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Blackbox Macromodeling
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Blackbox Synthesis

Motivations
Only measurement data is available

Actual circuit model is too complex

Methods
Inverse-Transform & Convolution

* IFFT from frequency domain data
e Convolution in time domain

Macromodel Approach

« Curve fitting
 Recursive convolution



Blackbox Synthesis
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Terminations are described by a source vector G(w) and an impedance
matrix Z

Blackbox is described by its scattering parameter matrix S



Blackbox - Method 1

Scattering Parameters B(w) = S(w)A(w) (1)

Terminal conditions A(®)=TB(w)+TG(w) (2)

where r=-v+zz,'| [U-zz,']

and T=\U+27;"

U is the unit matrix, Zis the termination impedance matrix, Z is the
reference impedance matrix and G(@) is the source vector.
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Blackbox - Method 1

Combining (1) and (2) A(w) :[U—I“S(a))]_1 1G(w)

and  B(w) = S(0)A(w) = S(0)[U ~TS(w)] " TG(w)
V(@) = A()+ B(w) = [U + S(@)][U -TS(e)] TG(w)
(@)= Z,' [ 4(0) - B(@)]= Z,'[U - S(@)|[U ~TS(@)] " TG(w)
W(t) = IFFT {V (w)}

i(t)=IFFT{I(w)}
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Method 1 - Limitations

®* No Frequency Dependence for Terminations
» Reactive terminations cannot be simulated
® Only Linear Terminations

> Transistors and active nonlinear terminations cannot be
described

® Standalone
» This approach cannot be implemented in a simulator
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Blackbox - Method 2

1 __.,

In frequency domain B=S4
In time domain b(t) = s(t)*a(t)
Convolution: s(t)*a(t)= | s(t—7 Ja()dr

:—n =
Iénf IngIs ECE 546 — Jose Schutt-Aine
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Discrete Convolution

When time is discretized the convolution becomes
s(1)%a (1)= Zi:ls(z‘—r)a(r)Ar
Isolating a(?)
s(t)*a(t)=s(0)a(t)Ar + ti]]S(t —r)a(T)At
Since a(t) is known for ¢ < ¢, we have:
H(t)= tz_lls(t—r)a(r)Ar : History
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Terminal Conditions

Defining s'(0) =s(0)Az, we finally obtain

bt) = s'(0)a () + H (1
a(t) = I)by) + T(1)g()

By combining these equations, the stamp can be derived
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Stamp Equation Derivation

The solutions for the incident and reflected wave vectors are given by:
a)=[1-T@s'0)]" [TWew)+ T HH®)]
b) = s'(0)a () + H(1)

The voltage wave vectors can be related to the voltage and current vectors
at the terminals

a(t)=é[v(t)+Zoi(t)]

/ .
b(t)= E[v(t)—Zol(t)]
EGE-ILLINQ!S
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Stamp Equation Derivation
From which we get

s'(0)

é[v(t)—ZOi(t)]z > [v(t)+Z,i(t)|+H(t)
or
Zoi(t)+s’(0)ZOi(t)+2H(t):[]—S’(O)]v(t)
or

[1+5'(0)]Z,i(t)=[1-5'(0)]v(t)-2H(t)

which leads to

i(t)=2"[1+s'(0)] ' [1-5'(0)]v(t)-2Z;'[1+s'(0)] " H(t)

ECE 546 — Jose Schutt-Aine
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Stamp Equation Derivation

i(t) can be written to take the form

l(t) = Ystampv(t) o ]Stamp
in which

Youms = 25 [14+5'(0)] ' [1-5"(0)]

stamp

and

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

stamp

cCr ILLINOIS
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Stamp Equations
i(t)= Ystampv(t) B ]Stamp

