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Model-Order Reduction

Nonlinear

Network

N Large Network

(>1,000 nodes)
with Measured
< S-Parameters /§ SPICE
v Y(t) v(t) = i(t) Y(0) V(o) = I()
M Order Reduction
Network Y(o)= {MZH il o } Y(0) = Y(0)
Recursive Convolution
» Strategy: Use reduced order model to % f(t)zi(t)

minimize computation time.

Y(0)0 Y(w)
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Model-Order Reduction

S-Parameters
from Field Solver

@ Passivity
Assessment/
Enforcement *

|
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| S-Parameters

|
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|

|
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|

from Measurements

Circuit
Synthesis

* Objective: Incorporate frequency dependence into time-domain
simulator

« Approaches: 1) Direct integration of code into SPICE — 2)
Generation of SPICE-compatible netlist
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MOR via Vector Fitting

Choose order and
starting poles

L
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residues of o(s)

Pole identification

Solve for the
poles

.

~

/

J

Stability
enforcement
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To passivity
enforcement
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Rational function N
approximation: F(s)~ ;s a +d+sh
. _
> S+ d+sh
Introduce an {G(s)f(s)}~ Ss-a,
. ~ N ~
unknown fu.ncjclon o(s) $ cn~ 1
o(s) that satisfies: | os-a, ]
N C N-+1
Z " _+d+sh H(s z,)
f -~ n=1 S— an _ n=
Poles of f(s) (8)~—% 6 =N -
= zeros of o(s): ; s-a 11 (s-2,)

Flip unstable poles into the left half plane.

‘,m s-domain

>
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Passivity Enforcement

From vector
fitting

Passivity check via
Hamiltonian matrix

@ Yes

No

Obtain bands of passivity
violations from imaginary
eigenvalues of the
Hamiltonian matrix

]

- p
Obtain maximum violation

point and magnitude in
each band

A2

\.

Perform passivity
compensation via residue

State-space form:

x=Ax+Bu
y=Cx+Du
(‘pone ) »  Hamiltonian matrix: [avBKDTC BKBT
-C’LC ~A" —-C"DKB’

K=(1-0D)" L=(1-DD")
* Passive if M has no imaginary eigenvalues.

eig (I-Sfjiw)"s(jw))
* Sweep: I

eig(1-S(jo)" S(jw)) |
\W/

perturbation )

d

._{

Update the state-space h
model

* Quadratic programming:

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

min(vec(AC)"Hvec(AC)) subjectto Ai=G-vec(AC).
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SPICE Netlist Synthesis

e Goalis to generate (using pole/residue information) a circuit
netlist that will exhibit the same (frequency-dependent)
behavior as that of the S-parameters of connector under study

Circuit Cell
Passive Topology j |
Poles/Residues Mﬁ— —> Synthe3|s
from MOR ﬁ/ | Algorithm
SPICE simulation Direct T T T l

from MOR generated Netlist Convolution

Simulation h Netlist

26" IEEE Workshop On Signal and Power Integrity

European IBIS Summit — May 26, 2022



Equivalent-Circuit Extraction

Macromodel is curve-fit to take the form

S(s)=d +3

k=1 © — Py

Need to find equivalent circuit associated with

e Constantterm d
e Real Poles
* Complex Poles
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Equivalent-Circuit Extraction

Constant Term Real Poles
o—
—
S;jk — R]§ %Rz
s — R=Y (I-d)/(1+d) )
’ I T
e ) _ -1
_ e
1-d .
R=Y,| — _ g 1
° (l +d j i aC
c _ (b-a)

a=p,+r, and b=p, —r,
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Realization — Complex Poles

There are several circuit topologies that will work

Model 1 Model 8 Model 9
) . c R, R,
! AW~ ——WW——
— c R, L L R,
R, o—>—| AMAM ,_NYV\_J: WFM’Y\_/VWW lC! 1
Model 11 Model 12 Model 13 Model 10
c L {ykm ICI R,
Wm W oA | e
- s Lo ]
R R Rs 7 R, R R 1 R, R, R, L m—t R, =
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Netlist from Poles & residues

*Poll 2-port S-parameter circuit model
* 14 -pole approximation

.subckt Poll 42000 56000
vsens42001 42000 42001 0.0
vsens56001 56000 56001 0.0

*subcircuit for s[1][1]

*complex residue-pole pairs for S[1][1] at k= 1 -> 1st pole: -4.8961e+00 3.6506e+01 residue: 2.1006e-01 -2.8971e-01
->2nd pole: -4.8961e+00 -3.6506e+01 residue: 2.1006e-01 2.8971e-01

