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Introduction

O Spectrum of multi-gigabit digital signals falls into the microwave
frequency range (1-40 GHz)

Microwave theory has to be used for analysis of interconnects
Interconnects can be described as multiports
Multiport parameters can be computed or measured

Computed and measured multiport parameters are usually band-
limited and may be defective — we need to distinguish good from bad

O O O 0O

O The goal of this tutorial is to:
= Cover some basics of the multiport theory

m Introduce quality metrics for multiport parameters and illustrate it
with practical examples

Simbeg?n 2/8/2010 © 2009 Simberian Inc. 4



Multiport parameters in general

O Multiport is a natural and scalable black-box description of linear time-invariant systems
that are smaller, comparable with, or larger than wavelength

O Multiport parameters are typically available as tabulated output of electromagnetic
simulators as well as Vector Network Analyzers (VNA) and Time-Domain Network

Analyzers (TDNA) Immitance
Parameters
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O Multiport parameters of interconnects have to be reciprocal, passive, causal
and corresponding time-domain models must be stable

\ Simberian 2/8/2010
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5 points to learn about multiport parameters

1.

Reciprocity property of multiports

Passivity of multiports with band-limited response
Effect of geometrical symmetry

Bandwidth and sampling in frequency domain

Multiport macro-models for consistent frequency and
time-domain analyses

&, Simberian 2/8/2010 © 2009 Simberian Inc.
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Linear algebra

O Linear algebra and complex analysis form the foundation of the
multiport theory and help to estimate the multiport parameters
goodness

O There are two types of objects in linear algebra: scalars and vectors

m Scalars — just real or complex numbers

m Vectors — objects that have direction and magnitude and usually defined
by one-dimensional arrays of real or complex numbers or functions

m Currents, voltages, and waves can be described as scalars or vectors
O Matrices - linear transformations of vectors are usually defined by
two-dimensional arrays of real or complex numbers or functions

m Multiports can be described with impedance, admittance or scattering
matrices (descriptors)

See basic definitions in references and backup slides

Simberian 2/8/2010 © 2009 Simberian Inc. 8
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Some matrix operations

O

O OO 0O 0O 0

Transposition — rows become columns
A, A, A4, A

1,1 1,2 1,3 1,4

A A A A t
A= 2.1 2,2 2.3 2.4 , Ae C4x4 A =
A3,1 As,z A3,3 A3,4 |:>

A4,1 A4,2 A4,3 A4,4 %
_Al*

. .. 4,
Hermitian-adjoint Py
" . A =| 12 2.2
(Hermitian-conjugate) Ay A
_A1,4 A2,4

Symmetric matrix: A=4" or 4, =4,
Hermitian matrix (self-adjoint): 4= 4"
Transposition of a product: (A-B)t :Bi
Hermitian-adjoint of a product; (4-B)
Inversion of product: (4-B) =B 4"

A1,1 A2,1 A3,1 A4,1
AI,Z A2,2 A3,2 A4,2
A1,3 A2,3 A3,3 A4,3
Ay Ay A, Ay
Ay, Ay,
4, 4| complex-conjugate
4; 45| and transposed
A3,4 A4,4_
or Al., ;= A y
A
_ B* .A*

Two N by N matrices do not commute in general: 4-B#B-A4

Simberian 2/8/2010
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Eigenvalues and singular values

O An eigenvalue and eigenvector of a square matrix A are a scalar A and a
nonzero vector x so that

A-x=1-X
0  det(d—A-1)=0

A-X=4-X

(A-4-1)-X

- characteristic polynomial X
matrix characteristic values

O A singular value and pair of singular vectors of a square or rectangular
matrix A are a nonnegative scalar 0 and two nonzero vectors u and v so
that _ _

A-v

b

:O‘-
A u=0oc-v

x u
det(A-A -0’ -l) =0 - a polynomial to find singular
values

distance to zero matrix

Simberian 2/8/2010
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Decomposition and diagonalization

O Eigenvalue decomposition (only if all eigenvectors are linearly independent)

A-x=2-X, AeC"" | A=X-A-X"' (EVD)
X:[fl,ff...,)_clv] L 4 X=X-A ™ diagonal form:
A:diag[ﬂ,l,/lz,...,/iN] A=X"'4-X

O Singular value decomposition (exists always)

Av =oc,-u, AeC™™ 7
4 u’"@_a’" Y AV =U-% A=U-3-v° (SVD)
U=|u,u,,..u,| U-U=I tE> _
V=555 VoV =1 A-U=V-X dlago?al form:

X=U AV
Z:dlag[al,az, ,Gmin(N’M):| N

Simbgggn 2/8/2010 © 2009 Simberian Inc. 11



Formulas useful for passivity concept

O Hermitian matrix diagonalization with unitary matrix
H=X-ANX, X -X=1I eigenvalues are real

0O Matrices 4-4° and A" - A are Hermitian

o Eigen-values of 4- 4" and singular values of matrix A

A -A=V-X U -U-ZV :\V-E’-Z-V* =V-A-VT
|

Eigenvalues are real positive and equal to
squares of singular values

O Singular values of symmetric matrix are equal to
magnitudes of eigenvalues

Simberian 2/8/2010 © 2009 Simberian Inc.
ec netic Solutions
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Quadratic forms (energy)

O Quadratic form is a homogeneous polynomial of degree two in a
number of variables — example with two real variables:

d(wy)=arbyrer o alen=lnl{d, *30)3]

O For complex variables in general:
N

q(X)=>_H,  -x-x =% -HX

i,j=1
If His Hermitian matrix it can be diagonalized as:

A=X-H-X, X -X=1I

In new basis, the quadratic form becomes diagonal:

g(x)=x"-X"-

Simberian 2/8/2010 © 2009 Simberian Inc. 13
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Impedance and admittance parameters

ZOl
d Equivalent currents and voltages at ports:

Vo e [ec™, VecC™, T=(1,1,,..1,) , V=V,,Vy,'s Viy )
Zy, I Impedance parameters: V =7Z-1, ZeC""

AR ort2 Admittance parameters: [ =Y -V, YeCV"

] | S | _y-l
% [Z]or[Y] Conversion: Y=2", Z=Y

Zon I, cM space of column-vectors with N complex elements

Vo I, |PotN cVy space of complex NxN matrices

O Matrix elements may have large dynamic range

O Difficult to measure directly at high frequencies (difficult to re-calculate | and V
from one location to another)

O Convenient for analysis of circuits and power distribution systems (PDNs)

Simberian 2/8/2010 © 2009 Simberian Inc. 15
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Port 1

Finding columns of impedance mat
I, /
Z is “open-circuit” matrix _@_H_ |
. . A
To find elements of a column 1 for instance: o—<
1.Connect current source to port 1 and leave all %
other ports open-circuited (zero current) . |
2.Measure voltages at all ports v,
3.The ratios of voltages and current at port 1 -
produces one column of matrix Z %
4.Repeat for all ports to fill Z \> 7 V.
T
[1 1,=0 k=1
All possible voltages are defined by linear V°_+ |
combination of columns of Z (they are in the N
column-space of Z) %

Port 2

Port N

Simberian 2/8/2010 © 2009 Simberian Inc.
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Finding columns of admittance matrix

Y is “short-circuit” matrix

To find elements of a column 1 for instance:
1.Connect voltage source to port 1 and leave all
other ports short-circuited (zero voltage)
2.Measure currents at all ports

3.The ratios of currents and voltage at port 1
produces one column of matrix Y

4 .Repeat for all ports to fill Y \

All possible currents are defined by linear

combination of columns of Y (they are in the

column-space of Y)

Simberian 2/8/2010 © 2009 Simberian Inc.
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Reciprocity