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

Lo =22 [1+5'(0)] "H(t)

stamp

Termination 1 Black Box

#i*

(Yg Stamp )v(t) ] stamp

ECE 546 — Jose Schutt-Aine



Frequency and Time Domains

1. For negative frequencies use conjugate relation V(-w)= V*(w)
2. DC value: use lower frequency measurement

3. Rise time is determined by frequency range or bandwidth

4. Time step is determined by frequency range

5. Duration of simulation is determined by frequency step
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Problems and Issues

e Discretization: (not a continuous spectrum)
e Truncation: frequency range 1s band limited
F: frequency range

N: number of points

Af = F/N: frequency step
At = time step

ECE 546 — Jose Schutt-Aine

17



Problems and Issues

Problems & Limitations
(in frequency domain)

Consequences
(in time domain)

Solution

Discretization

Time-domain response will repeat
itself periodically (Fourier series)

Aliasing effects

Take small frequency steps.
Minimum sampling rate
must be the Nyquist rate

Time-domain response will have

Take maximum frequency

Truncation in finite time resolution (Gibbs effect) as high as possible
Frequency
No negative Time-domain response will be Define negative-frequency

frequency values

complex

values and use V(-f)=V*(f)
which forces v(t) to be real

No DC value

Offset in time-domain response,

ringing in base line

Use measurement at the
lowest frequency as the DC
value
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Effect of Low-Frequency Data
2sin (27 ft)
27 ft

Calculating inverse Fourier Transform of: V( f ) =

No DC component

(lowest freq: 10 MHz) With DC component
0 T ‘ 1.2 \ \ \
| ('\\ A |
08 | . S —— B
ol .,k
S Tr 7 2

04 L Ll l i
o2 | e S — .

15 B | ! ! !
0 i ———— —

2 : . . . : 0.2 I I I | |

0 20 40 60 80 100 120 0 20 40 60 80 100 120

Time (ns)

Left: IFFT of a sinc pulse sampled from 10 MHz to 10 GHz. Right: IFFT of the same sinc pulse with frequency
data ranging from 0-10 GHz. In both cases 1000 points are used
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Effects of DC Data

No DC Data Point With DC Data Point
10Gh/sec 75 . mGhI’fSEC
07 T T .
0B+ 1k
&+
08t
04
o 03T 06
% v
= o2t £
04}
01
; 02t
o1t o
_DE 1 1 1 1 1 1 1 1 1
o 2 4 6 B 10 12 14 1B 18 20 0o , , , , , , , , ,
Time (ns) 0 2 4 5 8 10 12 14 1B 18 20

Tirme (ns)

If low-frequency data points are not available, extrapolation
must be performed down to DC.
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Effect of Low-Frequency Data

' ===-&=== Port 2 - No DC Extrapolation
===&=== Port 1 - No DC Extrapolation ! !
Port 1 No DC Extrapolation =& Port 2 - With DC Extrapolation
= Dort 1 Port 2
] - / ] 15
0.8 I ' '
0.6 ; L
S 04 2
o i ] g 0.5
0.2 ' ' '
I ]L ] 0 A B =
0 [} I' ;F;;.H E i ==
_ | [T
-0.2 i
! ! ) 6 8 10 -0.5+——
Time (ns) R
Time (ns)
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Convolution Limitations

Frequency-Domain Formulation Y ( () ) =H ( () )X ( () )

y(t)=h(t)*x(t)

Time-Domain Formulation

Convolution V() =h(t)*y(t)=[h(t—7)y(z)dz

t
Discrete Convolution h(t)*x(t)=> h(t—7)x(7t)At
=1
t—1
H(t)=> h(t—7)x(7t)At : History
=1
Computing History is computationally expensive = Use FD rational

approximation and TD recursive convolution

ECE 546 — Jose Schutt-Aine
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Complex Plane

— An arbitrary network’s transfer function can be
described in terms of its s-domain representation

— sis acomplex numbers = o+ jw

— The impedance (or admittance) or transfer
function of networks can be described in the s
domain as

m m—1
as +a s +..tas+aq,
n n—1
s'+b _ s +...+bs+b,

I'(s)=

ECE 546 — Jose Schutt-Aine
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Transfer Functions

m m—1
as +a s  +..+as+a,
n n—l
s'+b _ s +..+bs+D,

I'(s)=

The coefficients a and b are real and the order m of
the numerator is smaller than or equal to the order n
of the denominator

A stable system is one that does not generate signal
on its own.