*circuit type= 9

elcl 104200101.0

hc2 2 1vsens42001 50.0

rtersc3 2 350.0

vp4 3 40.0

ricd5 4 05.17406e+01

|1cd5 4 5-1.25500e-08

r2cdé 5 6-1.30103e+03

clcd6 6 0-7.19920e-15

r3cd6 4 61.48633e+03

*complex residue-pole pairs for S[1][1] at k= 2 -> 1st pole: -1.3039e+00 2.7679e+01 residue: -4.3856e-01 -1.9087e+00
->2nd pole: -1.3039e+00 -2.7679e+01 residue: -4.3856e-01 1.9087e+00

rtersc9 8 950.0

gs196 056001196 00.020
rnort42001 42001 0 5.00000e+01
rnort56001 56001 0 5.00000e+01
.ends Poll

*main circuit

rgen 12 50.0

x1 2 3 Poll

vin 10 pulse (01 0.20000ns 0.10000ns 0.10000ns 2.00000ns 6.00000ns)
rport2 3 0 50000.0000000

.tran 0.00039ns 7.00000ns
.end
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Model-Order Reduction

=>» Start with S parameters from field solver

=>» Use vector fitting to get poles & residues

= Perform assessment via Hamiltonian

= Enforcement: Residue Perturbation Method
=» Simulation: Recursive convolution=» Fast

Number of Ports “ CPU-Time
20
32

09k

038F

07F

1.7 secs

3.69 secs
34 8.84 secs
34 33 secs
50 142 secs
12 255 secs

T 06+
5 05F
w

£
o 04F

Frequency (GHz)
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Review of some classic synthesis approaches
for S matrix in pole-residue form*

(Pl network for Y matrix)

Pl network for Sby Y + VCVS + CCVS
State-space S

State-space S-to-Y then Pl

Pole-residue S-as-Y

SRR A o o

Direct pole-residue specification

_ .. T'k _ ..
S;j=d¥) + z R dW) + 2 Sijk

* Chiu-Chih Chou, José E. Schutt-Ainé, "Equivalent Circuit Synthesis of Multiport S Parameters in Pole—Residue
Form", IEEE Transactions on Components, Packaging and Manufacturing Technology, Volume 11, Issue: 11, pp.
1971-1979, 2021, November 2021
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Model 1. PI network for Y matrix (1/2)

V.. = 40 4 2 Tk _ Po_le-residueY matrix = Pl model
Y s — plt) (direct correspondence)
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Model 1. PI network for Y matrix (2/2) (no controlled sources,
but have negative elements)

Constant  Areal pole A pair of complex N pole-residue pairs
conjugate poles (RLCR)
e stip stip+sip* C
Y — Z Yk
1

k

L=-— =
27,
= 7
L= ; R1 _ —PrTr + piti

1

212
R1 r Ylﬂ Yzﬂ o YN ﬂ
R = -p —T1; 1 1

C — - —_—
r R; J— (prrr + piri) R,

= — _ p? + p}
Rz - = -
2(prrr + piri)

R4
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Model 2. PI network for S by Y + VCVS + CCVS

Port 1 L» Port 2 L» Port 3 A» Port 4 i»
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Model 3. State-space S (1/2) (a common cross-platform topology)

N (u)
(ij)
S d + Z (l_]) pl(ll\})
P 1
Pole-residue -
Priy
tO State-Space A= B = NP x 1
i 1
/‘
A = diag p(”)
]:1 P NP X1
i=1..P
k=1..N
meEy 742 FICEO R d(P)
rgvl)
< Bnj = L{G-nnpr<nsjnpy ¢ .. __ b=
(P1)
N dPy dPP)
(i))
Cin =7, 1 = (j—1)NP+(i—1)N+k}
D;; = d)

26" IEEE Workshop On Signal and Power Integrity

European IBIS Summit — May 26, 2022



Model 3. State-space S (2/2)

Input equations

o i a, !

(incident wave): ; J i

i 1Q Yi Zolj i

i 2 2 !

: i L i

State equations:
i real pole p,, complex-conjugate poles p,, = g, + jw,, Pn+1 = Op — jwp, ]
i Xm = PmXm t a; Xp = OpXp + WpXni1 + 205 Xn+1 = OnXni1 — WnXp i
o o -1 ;
: IF -1 —1 —1 |
A —_— 1IF S— —1F < — i
i Pm aj On WnXni1 |20 In — WXy i
: < == = !
O A A S I S S S S R P S N S S N e R T U |

Output equations:

i Porti real poles complex-conjugate poles direct coupling terms !
i o—= — i
Lol 2, 27 21y 21y 24 24P :
i V; 0 Zo X eeel leed Ze Xn Z—Oxn+1 Ze a; 7 ap i
i o - '
' . |
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Model 4. State-space S to Y then PI (no controlled sources needed)