O Linear circuits with reciprocal materials are reciprocal according to Lorentz’'s
theorem of reciprocity:
Current observed at port 2 with voltage source at port 1 is equal to current
observed at port 1 with the same voltage source at port 2 (same with
current sources and observed voltages)

v
O ' 1
Port 1
o | V,=0| j Port
; 7] I=Y,,"V ;i I=Y,V |:> Y, =Y,
1 | vV [Y]
V,=0 !I 'Port2 | < ) S 'Port2
% A

O In general it means that the admittance and impedance matrices are
symmetric:

Y;j.ZYJ.l. orY =Y Zij:Zji or Z =27" for all frequencies

Simbeg{gn 2/8/2010 © 2009 Simberian Inc. 18



Passivity

O Power transmitted to multiport

B, =Re[T'-7]=[T-7+7"T]

£ :%[7*'[Z+Z*]'7]Z%[V*-[YJrY*]-V]

must be positive for passive structures
(no energy generated for any V or |)

ZON

Iy
| : Vo',
i

v

Port 1

Port 2

[Z]or[Y]

Port N

O Hermitian quadratic form is non-negative (Golub & Van Loan):
iff eigenvals [Z+Z*] >0 or iff eigenvals[Y+Y*} >0

O Reciprocal systems with symmetric matrices:

iff eigenvals [Re(Z)] >0 or iff eigenvals [Re(Y):l >0

Conditions are sufficient if verified at all frequencies (from DC to infinity)

Simberian 2/8/2010
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Example: T-circuit, two-port

I 1 21 Reciprocal
e — z1, z2, z3 are 7 - zl+2z3 / z3 7 e O
4 z3 v, complex | Z3 /z2+z3 ’
@ 3 > % impedances
Passivity: eigenvalS[Re(Z)] >0
1, I, zl z2 I,=0
V+ 3 +V ZLl:E :Zl+Z3 Zzl_ﬁ :Z3
3 5 37 L, ., L,
I,=0 zl z2 I, 1,
+ + _ 2 _ 2 _ V; .
v 3 . Z,,=—=| =z2+z3 Z,,= A z3
é/ s 211=0 211=0
Yozl 1 z2+2z3 —z3 Both Z and Y are always
T 22421 23422.23] —z3 z1+Z3 symmetric (reciprocal)!

Passivity: eigenvals [Re(Y)] >(0  Always satisfied for nets composed of R,L,C

: Simberian 2/8/2010 © 2009 Simberian Inc. 20
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Example: Pl-circuit, two-port

Reciprocal
LB i
o—> <0 yl,y2,y3 are yl—l—y3 /— Y e C¥2
v yl y2 y, ~ complex 2+y3
S ¢ . = admittances
% % Passivity: eigenvals[Re(Y)]ZO
1 [2
YI,F; =yl+y3 L=y =-)3
Ly,=0 Lly,=0
[l
=y2+y3 Y,=— =-y3
V1 £ V=0

Both Z and Y are always
symmetric (reciprocal)!

L Ij Ij \ 2 2 2
v = y2+y3 3
V3 yl+y3

Always satisfied for nets composed of R,L,C

/=
yl-y2+y1-y3+y2-y3[

Passivity: eigenvals [Re(Z)] >0
Simberian  2/8/2010 © 2009 Simberian Inc.
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Waves in transmission lines

Voltage or current waves are solutions of homogeneous
Telegrapher’s equations both in frequency and time domain

Current and voltage at can be expressed
location x along the line through voltage waves
i
v =

v

v(x)=v"-exp(-T-x)+v -exp(I-x)

i(x)zZL[ “eexp(-T-x)—v -exp(F-x)]

0

7 (a)) _ \/Z(a))/y(a)) Complex characteristic impedance and propagation
0 constant can be computed with per unit length

F(a)) — \/Z(a))y(a)) impedance (z) and admittance (y) of t-line

See generalized transmission line theory in references and backup slides

Simberian 2/8/2010 © 2009 Simberian Inc. 22
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Scattering parameters definition through
transmission line waves

Waves in
transmission lines
a,
- [1
———)—
—
ZOl b1 VIT [1
Dy I8
————
—
Z b, V" I,

Simberian

Electromagnetic Solutions

Port 1

Port 2

Port N

2/8/2010

Instead of voltages and currents in t-lines:

V. = [v; -exp(T,-x)+v, -exp(T, -x)]xzo =V +v
I, :ZLOn[v; -exp(-T, -x)—v, -exp(T, -x)lzo :Z%Jn[v; —v;]

New variables can be introduced by scaling of voltage
waves (normalization):
|

Incident and a = v, b = v
reflected waves vz, Tz,

2 2
Power transmitted by N (V,f) S (V;)
incident and reflected waves: 1n = =la,| , b, =

Incident and reflected wave vectors:

a_:%ZO_”z .(17+ZO .7), E:%ZO‘“ -(I7—ZO -7), a,b eC™
Z,=diag{Z,,,i=1,..,N} e C""

are related by scattering matrix b=S-a, SeC"™"

© 2009 Simberian Inc.
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Scattering parameters formal definition

al
_@D:—OJ_. Incident and reflected waves may be defined formally:
b, V]+ ] |Port1
—<— _ 1 n T = 1 _n (= 7\ = Nxl
. @7‘? a=-7, (V+2,-T), b =22 (V-2,-1), abeC
— 2 |
( ) (] < V°+ 91 boria Z, =diag{Z,,,i=1,..,N} e C™V  normalization impedances
{?7_6 | [ S] Scattering matrix defines reflected waves for any incident:
b=S-a, Sec"™
ZON % IN
?N VN+ 7 |PortN
{?7_6' S-matrix can be expressed through admittance or
impedance matrices (Cayley transforms):
T=v.7 B
V=271 1 12 12 normalized
10 ( _) :> S:(U_YN)'(U'l'YN) , Yy=2,"-Y -2, 7 immitance
a=—2, V+Z,-1) — _ parameters
27" ° S=(Z,-U)-(U+2,)", Zy=2,"*-72-7,""
b=32"(7-2,T) R o
— U is unit matrix here - units on diagonal and other elements
are zeroes

ék £ {mbgg{gn 2/8/2010 © 2009 Simberian Inc. 24
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Finding columns of S-matrix

S is the matrix of scattering parameters

To find elements of a column 1 for instance:
1.Launch incident wave into port 1 and terminate all ports

with the normalization impedances
2.Measure reflected waves at all ports
3.The ratios of reflected waves and incident wave at port 1

produces one column of matrix S
4.Repeat for all ports to fill S \ g - b

All possible reflected waves are defined by linear

combination of columns of S (they are in the column-
space of S)

Port 1
11

Port 2

B

Port N

Waves can be measured at any location along line and re-computed to the ports!

Simberian 2/8/2010 © 2009 Simberian Inc.
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S-parameters definitions for 2-port model

Port 1 Port 2
S, S 1o : 0
b | _|Pu P || < 0 =
b|7|S, S, |a e [S] Lt
2 2,1 2,2 2 - %—e ..
reflection transmission
parameter b parameter
g =" bz
N 1,1 P Sz,l -
Vv, = \/Zo "d;  voltage of incident Ha,=0 Dlay=0
wave
V. = /ZO . b. voltage of reflected P = |a. power of incident wave
1 1 wave 1 1
V =y 4+  total voltage P = |b_|2 power of reflected wave
;= Vl- Vl. i i
1 - © B
[ =— V;”—vl__) total current ‘S ‘2_|b1| K ‘521‘2:|b2| :P_Z
L Ty 2 . 2 *
Z, o] P (1 G

2 2 _
S, .|= \/RG(S,-’J-) +Im(Sl.,j) magnitude
Siilp = 20-10g( S, ) magnitude in dB
Simberian  2/8/2010

o Electromagnetic Solutions

Magnitude is limited by 1 for passive systems!