For a stable network, the roots of the denominator
should have negative real parts

cCr ILLINOIS
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Transfer Functions

The transfer function can also be written in the form

(S —Zl)(S —Zz)...(s —Zm)
(S —Pl)(s —Pz)...(s —Pm)

Z,, Z,...Z, are the zeros of the transfer function

T'(s)=a,

P, P, ..P, arethe poles of the transfer function

For a stable network, the poles should lie on the left
half of the complex plane
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Model Order Reduction

SPICE
Y (t) v(t) = i(t) Y(0) V(o) = (o)
Order Reduction
7(w)= {A +Zl+ s } Y(m)i ‘o

Recursive Convolution

Y(t) v(t) = i(t)

e ILLINOIS

Electrical and Compm r Engineer ng
University of Illin at Urbana-Champaign

ECE 546 — Jose Schutt-Aine




[image: image1.wmf]


Model Order Reduction

Objective: Approximate frequency-domain
transfer function to take the form:

H®)= {A +Zl+]a)/a) }

Methods

* AWE — Pade

* Pade via Lanczos (Krylov methods)
* Rational Function

* Chebyshev-Rational function

* Vector Fitting Method

cCr ILLINOIS
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Model Order Reduction (MOR)

Question: Why use a rational function approximation?

Answer: because the frequency-domain relation

Y(w)=H(®)X(®)= d+Z X(w)

]+]w/w

will lead to a time-domam recursioe convolution:

y(0) =dX(t—T)+Zypk(f)

where
ypk(t)=akx(t—T)(1—e_w""T)+e ypk(t T)

which is very fast!
== ILLINOIS

ECE 546 — Jose Schutt-Aine




Understanding Recursive Convolution

Y(w)=H(w)X(w)=|d+Y —* X(w)

Given that for each term

and
X(co)(—)x(t)

We would need to evaluate

yk( ) w,.ce ™ *x(t)

cCr ILLINOIS
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Recursive Convolution
We wish to evaluate y(t) = Ade ™ * x(¢) (1)

This means y(t) = IAe_aTx(t —-7)dt  (2)
0

t—h
We can observe that: y(¢ —h) = j A x(t—h—-1)dr (3)
0
We next express (2) as

h t
Y(t) = j Ae “ x(t—1)dr + j Ae “x(t—-1)dr 4
0 h

. J/ . J/
e h'd

/) 1y
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Recursive Convolution

In the second integral, set v = 7+ h which implies that 7= 7-h

t—h
L= | Ae““x(t-1'- h)dr ()
0

t—h
L= j A x(t—7'-h)dr'=e " y(t—h) (6)
0

Thus
h
y(t) = jAe“”x(t —7)dr+e ™ y(t—h) (7)
0

. J/
h'd

1
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Recursive Convolution

We next evaluate the first integral
h

I, = Ax(t—h)| e “dr (8)
0

in which we assume a step invariant (constant) behavior of the input
function. This can be evaluated to yield:

[ =2 () e ©)
so that o
Ax(f —
y(t) = x(; h) (1 —e ) +e "yt —h) (11)

Which is the recursive convolution formula
EGE-ILLINOIS

ectrical ax
Iniversi [ 11
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Model Order Reduction

Transfer function is approximated as

H(w)= d+z

]+]w/wk

In order to convert data into rational
function form, we need a curve fitting
scheme = Use Vector Fitting

ECE 546 — Jose Schutt-Aine
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History of Vector Fitting (VF)

* 1998 - Original VF formulated by Bjorn Gustavsen and Adam
Semlyen*

e 2003 - Time-domain VF (TDVF) by S. Grivet-Talocia.

e 2005 - Orthonormal VF (OVF) by Dirk Deschrijver, Tom Dhaene,
et al.