State-space for S matrix State-space for Y matrix
- A= diag p ~A'=A—B( +D)"IC
]_'=1...P 1
" B' = ——B( + D)1

| N
an = 1{(j—1)NP<nSjNP} > 0
< < 2

j C'=—(+D)Ic
Cin = Tk(l]) ) 1{n = (j—=1)NP+(i—1)N+k} NA

= d) , 1 B

LDy = | D' =—-(—-D)(+D)

j it 0
Diagonalization
Pole-residue for Y matrix Pl model

NG Port 3 ., Ports
= A+ z @ :V,\ : .

k=1 S — pk L Y =

Problem: (I + D) may be singular!

Curoupedil IDID SUITITTIL



Model 5. Pole-residue S-as-Y (minimized for SISO pole)

Port sections:i=1,2,...,P

Port i

o—O
iV <1>
Ii Zy %1 %12 Lip

Intermediate stages: j=1,2, ..., P

Use the same approach
as model 1 (Y branch)

. 1
Vijre == Sijk ]
Zo

OV© I ov@ I

Zol; g
f@lﬂ... ?U'Nﬂ 72j,1g... ?Mﬂ
Vi

realizing S1j realizing S2j

ov @ Ip]
YPj,l oo ?Pj,NQ

realizing Sy,
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Model 6. Direct pole-residue specification
(permit recursive convolution)

N g Not all simulator
(ij) )
s.. = dh) 4 Tk support this format!
b (i)
k=1° ~ Py

Incident wave calculator for each port
Foster G element

1Dy <D %l —
| 1 2 2 Vl 1 ZO Sllal coe Slpap

gnd 0 p 1 FOSTER I -5.692434755414126e-03 O
.439150431856222e+04, ( -4.960476041619210e+07,
.1607317785436506e+07, ( -1.714170394604603e+09,
.894788422520538e+07, .6622937c64586002e+07 ) (
.713%6060348296802e+07, .1396221298292254e+07 )
.017173411981527e+08, .358404434932994e+08 )
.©633543752451439e+07, .271573488187740e+08 )

)
)
)
)

)]
W
[
I
[

N

W oy &= 0 U

.925453224991798e+08, .731457479447733e+07
.393416945756004e+08, .078398088322048e+08
.0122830094703406e+06, -4.993908414386742e+06
.3597509331460977e+07, -2.875752048146065e+08

|
w

e o e i |

+
+
+
_l_
_l_
+
+
+
+
_l_



Comparison

Model 2 Model 3 | Model 4 | Model 5 Model 6
Pl network State- State- Pole- Direct pole-
forSby Y + space S |space S |residue S- residue
VCVS+CCVS toY as-Y specification
Controlled Yes Yes No Yes Yes
sources
Negative
RLC Yes No Yes Yes No
Recursw_e No No No No Yes
convolution
Cross Yes* Yes Yes* Yes* No
platform

* if negative RLC permitted

I

I

e

Offered by many commercial EDA tools.
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Example: macromodel of 20 ports and 110 MIMO poles
(10 coupled microstrips)

European IBIS Summit — May 26, 2022

R1_1 A 1 port_01 port_12 12 R“_S A A
| yagg Vin T?f’— RD | port_02 port_13 R15"10'6 R A A |
N N A A I port_03 port_14 5 MR
- ’—;-’J K R2 IUU port_04 port_15 ;M\ ' R1_8 AA TRAN
T V1=0V RS 100 VoW R14 TUU VALV Vo |
4 A A L port_05 port_16 N —
o Towos o R potog  port7 SAELFAR Tstep = 1ps
I TR=30ps 'Ra‘ |Bﬁ.. Y rt_07 t_18 R1_3 I.UU. VARV Vo —
E\Tf%’;s /R4 100 zzn_oa EZn_w Vv R0190 TStOp 100nS
PER=200ps 'R7 |OG ERVARY port_0g port_20 R12 100 SAVAAV A Vamn
v Rs 100 oo 10 gnd0 —\V\ 100 1,
[R6 '_\af____ vy port_11 —_0 1w T
Loa e L=
Total simulation time (s)
State-space Pl network Foster
S (model 3) (model 2) (model 6)
EDA Tool A 338 815 190
EDA Tool B 295 383 94
Ngspice 200 788




Conclusion

°* Many different ways to synthesize equivalent
circuits for S-parameters in pole-residue form

* Considerations for choosing circuit topology
— Want recursive convolution?
— Want cross platform exchangeability?

— Controlled source and negative RLC acceptable?
— SISO or MIMO pole-residue model?
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