LS, = arctan(lm(Sl.’j )/Re(Sl.’j )) phase
i=12; j=12;

© 2009 Simberian Inc. 26




General properties of S-parameters

O Any multiport can be characterized with the scattering
parameters (even radiation can be included)

0 Does not require static definition of current and voltage -
waves can be defined as projections on eigen-waves of
a wave-guiding structure (wave channels)

O S-parameters can be extracted from electromagnetic
simulation or measured at any frequency including DC

O S-parameters are free from singularities and magnitude
is bounded by 1 for passive systems

O Easy to create macro-models due to the boundedness

é; Simberian  2/8/2010 © 2009 Simberian Inc. 27
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Reciprocity

O Linear circuits with reciprocal materials are reciprocal according to Lorentz’'s
theorem of reciprocity:
Reflected wave measured at port 2 with incident wave at port 1 is equal to
reflected wave measured at port 1 with the same incident wave at port 2

5
|: eblVl+ Il'Port1
N (5] b=

Port 2

b= S,,-a |:> SZ,I = S1,2

O In general it means that the scattering matrices are symmetric

Sl.j = Sjl. or §S=5" at all frequencies

Simberian 2/8/2010 © 2009 Simberian Inc. 28
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Reciprocity estimation and enforcement

Reciprocity measure can be computed as mean difference between
elements that have to be equal (at each frequency point):

RM = LZ‘S - S ‘ or max singular value of §— S’ can be used
N =
s L]
RM is compared with a threshold: if RM > threshold, the multiport is reported as not
reciprocal

Averaging can be used to “enforce” the reciprocity (works only with noisy data):

S, =S,,=05(S,+5,,)

Example of S-parameters of reciprocal 4-port interconnect (symmetric matrix):

3 51,1 gl,z 51,3 51,4
§—| 2 P22 Loz O _
S S5 S5 Sy RM=0

_Sl,4 SZ,4 S3,4 S4,4_

Simberian 2/8/2010 © 2009 Simberian Inc. 29
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Passivity

O Power transmitted to multiport is a difference of

power transmitted by incident and (OH 2o
reflected waves: 1 Pty Pl B E OW
P =>la|—|b|=|a -a-b -b |
W =204, F=16,F=[ ] . o]
% L
or p :5*.5_5*.5*5.5:5*.[U_S*S].a AR

| o N - v 18]
Transmitted power is defined by Hermitian quadratic form :
and must be not negative for passive multiport for any Cy,

combination of incident waves S N
. . . . . ?N v,* 7 |PotN
O Quadratic form is non-negative if eigenvalues %*
of the matrix are non-negative (Golub & Van
Loan):
eigenvalS[U—S* -S] >0 m) eigenvals[S* -S] <1 (U is unit matrix)

Condition is sufficient only if satisfied at all frequencies from DC to infinity

Simberian 2/8/2010 © 2009 Simberian Inc. 30
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More on passivity

O Maximal singular value of S can be used for passivity estimation:

c..<l o =4, /11.:eigenvals(S*-S)ﬂieR,ZiZO

max 1

non-zero singular values of S are square roots of
eigenvalues of S*S (Golub & Van Loan)

O Passivity of symmetric S can be estimated with eigenvalues as

‘ei envals (S)‘ <1 singular values of symmetric matrices are equal to
g - the magnitudes of the eigenvalues

O Lossless reciprocal system — matrix S is unitary:

N 5 N .
P =a -[U—S*S]'Ezo E> S'S=U B 2|Su =1 2SS, s =0
k=1 k=1
o0 Common mistake is to estimate passivity as:
N
Z A\ ’ <1 or ‘Sl.’k‘ <1 This is necessary but not sufficient condition!

k=1

Simberian 2/8/2010 © 2009 Simberian Inc. 31
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Passivity estimation and enforcement

O Passivity conditions for S-parameters (energy dissipation condition):
eigenvals(U—-S"-§)>0 m=) eigenvals(S -S)<I

Passivity measure can be computed at each frequency point as:

PM = \/max[eigenvalS(S* S)] is equal to max singular value of S

PM is compared with a threshold: if PM > threshold, the multiport is
reported as not passive

Normalization at each frequency point can used to “enforce” the
passivity (works only with minor violations):

ifPM>1.O:>Sp:i

PM
else Sp =9

Simbeg{gn 2/8/2010 © 2009 Simberian Inc.
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Example: Terminator, one-port

Z, a
+ %C \[1 . . 1x1
oG+ z is a complex impedance SeC
IV z
Lo
1 | —Z Short-circuit:
qa. = V+Z -1 _Z 0 ort-circuit:
1T, ZO(I 0 1) bl_Z+ZO.a1 Z=0:>SL1=—1
b, =#(V1 —Z, -Il) >& s Open-circuit:
2\Z, z=0 = §,,=1
z—Z, :
Sy =
VI :Z'Il ) ’ Z+ZO
Passivity:
Reflection parameter is equal to
the reflection coefficient ‘Sl 1‘ <1

. . . For real normalization
Alternatively we can transform Z into S with impedance Re(z) >0

S=(2,-U)(U+Z2,)", Z,=2,"%-2-2;""

Always satisfied for nets
composed of R,L,C

Simberian 2/8/2010 © 2009 Simberian Inc. 33
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Example: T-circuit, two-port

z1, z2, z3 are
complex
impedances

S e C*?

We just use known Z and transform itto S

Z:[ZI+Z3 z3 } 7 :L[zl+z3 z3 }

z3 z2+2z3 N Z, z3 z2+z3
B Ty —1_l —Z§+(zl—22)-ZO+B 2-23-Z,
S_(ZN U) (U+ZN) _A{ 2-23-Z, —Zg—(zl—z2)-ZO+B

A=Z;+(z1422+2-23)-Zy+B B=zl-22+22-23+21-23

S is always symmetric (reciprocal system) and non-singular

Passivity: ‘eigenvalS[S]‘ <1 Always satisfied for nets composed of R,L,C

Simberian 2/8/2010 © 2009 Simberian Inc.
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Example: Pl-circuit, two-port

y3

Z, a, a, Z,
= ] 5 yl,y2, y3 are -
b ijl ij b, complex SeC™
, y N {9 , admittances

We just use known Z and transform itto S

_(y1+y3 =3 _ 7 | yl+y3 -y3
Y‘[ )3 y2+y3} YN‘ZO[% V243

1

V —

[T Ny

)! ~ +0O

<o = +0

—(U-Y,) a1 =(y1-)2) Y, =B 2:y3:Y, y_ L
S—(U YN) (U+YN) _A|: 2y3)/0 YO2+(y1—y2)YO 0

AzYoz+(y1+y2+2-y3)-Y0 +B B=yl-y2+y2-y3+yl-y3

S is always symmetric (reciprocal system) and non-singular

Passivity: ‘eigenvalS[S]‘ <1 Always satisfied for nets composed of R,L,C

© 2009 Simberian Inc. 35
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One-conductor line segment

Z <« Z

0o da I a 0 . . .
:1 o éo :2 Characteristic impedance and
A Z.T, Yy, b propagation constant must be
%'"7 < > @7 causal and positive-real

Y(a),l):i{ cth(T, 1) —csh(l“l.l)} = v :é{ cth(T, 1) _csh(rl.])}

Z | —csh(T,-1) cth(T,-1) Yoz | —esh(T,-1) cth(T,-1)