* 2006 - Relaxed VF by Bjorn Gustavsen.

* 2006 - VF re-formulated as Sanathanan-Koerner (SK) iteration by
W. Hendrickx, Dirk Deschrijver and Tom Dhaene, et al.

* B. Gustavsen and A. Semlyen, “Rational approximation of frequency responses by vector fitting,” IEEE
Trans. Power Del., vol. 14, no. 3, pp 1052—-1061, Jul. 1999
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Vector Fitting (VF)

Vector fitting algorithm

C
“ d h
[G(S)f(s)} 2T s

o (s)

ZN: c, Avoid ill-conditioned matrix

||‘ Guarantee stability

/7~ N\
M-
@)

_I_

Q

_|_

%)

=
\_/
Mz
Ql

= jf (s) = f(5).
s—a, =S —da, Converge, accurate
Solve for c,,C, . d., h I
1 With Good Initial Poles

Can show* that the zeros of o&{(s) are the poles of f(s) for the next iteration

* B. Gustavsen and A. Semlyen, “Rational approximation of frequency responses by vector fitting,” IEEE
Trans. Power Del., vol. 14, no. 3, pp 1052-1061, Jul. 1999
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Examples

1.- DISC: Transmission line with discontinuities

Length =7 inches

2.- COUP: Coupled transmission line2

Line A
5N T
u v
- P
Line B | d, |
| X y !
w z

d, =5"2inches

Frequency sweep: 300 KHz - 6 GHz

ECE 546 — Jose Schutt-Aine
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DISC: Approximation Results

Magnitude of 511

Magnitude (dB)

Magnitude (dB)

-60
o

3
Frequency (GHz)

Magnitude of 512

T
— simulation result
—— measured data

3
Frequency (GHz)

DISC: Approximation order 90

ECE 546 — Jose Schutt-Aine

Phase of 511

Fhase (radian)

— simulation result
— measured data

2 3
Freguency (GHz)

Phase of 312

Phase (radian)

T T
— simulation result
— measured data

2 3
Frequency (i5Hz)
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[ ) [ )
DISC: Simulations
Microstrip line with discontinuities 1
Data from 300 KHz to 6 GHz m ’

Exact Exact

0.8

0.6

0.4

0.2

-0.2 | ! ! | 202 | | | |
30 32 34 36 38 40 30 32 34 36 38 40

Observation: Good agreement
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COUP: Ap

Magnitude of 511

-10 T T T T
-15
-20
& -25
=
@
E -30
=
=
@
= 35t 4
A0k i
451 — simulation result i
. —— measured data
50 | | | | |
0 1 2 3 4 & B
Frequency (GHz)
g
o
:‘é o
=)
@
=
-60 - — simulation result 1
—— measured data

70 I I I L I
1} 1 2 3 4 5 B

Frequency (GHz)

COUP: Approximation order 75 — Before Passivity Enforcement

Fhase (radian)

Phase of 311

roximation Resu

— simulation result
— measured data

Freguency (GHz)

Phase of 812

FPhasge (radian)

— simulation result
—— measured data

3
Fregquency (GHz)

4 5

S



COUP: Simulations

Port 1: a — Port 2: d
Data from 300 KHz to 6 GHz |

Exact

Convolution
0.6 T
0.5
o4 A N—— . :
i i T S e —
03 b SRRSO SRRSO -
! | 03 —

T e — S S — -

-0.2 \ i |

30 35 40 45 50

Observation: Good agreement

~r e
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Univ t of Illin at Urbana-Champaign

45 50




Orders of Approximation

A A

Approximation function

A

Approximatien function

ol £ g
o ® o . .
& a ., _ Measurement Data J‘)- Approximation function
[F)] P ‘.‘/ \/\\L
‘.. Veee Measurement Data—f o o o »
Frequency Frequency > Frequency >
Low order Medium order Higher order
Ly br Ly

I-I\ [
Electrical a{(L&!ﬂO’S ECE 546 — Jose Schutt-Aine
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MOR Attributes

*Accurate:- over wide frequency range.

