

Consider the circuit shown above. The input impedance Z as
a function of the complex frequency s can be expressed as:

ffom circuit from pole and residue
1/L ;
Z=sL+R Y(s)= Y(s)=
S+R/L S— D,

Comparing Y(s) and f( s ) yields the solution

L=1/a, R=-p,/a,

o II. LINOIS
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Circuit Realization - Complex Poles

Each term associated with a complex pole pair in the
expansion gives:

Where r, 1, p,and p,are the complex residues and poles.
They satisfy: r,=r,* and p,=p,*

It can be re-arranged as:

fz(r e )[S—(I’Ip2+r2pl)/(l’l+r2)}
L SZ_S(p1+pz)+p1p2

o II. LINOIS
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Circuit Realization - Complex Poles

The pole/residue representation of the Y parameters is given by:

n [S—(rlp2+r2pl)/(rl+r2)]
Y=(r+n)=—;
s*=s(pi+p,)+ D,
DEFINE
P = PP, product of poles a=r1+r, sum of residues
g = Pt P, sum of poles X=1p,+1,p, cross product
. [S—x/a]
Y =a—;
S*—8sg+p

o II. LINOIS
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Circuit Realization - Complex Poles

Consider the circuit shown above. The input impedance Z as
a function of the complex frequency s can be expressed as:

1 R
Z=sL+R + =sL+R + :
1/R, +sC 1+ sCR,

(R +sL)(1+sCR,)+R
- 1+ sCR,

o II. LINOIS
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Circuit Realization - Complex Poles

. CR,(s+1/CR,)
R +R
LCR,| s* +s L+CRE, +( 1+ Ry)
LR,C LR,C
Y=1 (S+1/CR2)
Ll o, [L+CRR,) (R+R,)
LR,C LR,C

o IL LINOIS
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Circuit Realization - Complex Poles

Comparing
Y 1 (S+1/CR2) “h 0 [S—x/a]
- w1 =d
L 24 L+CRR, _|_(R1+R2) S2—Sg-|—p
LR,C LR,C

We can identify the circuit elements

L=1/a Rlzi_g
Cl2 a
1
Rzz—p—xZ—Fg C:p_?+__§
X d a X a X

cor
Electrical and Computer Engineering
University of Illinois at Urbana-Champaign
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Circuit Realization - Complex Poles

=1/a Rlzi_g
a2 4/
p x g pa 1 g
R, =———-—+ C=—F+—-=
X a 4/ X a X

o IL LINOIS
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Negative Elements

In the circuit synthesis process, it is possible that some
circuit elements come as negative. To prevent this
situation, we add a contribution to the real parts of the
residues of the system. In the case of a complex residue,
for instance, assume that

y=—»—t 4 D
S—Pp S7P
~ r+A R +A A A
Y="—+2 - +
STP STP, \STh ST
Augmented Circuit Compensa\tgon Circuit

Can show that both augmented and compensation circuits will have
positive elements

cet ILLINOIS

Electrical and Computer Engineering
University of Illinois at Urbana-Champaign
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Why S Parameters?

Y-Parameter : S-Parameter
Reference Test Refe_rence
Test line: Zc, ¥ I — Ii::; -
% short | —
— — (1- 6_27/ l )
=2yl : S =
__l+e 1 2 =2y
Yll B 271 : [=1"e
Z (1-e
J=e7T) | .
: : T [ I = C 0
Z. : microstrip characteristic impedance 7 47
v : complex propagation constant [ C 0
I : length of microstrip I
Y14 can be unstable : S,, is always stable
1
bl ILLINOIS ECE 546 — Jose Schutt-Aine 23



Y Versus S Parameters

Impulse Responses

I LOSEYTL

LOSEYTL
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Observation: S-parameters decay rapidly; Y parameters do not.

cet ILLINOIS
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Optimizing Reference System

g = [ZZ()—l +]]_1 [ZZO_I _[] S$11 - Linear Magnitude
L LB LB LI
| |
| |
| |
| |

1.5

Z=[1+S][I-S] "z,
using
50.0 0.0 0.0 0.0
7 = 0.0 50.0 0.0 0.0 1

o 0.0 0.0 50.0 0.0
0.0 0.0 0.0 50.0

as reference...