B . 1 zZ'-Z, 2-7Z,-Zy-csh(T, 1)
S(od)=(U=1,)-(U+7,)" = S(w’l)_B{Z-ZI-ZL-csif(rl.l) Zyenn }

2x2
SeC D=Z}+Z;+2-Z,-Z,-cth(T, )

S-matrix is symmetric (S[1,2]=S[2,1]) and skew-symmetric (S[1,1]=S[2,2])

If normalization impedance is equal to the characteristic impedance of the mode, we get generalized
modal S-matrix:

ZO = Z1 |:> S(G),Z) - L?Xp(i)rl .Z)exp(;)rl Z)} (anti-diagonal matrix)

: .$imbgg{§n 2/8/2010 © 2009 Simberian Inc. 36
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Geometric mirror symmetry input to output

S-matrix of reciprocal 4-port:

_51,1 gl,z
g =| "2 2,2
S1,3 S2,3
_S1,4 S2,4

S-matrix must commute with F: F-S=S-F =

Sl,3 Sl,4
Sz,3 S2,4
S3,3 S3,4
S3,4 S4,4 ]

It means that:

S3,3 = Sl,l’ S2,3 = S1,4
\) 4= Sz,za S3,4 = Sl,z

Final S-matrix of reciprocal symmetrical 4-port:

Simberian

| Electromagnetic Solutions

2/8/2010

S =

Symmetri group generator:

3

AN

F =

0
0
1
0

© 2009 Simberian Inc.
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%)

1,3

%!

— 2,3

X

%!

3.4

%)

1,4

%)

2,4

%%}

1,2

%)

2,2

0
1
0
0

Sz 4 1,’2 Sz 2
Ss 4 S1,3 Sz 3
S4 4 Sl,4 Sz 4

only 6 independent
parameters
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Geometric mirror symmetry about the plane
along the interconnects (differential nets)

S-matrix of reciprocal 4-port:

Sl,l Sl,z Sl,3 S1,4
S: S192 SZ,Z SZ,3 SZ,4
S1»3 S2,3 S3,3 S3,4
_Sl,4 SZ’4 S3’4 S4,4_
Sl,2
S-matrix must commute with F: F/-S=§-F = gl,l
1,4
_S1,3
It means that: SZ’Z iSll’Sm :_514
S2,4 - Sl 39 S4’4 - S3 3

Final S-matrix of reciprocal symmetrical 4-port: § =

Symmetry group generator:

Sl,l

1,4

Sl,3

%!

0 1
11 o
F=lo o
0 0
S2,4_ _S1,2
Sia _ Sss
S4,4 S2,3
Ss4 _Sz,4
S1,3 Sl,4_
S1,4 S1,3
S3,3 S3,4
Ss4 S3,3_

0 O
0 O
0 1
I O
S1,1 S1,4 S1,3
S1,2 Sz,4 S2,3
Sl,3 S3,4 S3,3
Sl,4 S4,4 S3,4

only 6 independent
parameters

See more on that in Simberian App Note#2009_01: Practical notes on mixed-mode transformations in

differential interconnects (with experimental validation), 2009

\ Simberian

Electromagnetic Solutions

2/8/2010

4
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Geometric symmetry estimation and
enforcement

Symmetry measure can be computed as mean difference between
elements that have to be equal (at each frequency point):

1
GSM =—3"IS, - S
s @hJ
GSM is compared with a threshold: if GSM > threshold, the
multiport is reported as not symmetric

or max singular value of F-S—S8-F can be used

is, Js

Averaging is used to “enforce” the geometric symmetry (works only
for minor violation of symmetry):

S = Si,j = O.S(Sl-’j + Sis,js)

is, Js

.$imb9§{§n 2/8/2010 © 2009 Simberian Inc. 39
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Outline

O Introduction

O Matrices

O Multiport characterization in frequency-domain
O Multiport characterization in time-domain

O Rational macro-models as the common base
O Global quality metrics in frequency domain

O Practical examples
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Time-domain characterization of multiports

O Time-domain response of a multiport
w(t)=H (t)*x( _[H (t—7)-x(7)-dr, H(t)eR™"

Element [i,j] of the pulse response matrix H is a response at port i
with port j excited with the ideal Dirak pulse (unit-energy pulse) 1

O Multiport descriptor type defines terminations to find H:
x(¢6)=1(@), w(t)=V @), H(t)=Z(t), H(iw)=Z(iw) Impedance matrices
x(t)=V@), w(t)=1(r), H(t)=Y(¢), H(iw)=Y (iw)  Admittance matrices
x(t)=a(), w(t)=b@t), H(t)=S(¢),H (iw)= S (iw) Scattering matrices

O Pulse response matrix and frequency-domain descriptors are related:

H(t) —_[Hzco “.do, H(t)eR™ &> H(io)= jH e . dt, H(iw)eC™"

Simbeg?n 2/8/2010 © 2009 Simberian Inc. 41



Time and frequency domains for LTI system

N N 4 N
stimulus system response
_ pulse response matrix _ _ % _
x(t) J [ H(t) }% w(t):H(t)*x(t):.[H(t—r)-x(z')-dr
N — J
4 /I\ /I\ )
Fourier Transforms
. J

f(m [ Iﬁ(iw) | } w(io) = H (io)-% (io)
multiport descriptor

stimulus system response

f(”‘):T(t) v_v(t)=17(t), H(t)zZ(t), H(ia))zZ(ia)) Reference: S.H. Hall, H.L. Heck,
_ — _ = . . d d si li ity f
()=7), #(0)=T@. H()=Y(0). H(i0) =Y (i) Horteeas oo cename,”

X
x(1)=a(), w(t)=b(), H(1)=S(1), H(iw)=S(io) Viley, 2009, p. 504
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Realness of time-domain response

O Time-domain response must be real function of time

H(t)zi [ H(iw)-¢* -do, H()eR™

O Ithappensif H(-iw)=H (iw),orif H(io)=H,(o)+i H, (o)

/Mr (-w)=H,(®) - even function of frequency

N H,(-w)=-H,(w) - odd function of frequency

O Conditions at zero frequency may be useful to restore the DC point:

dH, (o)
do

=0, H,

1

(O) =0 DC condition for all multiport parameters

o=0

§imb9§{§n 2/8/2010 © 2009 Simberian Inc. 43
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Causality of LTI system

O Time-invariant system does not change
behavior with time
X(t)>w(t)= x(t—7)>w(t—71)

O The system is causal iff any two identical
inputs x,(¢)=x,(¢).t<¢, produce two identical
outputs (1) =, (¢).2 <4,

O The system is causal iff for any input

x(t)=0at t<t, the outputis w(r)=0art<y,

O The system is causal iff all elements of the
time-domain pulse response matrix are

H . (t)=0art<0
Delayed causality (for interconnects):
H, (t)=0att<T ,T, >0

L,J L,j? 71,

Non-causal response

ﬁ[npu[ - :L‘L(t)
//\/’A/“j xa(t)
ﬁ(_')ut_put —_-— l[[(f)
\//‘/ T wal(®)

Z ot

Delayed-causal pulse
response

i,J

P. Triverio S. Grivet-Talocia, M.S. Nakhla, F.G. Canavero, R. Achar, Stability, Causality, and Passivity
in Electrical Interconnect Models, IEEE Trans. on Advanced Packaging, vol. 30. 2007, N4, p. 795-808.