*Stable:- All poles must be in the left-hand side in s-plane
or inside in the unit-circle in z-plane.

eCausal:- Hilbert transform needs to be satisfied.
*Passive:- H(s) 1s analytic
hin]l=h[n]+hn] < H(jo)=H,(jo)+ jH,(jo)

H'(s)=H(s'),
7T[H'(s")+ H(s)|z20, R[s]>0 for Y or Z-parameters.

I-H'(s)H(s)>0, R[s]>0  for S-parameters.
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MOR Problems

°* Bandwidth
» Low-frequency data must be added
* Passivity
» Passivity enforcement
* High Order of Approximation
» Orders > 800 for some serial links
» Delay need to be extracted

ECE 546 — Jose Schutt-Aine
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Causality Violations

1.2

| i | NON-CAUSAL

A - Z(f)=Rf +jLe
1 JU N
020 200 a0 400 50 60 700 800 Near (blue) and Far (red) end responses of lossy TL
0:6-m / i
CAUSAL 2> L '
Z(f)=Rf+JRAf +jLo 1L k
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Fourier Transform Pairs

a,(t): real part of even time-domain function

a,;,(t): imaginary part of even time-domain function
a, (t): real part of odd time-domain function

a,; (t): imaginary part of odd time-domain function

at)= a,(1) + ja, () + a,() + ja,()

In the frequency domain accounting for all the components,
we can write:

App(w): real part of even function in the frequency domain
A,-(®w): 1maginary part of even function in the frequency domain
Apo(®): real part of odd function 1n the frequency domain
A,,(®): 1maginary part of odd function in the frequency domain

A(@) = A (@) + jAg (0) + 4o (@) + jAip ()

ECE 546 — Jose Schutt-Aine
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Fourier Transform Pairs

We also have the Fourier-transform-pair relationships:

Time Domain: a(t)= a,,(¢) + ja,(¢) + a, () + ja ()

T T T N /S
\J \ \J N\
Freq Domain : ( )— ( ) JA, ( )+ARO(0)) JjA,, ( )

)| Aps (@) + jdy (@) + Ao (@) + jdip (@) ]

In the time domain, this corresponds to:

b(t)=s()*| (a,. () +a,(0))+ j(a, ) +a,®)]

ECE 546 — Jose Schutt-Aine
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Fourier Transform Pairs

We now impose the restriction that in the time domain,
the function must be real. As a result,

a,(t)=a,(t)=0 which implies that: 4, (@)= 4, (w)=0
The Fourier-transform pair relationship then becomes:
Time Domain: a(t)= a,(¢) + a ()
T T T
\J \J \J
Freq Domain: A(®)= Ay, (@)+ j4,, ()
The frequency-domain relations reduce to:

a))[ARE (@)+ j4, (a))}

ECE 546 — Jose Schutt-Aine
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Fourier Transform Pairs

In summary, the general relationship is:

Time Domain: b(¢)= b (t) + jb,(¢) + b (¢) + jb, (¥)
T T T N/
\J \J \ /N

Freq Domain : B(a)) = B, (a)) + jB,. (a)) + B, (a)) + jB,, (a))

But for a real system:

Time Domain: b(¢)= b () + + b (1) +
T T AN
" \ N
Freq Domain: B(w)= By, (®)+ + + B,y (@)

ECE 546 — Jose Schutt-Aine
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Fourier Transform Pairs

So, 1n summary
Time Domain: b(¢)= b,(¢) + b, (¢)
T T 0

\J \J \J
Freq Domain: B(w)= By(®)+ jB, ()

The real part of the frequency-domain transfer function is
associated with the even part of the time-domain response

The imaginary part of the frequency-domain transfer function
is associated with the odd part of the time-domain response

ECE 546 — Jose Schutt-Aine
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Causality Principle