—S11- 50 Ohm

using

328.0 69.6 328.9 69.6

7 = 69.6 328.8 69.6 328.9
0 3289 69.6 328.8 69.6
69.6 3289 69.6 328.8 0

as reference... Frequency (GHz)

—S11 - Zref

FI\F
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Method 2: S-Parameter /MOR

o " I
] . o [ - - i
r - ]

}>1’/ZU*I{J. 2z,

’ Need equivalent
Bi(a))zé[Vi((l))—ZO]i(a))] circuit forSijk
All S parameters are treated as if they were one-port S
parameters

) i 1d Computer Engineering
iversity of Illinois at Urbana-Champaign
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Strategy

For a given circuit, a relationship between the
input admittance Yj,(s) of the circuit and the
associated one-port S-parameter representation
Sii(s) can be described by

Sijk(S)— ’, _Yl]kgzj

- yk(S)
"1+ Syk(s)

Yy(s)=1,

Y, is the reference admittance

o II. LINOIS
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Equivalent-Circuit Extraction

Macromodel is curve-fit to take the form

S(s):d+ZL: i

k=1 — Py

Need to find equivalent circuit associated with

e Constant term d
e Real Poles
 Complex Poles

cor
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iversity of Illinois at Urbana-Champaign
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Constant Term

P Y:(ﬂjY
1+S, | " \1+d )"’

o—— [
S, = % R=Y (1-d)/(1+d)

ECE 546 — Jose Schutt-Aine
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S- Circuit Realization — Constant Term

; ) o
ijd % R=Y (1-d)/(1+d)

R:Yo(ﬂj
/+d

ECE 546 — Jose Schutt-Aine 30
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S-Parameters - Poles and Residues

In the pole-residue case, we must distinguish two cases

a
(a) Pole is real S (s )=
S — Pk

(b) Complex conjugate pair of poles

o, + jp ~-jp
yk(S)_ : - + .k
S—0,—Jw, S—0,+ jo,

In all cases, we must find an equivalent circuit consisting of
lumped elements that will exhibit the same behavior

o ILLINOIS

11111
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S-Realization — Real Poles

Proposed )
Circuit Model

Admittance of proposed model is given by:

1

. (R +R,) S+(R1 +1R2)C
5 R C

Electrical and Computer Engineering
University of Illinois at Urbana-Champaign

ECE 546 — Jose Schutt-Aine




Real Poles_

from circuit T o
- 1 L 1
s+
_(R1+R2) (R1+R2)C 5, (s)=—%
B 1 S — Dy
kiR, S+
R.C
i 20 /1 )
A:Y[I—Syk]:Y S—p :Y(S—a)
1+ S, e T “\s+a
. s—DP)

from pole and residue

o IL LINOIS
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Solution for Real Poles

o]
|
—C
= 1
Comparing Y (s) with Y (s) gives
(b-a) -1 !

C — = R = — — _
szo ’ bC Rl R2 aC

where a=p,+r, and b=p, —r,

cor
) i 1d Computer Engineering
riversity of Illinois at Urbana-Champaign

Llectrical an
Universi 11

ECE 546 — Jose Schutt-Aine

34



Realization — Complex Poles

From the S-parameter expansion, the complex
pole pair gives:

__h 2 :S(ri+r2)—(r1p2—|—r2pl)
STh ST SZ_S(pl"'pz)"'ple

>
|

which corresponds to an admittance of:

/1_ sa—x )

F_y 1—5: _ Sz—sg+p %
“11+8 14+ Sd—X ’

\ S2—Sg+p)

o IL LINOIS
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Realization — Complex Poles

The admittance expression can be re-arranged as

YA— S2—Sg+p—sa+x v - S2—S(g+a)+p+x %
s’—sg+p+sa-x) " |s°-s(g-a)+p-x)°

WE HAD DEFINED

P = PP, product of poles a=r1+r, sum of residues
g =P, + P, sum of poles X=1p,+rp, crossproduct

o IL LINOIS
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Realization — Complex Poles