Simberian 2/8/2010 © 2009 Simberian Inc. 44

Electromagnetic Solutions



Stability and passivity in time-domain

O The system is stable if output is bounded for all bounded inputs
‘x(t)‘<K = ‘w(t)‘<M, YVt (BIBO)

O A multiport network is passive if energy absorbed by multiport

I V dz' >0, Vt (does not generate energy)

for all time and all pOSSIb|e voltages and currents or
t

E(t): _f[c_zz(r)-c_z(r)—l;z(r)-l;(r)]-drz0, \2i

—00

for all possible incident and reflected waves

O If the system is passive according to the above definition, it is also

causal 7(1)=0, Vi<, = “ r)-b(r)]-dr<0=5(r)=0, Vi<t

P. Triverio S. Grivet-Talocia, M.S. Nakhla, F.G. Canavero, R. Achar, Stability, Causality, and Passivity
in Electrical Interconnect Models, IEEE Trans. on Advanced Packaging, vol. 30. 2007, N4, p. 795-808.
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Causality in frequency-domain

O Condition H(¢)=0 ar 1 <0 for the time-domain response matrix and
= _[ H(t)-e"i‘”t -dt, H(ia)) eCV

leads to Hilbert transform or Kramers-Kronig relations between the
real and imaginary parts of the frequency-domain parameters

00 H . . .
H (i) = Lpp [ (M)) -do', PV =lim__ j + j Derivation:
ir 1 o-o o H (t)=sign(t)-H (1),
| sign(r) =150 —F>
H, (o ):-PVj (w) do, H,(0)= PVj (w) dw
5, O—0 S O—® H(ia)):F{H(t)}:
Kramers, H.A., Nature, v 117, 1926 p. 775.. = { sign(t }*F{H( )}

Kronig, R. de L., J. Opt. Soc. Am. N12, 1926, p 547.
2

o

F{sign(1)} =
O Real part can be derived from imaginary or vice
versa, but it must be known from DC to infinity

Simberian 2/8/2010 © 2009 Simberian Inc. 46
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Causality estimation - difficult way

O Kramers-Kronig relations cannot be directly checked for
the frequency-domain response known over the limited
bandwidth

O Causality boundaries can be introduced on the base of
the Kramers-Kronig relations to estimate causality of the

tabulated and band-limited data sets
= Milton, G.\W., Eyre, D.J. and Mantese, J.V, Finite Frequency Range
Kramers Kronig Relations: Bounds on the Dispersion, Phys. Rev. Lett.
79, 1997, p. 3062-3064
m Triverio, P. Grivet-Talocia S., Robust Causality Characterization via
Generalized Dispersion Relations, IEEE Trans. on Adv. Packaging, N 3,
2008, p. 579-593.
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Causality estimation - easy way

O “Heuristic” causality measure based on the observation that polar plot of a
causal system rotates mostly clockwise (suggested by V. Dmitriev-Zdorov)

Plot of Re(S]i
1,j1), or

Im(S

j1) as function o
polar plot

End frequen?f

1

requ e}k‘\y

In

<
R

-0.2

7<)
=1

N\

Rotatio

nin

!

Dlex plane

mostly

centers

clockwisée

- Simberian

| Electromagnetic Solutions

2/8/2010
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Causality measure (CM) can be
computed as the ratio of
clockwise rotation measure to
total rotation measure in %.

If this value is below 80%, the
parameters are reported as
suspect for possible violation of
causality.

RMS error of rational
approximation can be also used
as causality measure

48



Example of non-causal response

O Measured data often exhibit non-causality due to the
measurement noise

Plot of Re(S[i,j Filtering or decimating can be
function of | used to reduce the noise (see
or polar plo backup slides)

Electromagnetic models with
non-causal dielectric models
will be reported as causal
with “rotation” approach

015

Noise makes response appear
as non-causal!

£
oL
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Causality improvement

O Filtration or decimation — may further degrade response quality

O Artificially extend real or imaginary part, or magnitude of the
frequency response to DC and to the infinity and restore the other
part with the Kramers-Kronig equations

m The restored part will strongly depend on the artificial extension

m |terative extension adjustment is possible to improve accuracy over the
sampled frequency band - difficult to implement

O Fit the response with causal rational basis functions (rational
compact model)
m Provides controlled accuracy over the sampled frequency band
m Response from DC and to infinity in frequency-domain
m Consistent results in both frequency and time domains

Simberian 2/8/2010 © 2009 Simberian Inc.
ec netic Solutions
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O Introduction

O Matrices

O Multiport characterization in frequency-domain
O Multiport characterization in time-domain

O Rational macro-models as the common base
O Global quality metrics in frequency domain

O Practical examples
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Rational Compact Models (RCM)

Z, a ! Impedance parameters:
C ) |:| — + | N *
b v Port 1 — = V y v, 7.
1 é_e- Al V=21, 7,=2 =7z =d+sh+>| —L 102
5] ] 129 y y S _ S — p
Z, Erd I =0k=j n=1 Pijn yon
Ly I, Y4 _
-@Dﬁ' - Admittance parameters:
b2 Vz_ 12 Port 2 .
37_6 Y] 7 v f; &[T Vi n
Y [=YV, ¥, =+ =Y, =d, +sh+> | —L— s 2
L i 5 V L] y y S _ S _
TV =0 k=) n=1 Pijn Pijn
" Zy a, / S Scattering parameters:
- N | .
— ¥ j *
b V. I Port N T _ . b . ’/;'j,n ’/;‘j,n —-s-T;
i p=sa 5,20 == |d ] eyt
a; a=0 k=j =\ ST Pijn 57 Pijn
a= %Zol/z (V+2,-T) s =iw, d,;—values at o, h; —asymptotes, N, —number of poles,
b= % 2,2 (V -2, 1) v, —residues, p,  — poles(real or complex), T, —optional delay
Simberian 2/8/2010 © 2009 Simberian Inc. 52
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Properties of RCM for S-parameters

O Pulse response IS real and delay -causal

d. +Z E e
io—p,;, za)— Py

Ny
Si’j(t):dy.5(t—7;j)+2[7;j’n-exp(p,.j’n-(t—]j.j)) exp(pj (t ]}))},127;.

n=1

S, (1)=0, t<T,

o Stable Re(p,,)<0
0 Passive if eigenvals| S(w)-5" (o) |<1 Vo, from0tox May require
O Reciprocal if s (0)=5, (o) enforcement

Simberian 2/8/2010 © 2009 Simberian Inc. 53
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What are RCMs for?

O Improve quality of tabulated Touchstone models
= Fix minor passivity and causality violations
= Interpolate and extrapolate with guarantied passivity

O Produce broad-band SPICE models (see backup slides)
= Much smaller model size
= No artifacts and guarantied stability of SPICE simulation
= Consistent frequency and time domain analyses

O Compute time-domain response of a channel with a fast
recursive convolution algorithm (exact solution for PWL
signals)

Simberian 2/8/2010 © 2009 Simberian Inc. 54
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Bandwidth and sampling to build RCM

o If no DC point, the lowest frequency in the sweep should be
= Below the transition to skin-effect (1-50 MHz for PCB applications)
= Below the first possible resonance in the system 1

(important for cables, L is physical length) L< =) f<—F
Important 1or caoles, L IS Sical ien — = —
.p _ Phy 9 4 4]”,-1/5617 ' 4L Ey
O The highest frequency in the sweep must be
defined by the required resolution in time-domain |
or by spectrum of the signal (defined by rise time) /. >2—tr
O The sampling is very important for IFFT and convolution-
based algorithms, but not so for algorithms based on fitting
= There must be 3-4 frequency point per each resonance Moo ]
= The electrical length of a system should not change more than "\f\
quarter of wave-length between two consecutive points \ /\ {\V ‘
a’f‘<L 175 v \f
4L-\/% =

Simberian 2/8/2010 © 2009 Simberian Inc. 55
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Summary: Frequency-dependent or local
quality metrics for S-parameters

Alfs ;\SZ.,J.—SJ.J.\

O Reciprocity: ’M =

(incomplete without
causality verification)

] Passivity: PM:\/maX[eigenvalS(S*-S)]

Z\S -S,

le

O Geometric Symmetry: GSM =

‘$ §{mb9§{§n 2/8/2010 © 2009 Simberian Inc. 57
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Global quality metrics (0-100%)

O Passivity Quality Measure: PQM or zero if PQM<0

Ntotal _
POM = 0 |:Nt0tal - Z PVVn:|% PW =0if PM,6 <1.00001; otherwise PW, :PM” OliOOOOl
total n=1 .
O Reciprocity Quality Measure: RQM or zero if RQM<0
Nlalal _ _6
ROM :—100 {Nmml — Z RWH}% RW =0if RM,k < 107°°; otherwise RW, :RM’Z) 110
total n=1 .