Consider a function 4(?)
h(t)=0, ¢t<0

Every function can be considered as the sum of an even function and an odd function

h(t) = h, () + b, (1)

h(t) =
h,(t) =

L] @, 10
(D)= —h (1), t<0

h(t )+ h(—t ) Even function

5
1. _
5 Il(t )—h(—t ) Odd function

h, (1) = sgn(t)h, (1)

ECE 546 — Jose Schutt-Aine
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Hilbert Transform

h(t) = h,(0) + sgn(O)h, (¢)

In frequency domain this becomes

H(f) = H.(f)+——*H.(f)
jrf

=>Imaginary part of
transfer function is related
to the real part through

H(f)=H,(f)- ]I:I (f) the Hilbert transform

H,(f) is the Hilbert transform of H_( f)

400

(6) = x(£) * 7; - 71? [ fi) dr

~r~ e
ILLIN OI S ECE 546 - Jose Schutt-Aine °1
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Discrete Hilbert Transform

=»Imaginary part of transfer function cab be recovered from
the real part through the Hilbert transform

=>If frequency-domain data is discrete, use discrete Hilbert
Transform (DHT)*

( 2 fn

, Kk even
ﬂnoddk—n

H(f,)=f, =
— k odd

I’l even

*S. C. Kak, "The Discrete Hilbert Transform", Proceedings of the
IEEE, pp. 585-586, April 1970.

ECE 546 — Jose Schutt-Aine
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HT for Via: 1 MHz - 20 GHz

Real(S11) - Via Imag(S11) - Via

03 .
02 |- —
° /v’\ 7
ok i
-0.1

Actual is red, HT is blue

Real($12) - Via Imag($12) - Via

P
05 R
05
| \
a 2 o
3 g
H E
&
05
B T S e
-1
4 I I I I
5 4 100 200 300 400

Observatlon Poor agreement (because frequency range is limited)
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Real(s11)

&
2 °
[ _— I
B

Real(S12)

o o
& ° &
%3
—
— i
——N

—

L L L

-———

Example:

—e— Actual
—=&— Transform

Real Part of S11

0 500 1000 1500 2000 2500 3000 3500
—e— Actual
—=&— Transform A

Real(S12)

||

°

500 1000 1500 2000 2500 3000 3500

Observation: Good agreement
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300 K

inary Part of $11

Imag(S11)

1500 2000 2500

A
Imag(S12)

Imag(§12)

H”

1500 2000

%HZ—GGHZ

Actual is red, HT is blue




Microstrip Line S11

HILEERT TRANSFORM
1.5 T T T T T T

REAL

= = = HT-IMAG
IMAG
——=—HT-REAL

Linear

A5 1 1 1 1 1 1
a 1 2 3 4 5 5] 7

Freguency (GHz)
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Microstrip Line S21

HILEERT TRANSFORM
I:I.E T T T T T T

Linear

a4+ — REAL -
— = = HT-IMAG
IMAG
TEr ———HT-REAL | ]
_DB | | 1 | | |
0 1 2 3 4 5 5 7

Freguency (GHz)
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Discontinuity S11

HILEERT TRANSFORM
I:I.B T T T T T

REAL
== =HT-IMAG [
IMAG

——=—HT-REAL

0.6

0.4

0.2F

Linear
=

02k

n4t

0.5

Freguency (GHz)
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Discontinuity S21

HILEERT TRAMSFORM
1.5 T T T T T
REAL
— = = HT-IMAG
1 [MAG H
— — —HT-REAL
0.5 ; .
i
) J 1
05 ]
ARV S
_15 | | | | |
a 1 2 3 4 5

Freguency (GHz)
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Backplane S11