. 2 _ — s’—s(g+a)+p+x
YZLS sg+p Sa+ij0:[ (g+a)+p jY

Sz—Sg-I—p-FSd—X sz—s(g—a)+p—x

This can be further rearranged as

2
YZ S2 +sA+ B £
s“+sD+ F

in which
A=—(g+a), B=p+x, D=—(g—-a), F=p—x

1
and E=Y =—
H

cor
Electrical and Computer Engineering
University of Illinois at Urbana-Champaign
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Realization — Complex Poles

There are several circuit topologies that will work

Model 1 Model 9
I:E‘1

WA~

L R,

ﬁ

R

(4] = R3
Model 13 Model 12
C
i :
L YYY\
C
| ]
S
L oA
1 2 Ry 7
—~rr-
Blectrica {(LI;INO{S ECE 546 — Jose Schutt-Aine 38
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Realization — Complex Poles

More circuit topologies that will work

Model 10 Model 11
R, C L
MWWV~ | YV
L MMN—
Dm]—(c T Ry R Ry =
Rj
Model 8 Model 12
R, R,
AW~ W~
C RZ L C R2
ot—11 os—11
I 1 | L 1
Ry R,
~rre
lectrica {(LI;INO{S ECE 546 — Jose Schutt-Aine 39
University of Illinois at Urbana-Champaign



cet ILLINOIS

Electrical and Computer Engineering
University of Illinois at Urbana-Champaign

Complex Poles — Model 1

In particular, if we choose model 1

C

I
°—'m—"W\l/\/\r—" '
-
k| = E

A
T R,

, (L+RRC+RRC) R +R +R, |
s +S +

LCR, LCR,

R, S2+S(L+R1R2Cj L RAR,

LCR, LCR,

Must be matched with

sSa—X

-2
)}:YLI_SWJ: S2—Sg+p y
1+Sijk 1+ sd—X

s’ —sg+p

ECE 546 — Jose Schutt-Aine
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Complex Poles — Model 1

Matching the terms with like coefficients gives

4
R +R
p+x=R0+R1+R2 p—x=—11"2
LCR, LCR,
)y Ro+2R+2R, = Ko
LCR, LCR,

o IL LINOIS
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1d Computer Engineering
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el
Y
AW
R,
———m

Solving gives

L——RO
2a
.
2
C=_<
R)x

ECE 546 — Jose Schutt-Aine
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Complex Poles — Model 9

If we choose Model 9
R1

A4 B

L+CR,R,+CR,(R,+R;)  R,+R,

E 2

o IL LINOIS

Hl ld( pll-@,
at Urba (.h pg

R +R

1 3

+ S

LC(R,+R;)

LC(R,+R;)

RR

1773

2
S

ECE 546 — Jose Schutt-Aine

JCRR.R,+LR, R, (R,+R,)

LCR,R,

LCR,R,

-
D

+
F

from which the circuit elements can be extracted




Complex Poles — Model 9

R,

AW~

L RE

iﬁ

RS
(-BD + AF)H
F C = 2
R = — F
BH
. (—BD2 + BF + ADF —FZ)
2_(32—ABD+BD2+A2F—ZBF—ADF+F2)H
R F I - —-BD +AF
" (-B+F)H (82—ABD+BD2+A2F—ZBF—ADF+F2)H

cor
Electrical and Computer Engineering
University of Illinois at Urbana-Champaign
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Special Case — Model 4

A special case exists when x=(

ofr X=nrp,+1rp =0

2 2

7 Sz—s(g+a)+p+x v SZ—S(nga)JFP
s -s(g—a)+p-x)° |s'—s(g—a)+p

?: S22-|-SA-I-B E
. . s"+sD+ B
in which
A=—(g+a), B=p+x, D=—(g—-a), F=p

1
and E=Y =—
H

ECE 546 — Jose Schutt-Aine
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Special Case — Model 4

The proposed circuit model is

Model 4
L
IYYY L R,
C —ANWW—
o—+—| {
L

This model has one inductor, one capacitor and two
resistors.