0 Geometric Symmetry Quality Measure: SQM or zero if SQM<0

100 { Nigial

106
Nt = Z SW”}% SW,=01if SM, < 10°°; otherwise SW, :SMn 10
n=1

0.1
0 Causality Quality Measure: Minimal ratio of clockwise rotation
measure to total rotation measure in %

o RMS error of the rational compact model can be also used as the
quality or causality measure

SOM =

total
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Part |l: Practical examples

O Teraspeed’s PLRD-1 (SOLT&TRL)
0 Samtec’s connectors and test-boards
o...

.ﬁk §{mb9§{§n 2/8/2010 © 2009 Simberian Inc.
| eciromagnetic solutions
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Microwave signal integrity software

0 ADS from Agilent Technologies
0 Ansoft Designer S

0 AWR's Sl Design Suite
0 Simbeor from Simberian

&; Simberian 2/8/2010 © 2009 Simberian Inc.
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References on linear algebra

O G. H. Golub, C. F. Van Loan, Matrix
computations, Johns Hopkins U. Press, 1996

0O L. N. Trefethen, D. Bau, lll, Numerical linear
algebra, SIAM, 1997

o C. Moler, Numerical computing with Matlab,
SIAM, 2004
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References on multiport theory

O

O O o o

O

H. J. Carlin, A. B. Giordano, Network theory: An introduction to reciprocal and
nonreciprocal circuits, Prentice Hall, 1964.

N. Balabanian, T.A. Bickart, S. Seshu, Electrical network theory, J. Wiley&Sons, 1968.
C.G. Montgomery, R.H. Dicke, E.M. Purcell, Principles of Microwave Circuits, 1964
J. Choma, Electrical networks: Theory and analysis, John Wiley & Sons, 1985.

S. Ramo, J. R. Whinnery, T. Van Duzer, Fields and waves in communication electronics,
John Wiley & Sons, 1994.

D.E. Bockelman, W.R. Eisenstadt, Combined differential and common-mode scattering
parameters: Theory and simulation, IEEE Trans. on MTT, vol. 43, 1995, N7, p. 1530-
1539.

A. Ferrero, M. Priola, Generalized mixed-mode S-parameters, IEEE Trans. on MTT, vol.
54, 2006, N1, p. 458-463.

W.K. Gwarek, M. Celuch-Marcysiak, Wide-band S-parameter extraction from FD-TD
simulations for propagating and evanescent modes in inhomogeneous guides, IEEE
Trans. on MTT, vol. 51, 2003, N 8, p. 1920-1928.

P. Triverio S. Grivet-Talocia, M.S. Nakhla, F.G. Canavero, R. Achar, Stability, Causality,

and Passivity in Electrical Interconnect Models, IEEE Trans. on Advanced Packaging,
vol. 30. 2007, N4, p. 795-808.
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References on macro-modeling

O B. Gustavsen, A. Semlien, Rational approximation of frequency domain
responses by vector fitting, IEEE Trans. on Power Delivery, v. 14, 1999, N3,
p. 1052-1061.

O G. Antonini, SPICE equivalent circuits of frequency-domain responses,
IEEE Trans. on EMC, vol. 45, 2003, N3, p. 502-512.

O S. Grivet-Talocia, A. Uboli, A comparative study of passivity enforcement
schemes for linear lumped macromodels, IEEE Trans. on Adv. Packaging,
v. 31, 2008, N4, p. 673-683.

O J. De Geest, S. Sercu, C. Clewell, J. Nadolny, Making S-parameters
suitable for SPICE modeling, - DesignCon2004

O N. Stevens, T. Dhaene, Generation of rational model based SPICE circuits
for transient simulations, - SP12008
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References on transmission line theory

O F. Olyslager, D. DeZutter, A. T. de Hoop, New reciprocal circuit model for
lossy waveguide structures based on the orthogonality of the eigenmodes,
IEEE Trans. on MTT, v. 42, No. 12, 1994, p. 2261-2269.

O C. R. Paul, Decoupling the multiconductor transmission line equations,
IEEE Trans. on MTT, v. 44, No. 8, 1996, p. 1429-1440.

o D. F. Williams, L. A. Hayden, R. B. Marks, A complete multimode
equivalent-circuit theory for electrical design, Journal of Research of the
National Institute of Standards and Technology, v. 102, No. 4, 1997, p. 405-
423.

o D. F. Williams, J. E. Rogers, C. L. Holloway, Multiconductor transmission
line characterization: Representations, approximations, and accuracy, IEEE
Trans. on MTT, v. 47, No. 4, 1999, p. 403-409.

O G. G. Gentili, M. Salazar-Palma, The definition and computation of modal
characteristic impedance in quasi-TEM coupled transmission lines. IEEE
Trans. on MTT, v. 43, No. 2, p. 338-343.

O F. Olyslager, Electromagnetic waveguides and transmission lines, Oxford

Science Publications, 1999
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Backup slides

O Linear algebra 101

O Examples of Y,Z and S-parameters for simple
multiports

0 Generalized theory of multi-conductor
transmission lines

O Smoothing data
0 RCM building algorithm
O Broad-band SPICE model
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Matrices and vectors

O Column-vector is an array with m rows € _
=_ 16 ceC™ c
and 1 column c=lapce /
Example of complex column-vector ¢,
O Row-vector is an array with 7/v

1 row a and n columns
Example of complex row-vector

O m by n matrix is an array with m rows and n columns - for multiport
applications the elements are complex numbers or functions of

- — 1x4
—[lfl,rz,lg,r4], reC

frequency in general (A, A, Ay Ay
Example of complex matrix 4 by 4 A= An Ay Ay o
A3,1 A3,2 A3,3 A3,4 ’
4, 4, 4, 4

O Vector norm is the measure of vector magnitude
Example of Euclidian norm

2

N
Il =2

i=l1

X,

1
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Products

] a-a
O Vector times a scalar: M{ -,

o Matrix times a vector:
b=A-a —>
IS a linear combination of
the columns of A:

O Matrix times matrix B=4-C - each column of B is a linear
combination of the columns of A 4eC™", CeC™ =BeC™

Bl,k Al,l AI,Z A1,3 A1,4 Cl,k
4 by 4 ---BZ,k eee | AZ,] Az,z A2,3 A2’4 . ---CZ,k A B C C4><4
B, .|| 4, A, A, A C 0,0 €
example. 3k 0 3,1 3,2 3,3 3,4 M3kt
) '"B4,k A4,1 A4,2 A4,3 A4,4 C4,k
Simberian 2/8/2010 © 2009 Simberian Inc. 67
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More of familiar definitions

0 Linearity: b =4-a, b=4-a, = b +b, = 4-(a,+a,)
O Two non-zero vectors are linearly independent if
a-a+f-b=0 only witha=0and =0
O Rank of matrix A is the dimension of the column space of A, or
number of linearly independent columns of A
O Range of matrix A is the set of vectors that can be expressed as Ax
for all x from the domain-space
m The range is the space spanned by the columns of A

O Matrix A can be inverted if it is N by N and rank(A)=N (non-singular
or full rank matrix): _ _

b=Aa =) a=A"-b
a is vector of coefficients of unique linear expansion of b in the basis
of columns A
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Example: Terminator, one-port

Il
o— .
* z is a complex
S A impedance
I, \11 ,
iy ZeC™, 7, ="t=:
1 z ' 1
4 /
v I 1
I/l z m YECIXI, )’1’1:?1:;
, 1

Elements of Y are infinities where z is zero

- .$imb9§{§n 2/8/2010

Electromagnetic

Passivity:
Re(z) >0

Always satisfied for nets
composed of R,L,C

© 2009 Simberian Inc.