FI\F
Biectical {(LéltNLOIS ECE 546 — Jose Schutt-Aine 46
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Special Case — Model 4

L
YN R,
c  FWW—
I
T M1
AW '
R1
The admittance seen at the input is:
L ]
E 2 1 1
— | S +S +
y _R+R, C(R,+R,) LC
4
RiR, s°+s ! + !
CR, " LC
o Fes

The element are extracted as

o _DE p _ RE co_1 ]
"4 ° R -E DR, FC

l-fu-
Biectical {44!”018 ECE 546 — Jose Schutt-Aine 47
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Method 3 - Convolution with S Parameters

In frequency domain B=S4

In time domain b(t) = s(t)*a(t)

Convolution:  s(t)*a(t)= j s(t—7)a(t)dr
oL ILLINOIS
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SPICE Macromodel

STAMP

Termination i Black Box

= .® * — ®..

Yoany =2, [1+5'(0)] " [1-5'(0)]

Ly =22 [1+5(0)] H(t)

stamp

V‘——b

i

Most of the computational effort is in the convolution calculation of the history H(t)
at each time step.

-1
This operation can
H() = —-T)AT <—
(t)=2 s(r)a(t-1)At be accelerated

=1

We make the convolution faster using a 5-function expansion for s()

l-fu-
Bletricala {éé[IbNgOIS ECE 546 — Jose Schutt-Aine 49
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S-Parameter Expansion

In the frequency domain, assume that S parameter can be expanded in the form:
M
S(l) — chejZﬁlk
k=1

In the time domain, this corresponds to:

s(p) = cha(p —k)

Which is an impulse train of order M. Convolution will then give:

y(p)=s(p)*x(p)= {Zqﬁ(p - k)} *x(p)= ZCM(}? —k)

If we truncate the summation to the Q largest impulses:

0 0
y(p)= {Z ¢ o(p— k)} *x(p)= chX(p — k)

If the reference system is optimized, most of the coefficients c, will be negligibly
small; therefore = Q will be a relatively small number

Fast Convolution is achieved by making Q small

l-fu-
Biectricl s {(LG[IENOIS ECE 546 — Jose Schutt-Aine
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Strategy
S (U) = Cgk5(” —k)

Since the S-parameter is a simple delay, the one-
port circuit representation is a transmission line
with characteristic impedance Z, and delay k

o IL LINOIS

ECE 546 — Jose Schutt-Aine
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Circuit Interpretation

S (U) = ¢ 0(u—k)

I
Jj _;..{" < i
r—— 9
+
I/;.

-1 *Itjk <*>1 ’/Zo * I/:_;p'\ Zr)

* T, =kAt At = time step

|
I

o IL LINOIS
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Method 1: Y-Parameters/MOR

2.33
2.03
1.74
1.44
1.15
0.85
) ﬂ
1.23 2.47 3.70 4.93 .17 7.40 v;ﬁﬂ 9.87

Recursive convolution SPICE realization

ECEILLINOS
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Method 2: S-Parameters/ MOR

Recursive convolution SPICE realization

ECEILLINOS
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Comparisons

SPICE simulation

Direct

from MOR generated Netlist Convolution

(Method 2)

SPICE Circuit Fast Conwalution
T 2
)
i
H —_— L
= g
£ | 2 |
1 L -1 1 I
0 0.5 1 1.5 2 25 0 =) 10 15 20 25
Tirne (ns) wm® Tirne (ns)
cccILLINOIS
ECE 546 — Jose Schutt-Aine 55

Electrical and Computer Engineering
University of Illinois at Urbana-Champaign




Coupled Lines
(4-port)

Direct SPICE simulation
Using generated netlist
(Method 2)

COUPLED LIMNES
1.4 T .

(2]
12} w3 H
wid)
1k v5) H
nal
Losl 7
2 gt L
il /Ltﬂ,\
0l ’dm";ﬁ-—-—,_ g

2l \_wa _

-0.4
a

1 1 1 1 1 1 1 1
05 1 1.5 2 25 3 35 4 45
Time (ns)

ECEILLINOS
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Comparison of S-methods

SPICE Netlistfrom o |- Netlist from

MOR with S Fast convolution Convolution
with S (no SPICE netlist)
(Method 2) (Method 3)

Circutt from MOR SPICE Circuit Fast Canvolution
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