Example: Series impedance, two-port

1, = 1,
+ +  zis a complex yo Ll -1y e
" " impedance -1 1]
4
1 1 1 |
Yl,l — - Y2,1 =— -
Vl V,=0 z Vl V,=0 z
1 | 1 |
)’2’2:72 = — YL2:71 = ——
2 ;=0 2 ;=0
Passivity: )
. _ _ eigenvals[Re(Y):Iz Re| —(,0:>0
Y-matrix is always symmetric (reciprocal) z
Y-matrix is singular (column-vectors are Re(z) 20
linearly-dependent) - no Z-matrix! Always satisfied for nets
Elements of Y are infinities where z is zero composed of R,L,C

Simberian 2/8/2010 © 2009 Simberian Inc. 70
Electromagnetic Solutions



Example: Parallel impedance, two-port

]2
K >]1 2 z is a complex 1 1
z . /= ZeC*
dl Ij _ > impedance Z[l 1}’ =

N
N\

<

4 I, 1,=0
AN 4 o
‘ ( ) i 7 V V
I/l mz Vz Zl,l —]_1 =Z szl_]_z =Z
% - 3 % 1 1,=0 1 1,=0
ohis™ vi - V. |14
V+ Ij z +V 2y, = [_2 =z Z, [_1 =z
! 2 215=0 215=0
Passivity:
Z-matrix is always symmetric eigenvals [Re(Z)] = {Re(zz)aO} >0
(reciprocal) Re(z) >0

Z-matrix is singular (column-vectors

[ - Al tisfied f t
are linearly-dependent) - no Y-matrix! ways satisfied for nets

composed of R,L,C
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Example: Series impedance, two-port

Z

0

Gy g = & b .
= : — z is a complex -
+ . x
I 'y, b impedance S5eC

v g

We just use known Y and transform itto S

AN

+O

Short-circuit: - -

01

z=0=§,, =
Y:l 1-1 = YN:ZO.Y:é 1-1 o L1 0]
- -1 1 - |—11 Open-circuit: 107
z=00= 8§, = 01

- 1 2-7 - -
S=(U—YN).(U+YN)1:m[2.ZZO Zo}
0

z—-2-Z,

z+2-Z,

impedance

Passivity: ‘eigenvalS[S]‘z{

,1} <1 |:> RG(Z) >0 or real normalization

S-matrix is always symmetric (reciprocal system)
and non-singular for any z
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Example: Parallel impedance, two-port

Z, )

a, ]
: R éo : Z is a complex .
bV, DZ "y, b impedance S5eC

)
N

o

-+
=)

We just use known Z and transform it to S Short-circuit: .-
z-3) 1 = Zu=77= 1] - 2= 7]
b Z, Z, 11 Open-circuit:
S=(Z,-U)(U+Z,)" 1 [—y 2'1’0} Z:O°:>Sl,1=[(1) ﬂ
' Yoy 12 Y
1 1
Y= Y, =—
z 0 Z0
_D. | lizati
Passivity: ‘eigenvals[S]‘:{y 2% ,1}31 —> Re(Z)ZO rn(:ggilznzgrma ization

y+2-Y,

S-matrix is always symmetric (reciprocal system)
and non-singular for any z
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Example: Ideal 3-dB attenuator

z1=22=8.56 Ohm,
z3=141.8 Ohm

Zo=50 Ohm
S—l _Z§+(21_22)’ZO+B 2-23-7, _[ 0 0.707}
4 2-23-Z, ~7¢ —(z1-22)-Z,+B | | 0.707 0

A=Z;+(z1+22+2-23)-Z,+ B =20036 B=2z1-22+22-2z3+2z1-2z3=2500

S|, =20-log(|S,,|) ~3dB

.$imb9§{§n 2/8/2010 © 2009 Simberian Inc.
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ransmission line description with
generalized Telegrapher’s equations

aVa—)(CX) =—Z(w)-I(x)
a]aECX) _ —Y((()) ) 17 (X) ﬁep 2007, 17:1518, Simberian Inc.

Plus boundary conditions at the ends

of the segment
9 I — complex column-vector of N currents

Z(a)) = R(a)) +ia)-L(a)) V - complex column-vector of N voltages
. Z [Ohm/m] and Y [S/m] are complex NxN matrices of
Y(a)) = G(a))+la)-C(a)) impedances and admittances per unit length

R [Ohm/m], L [Hn/m] - real NxN frequency-dependent matrices of resistance and
inductance per unit length

G [S/m], C [F/m] - real NxN frequency-dependent matrices of conductance and
capacitance per unit length
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Transformation to modal space

Z(0)=R(0)+io-L(w)
Y(0)=G(w)+io-C(0)

Per unit length matrix parameters (NxN complex matrices)

Symmetric in case of linear isotropic materials

Eigen-vectors of ZY and YZ are actually the modes of the line
- they can be used to form current Mr and voltage Mv
transformation matrices

Z =M, _V Definition of terminal voltage and current vectors through modal voltage
I =M. -i and current vectors and modal transformation matrices

Matrices of impedances and admittances per unit length are
transformed into diagonal form with the current Mr and voltage
Myv transformation matrices (both are frequency-dependent)

Matrix W is diagonal for the reciprocal systems because of Z and
Y must stay symmetric during the modal tranformation

Complex power transferred along the line (may be fully
populated)

Simberian 2/8/2010
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Waves in multi-conductor t-lines

Zo, (a)) :\/Zn,n (a))/yn,n (a)) Modal complex characteristic impedance and

propagation constant
L, (0)=4z,,(0)5,.(®)

Current and voltage of Voltage waves for mode
mode number n (n=1,...,N) number n (n=1,...,N)
il’l
vn_i_ |:> V_<_ vn
: > ' > ) Passivity:
v, (x)=; -exp(-T, -x)+v; -exp(T, -x) pol Re(Z,, ()20

a,=Re(T, (®))=0

Voltage and current in multiconductor line can be expressed
as a superposition of modal currents and voltages

© 2009 Simberian Inc. 77
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One and two-conductor lines

One-conductor case Zo(a))z\/Z(a) Y(w
M,=M,=1

Symmetric two-conductor case - even and odd mode normalization
+ +

- =M Y -M
;- MV:M[:Me0:L|:1 l:l Yeo eo (0)) eo
_ \/E -1 Zeo :Meo 'Z(a))'Meo

Zodd (a)) - \/ Zeol,l /yeol,l 1_‘oalal (a)) = \/Zeo2,2 ) yeo2,2

Zevel’l (C()) = \/2602,2 /y€02,2 l_‘even (a)) - \/Ze02,2 ’ ye02,2

Common and differential mode normalization

1 0.5 0.5 1 Vom =M Y (@) My,
M Mme_|: 1 05:|, M Mlmm_l: 0.5 1:| me:MI;rimZ(a))MImm
Zdifferential (C()) = \/mel,l/ymml,l Zdiﬁferential =2- Zodd Fdiﬁ’erential = 1ﬂoa’d

Zcommon (0)) = \/me2,2 /ymm2,2 Zcommon - 05 ) Zeven Fcommon - Feven

Slmbenan 2/8/2010 © 2009 Simberian Inc.

Electromagnetic Sol

78



Admittance parameters of multiconductor
line segment

7 1 :: :: N+1

= U iy pwb

- 9 2N 1/2
th(T 1 h(T 1))
diag M diag ) ( 2 )j

7(o.0)= Zy, on 2N x 2N three-diagonal admittance matrix of
diag[—M) diag(m) the line segment in the modal space

L On On i

M 07 - M0 2N x 2N admittance matrix of the line segment in
Y(a),l):[ By, ]Y(a),l)-{ OV Ml} the terminal space - symmetric in case of
! 4 reciprocal system W =M, -M,=M, -M,

{]1} _ Y(a) Z)|:I/1:| Admittance matrix leads to a system of linear equations

) with voltages and currents at the external line terminals

The most general passivity condition (reciprocal system): eigenvalS[Re(Y(a),Z))} >0

To have real-positive characteristic . :
impedances and propagation constants: eigenvals [Re(Z(a)))} 20, eigenvals [RC(Y(Q)))} =0
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Scattering parameters of

multiconductor line segment
ZO 1 N+l 0 T 4
2 3 o & [1 :Y(a) l)- V1 Admittance
Fb + 4 T > 7 k
A V.. by 5 V, parameters (known)
Z, % 1] % Z, _
Gy L (Y] e e a —lZo”z-(VIﬁZO 1.,) Vectors of
G - Y B 2 ’ incident waves
3 S g b, 1201/2 (Vlz—Zo'f ) Vectors of
2 reflected waves
7 o, I, L Z, 7 B
"ED-DW — b ;S’(w,l)-{?} Scattering
-, 2N x 2 parameters
%_e %@ S c C2N><2N

Y, =2,%-Y(w,1)-Z,"

S(w,0)=(U~Y,)-(U+Y,)"

Simberian

o Electromagnetic Solutions

2/8/2010

Normalization matrix is diagonal matrix with
normalization impedances on the diagonal

S-matrix of the line segment is computed as the
Cayley transform of the normalized Y-matrix
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Simple strip-line segment example

8-mil strip, 20-mil plane to plane distance, DK=4.2, LT=0.02
at 1 GHz, wide-band Debye dielectric model.

Strip is made of copper, planes are ideal, no roughness, no
hlgh—frequency dlsperS|on. ?qgéep 2007, 16:08:01, Simberian Ine.

Z,

o =R &
&~ T 7 —
b, Vl_ Z,,T, A b,

v

Il
+0

Y

20log|S,, |, [4B] ~201og|S,,|, [B]
0 - 100
Nl [m ni x Bidl amstill SEG
et i HE e AN L il e i
W L e T e e L S
L
-a0 -
i F
== L
nch linel||| -
fi 01 == £
-0 ¥ H H
0l alized h eristic
_6[' 1'1']_3 ”
110° 10" 110® 110® 110" 110 140° 110" 110 110" 1 10" 110® 10t 1a0° 1a0® 10" 1a0® 140 110 110t 140 1 10"
Frequency, Hz Frequency, Hz
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Smoothing data with FIR filter

O Moving average FIR (boxcar) filter is used to smooth the data

O It may be helpful in case of noisy oversampled data (small phase difference
between consecutive frequency points)

O Cannot be used if data are just sufficiently sampled or under-sampled
O Example of data before and after filtration:

—*—— Projectl.1_75inchTHRU _z2p. Simulation, 5[1.1]

—*—— Projectl.1_75inchTHRU _z2p. Simulation, 5[1.1] : . . .
% Praject] 1 75inchTHRU_ s2p. Simulation . 51 2] Magm [T'D'ECH 1-7inchTHRU_s2p. Simulationt.. T1.2]
tagnitude(S1. [] . - - - -
fter noise filtration with FIR
fter TR
. rder 1
037 it :
08951 0.835 7
naat 0837 . . . . !
= = ; = = 48 49 5 5.1 52
48 49 5 5.1 52 i oy
19 May 2008, 070455, Simberian Inc. Frequency, [GHz] 19 May 2003, 070515, Simberian Inc. Frequency. [GHz]
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How RCMs are constructed?

1. Delay is extracted if possible
2. Number of poles and their locations are guessed
3. Linear system is constructed from the rational approximation:

*

C s =iw— frequency, d—valueat o,

d+h-s+ Z o — h—asymptote(zero for S — parameters),
]—[(S)z n=t $ 7 Dy S_pn N, —number of poles,
A ¢ p, — poles (real or complex),
I+ Z S c, —residues (unknown),
=t ST Py ST Py ¢, —auxiliary residues (unknown)

4. The linear system size is 2*Ns x 2Np+2 — solved with LQ-decomposition
2Np+2 unknown residues require Ns number of samples Ns>=2Np+2 assuming all poles are complex

5. Zeroes of the auxiliary function become new poles (only with negative real part)

~*

—1+Z il

n=1 S — pn S pn *

r
6. Residues are found solving the system =) H(S) d+h-s+ Z + ——
7. Items 3-6 are repeated until convergence n=l (5 pn ST Py

criterion is satisfied (soft relocation)

Details of the vectfit (or Sanathanan-Koerner) procedure are in B. Gustavsen, A. Semlien,
Rational approximation of frequency domain responses by vector fitting, IEEE Trans. on Power
Delivery, v. 14, 1999, N3, p. 1052-1061.
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Converting RCM into a SPICE model

Z, a b=S-a S,:ﬂ == scattering matrix
%1 11 ’ b a .
@De—eﬁ—' T ay=0 k% j
b, v I, Port 1 1 . o 1 . .
o a=——(V+2,-T), b=——=(V-2,-T) = waves
Zoz a 2 ZO 2 ZO
O 2o
AL can be also treated as:
% [S] b= V-1, = V,=Z,-1,+2Z, -b, &= bi as current
2\/ZOi 2
ZON 1 ZOi =
2y D a,=——=V+ ) I, b=)S,,-a, ¢&== gj as voltage
?N VNJ_r I, Pt ’ ZOi "
{?7’_6' N[ . L - Sij as voltage-
S =|d,+> | —L—+—L2— || &= controlled current
n=t\ S~ Piin ST Pin sources

Simple and LAPLACE VCCS can be used to represent each element of the S-matrix
rational approximation with VCVS for the delay element

First published in: J. De Geest, S. Sercu, C. Clewell, J. Nadolny, Making S-parameters suitable for SPICE modeling, -

DesignCon2004.
Also in: N. Stevens, T. Dhaene, Generation of rational model based SPICE circuits for transient simulations, - SPI2008.
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Broad-band SPICE circuit

/Z N
a, = 1 Vi+ i 'Ii bz :ZSU a]
2 ZOi 1 2 j:lA
[ 1
"y \
Zy, e
HIi: 'Ii + j\
. L Gy =84 )G,=5,"q G, =S;-q,
1 a.. <V \V/ W/
Ey=—=V, .t
2\Zy; v

Just circuit for a port number i is
shown here — similar circuits are
used for all ports of a multiport

’,;'j,n

I

ljyn

N
S.,=d, +Z(

n=1

+ >
S_pij,n S_pl],n

. ] in parallel

@
Delay element is not shown here - oy L2 . T n
it is implemented as VCVS with % Gy=dy-a; | Gf'= — Y G =l— —t . |%
: v S =Py Vv S=DPyn ST Dy
delay loaded by a dummy resistor /
l/ o
of Complex poles
Real poles

\ Simberian
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