HILEERT TRANSFORM
I:|.5 T T T T T T T T

REAL
= = = HT-IMAG
IMAG
——=—HT-REAL

0.4

0.3

0.2

0.1

Linear

0.1

0.2

0.3

'I:I-"l | | | | | | | |
a 0.4 1 1.4 2 24 3 3.4 4

Freguency (GHz)

e ILLINOIS

Electrical and Computer Engineering
University of Illineis at Urbana-Champaign

ECE 546 — Jose Schutt-Aine




Backplane S21

HILEERT TRANSFORM

1 T T T T T T T T

REAL

= = = HT-IMAG
rm m IMAG
— = =HT-REAL ]

Linear

_1 | | | | | | | |

a 0.5 1 1.5 2 25 3 35 4
Freguency (GHz)
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HT of Minimum Phase System

| H,(s) |5 M, (s)|| B (s) || e |
H(jo)=H,, (jo)xH,(jo)

H, (jo)=H,(jo)xe '
s=jo |H,(jo)l= M, (jo)|H,(jo)=H,(jo)xe

B (jo) e =1

The phase of a minimum phase system can be completely determined by
its magnitude via the Hilbert transform

20+ U(©)-U() ,
TG+ o)é-0)
U(@)=In| M, (@) =In| H,(e)

arg|M ; ()] = d¢

ECE 546 — Jose Schutt-Aine
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HT of Minimum Phase System
H(jo)=H,;, (jo)xH,(jo)
H, (jo)=H,(jo)xe’"

b(jw)\=\e‘””

H(jo) =

=1

‘ mm ‘

The phase of a minimum phase system can be completely determined
by its magnitude via the Hilbert transform

arg[ H (jo)]=-%In H (jo)]

where gg{} Is the Hilbert transform

cCr ILLINOIS
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Enforcing Causality in TL

The complex phase shift of a lossy transmission line

_‘/(R+j oL)(G+joC)! is non causal

—vl
X=e"=e

We assume that

e—j¢(0)) e “ (0) _ e+ja)\/ﬁ e‘\/ (R+jolG+joC) 4o minimum phase non causal

HT{In‘e‘j¢(“’)e_“(“’) \} - HT{ln‘e‘” \} - ¢ (o)

e—J¢'(a)) ¢~ %(®) is minimum phase and causal

X = e—j¢'(w) e (@) e—ja)\/ﬁl is the causal phase shift of the TL

In essence, we keep the magnitude of the propagation function of the TL but we calculate/correct for the phase via
the Hilbert transform.

I-I\ [
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Passivity Enforcement Techniques

=» Hamiltonian Perturbation Method @

= Residue Perturbation Method ?

(1) S. Grivet-Talocia, “Passivity enforcement via perturbation of
Hamiltonian matrices,” IEEE Trans. Circuits Syst. I, vol. 51, no. 9, pp.
1755-1769, Sep. 2004.

(2) D. Saraswat, R. Achar, and M. Nakhla, “A fast algorithm and
practical considerations for passive macromodeling of
measured/simulated data,” IEEE Trans. Adv. Packag., vol. 27, no. 1,
pp- 57-70, Feb. 2004.

cCr ILLINOIS
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Passivity Assessment

Can be done using S parameter Matrix
D= (1 -S7S ) = Dissipation Matrix

All the eigenvalues of the dissipation matrix must be
greater than 0 at each sampled frequency points.

This assessment method is not very robust since it
may miss local nonpassive frequency points
between sampled points.

=» Use Hamiltonian from State Space Representation

e ILLINOIS
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MOR and Passivity

Transfer Function

Frequency
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State-Space Representation

The State space representation of the transfer
function is given by

X(t) = Ax()+ Bu(1)
() = Cx@®)+ Du(t)

The transfer function is given by

S(S)IC(SI-A)_lB-FD

EC—“E ILLINOIS
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Approximate all N? scattering parameters using
Vector Fitting

Form Matrices A, B, C and D for each
approximated scattering parameter

Form A, B, C and D matrices for complete N-port

Form Hamiltonian Matrix H



Constructing A4

Matrix A;; is formed by using the poles of S;,. The
poles are arranged in the diagonal.

( ad™ p™ 0 0 )
b a™ 0 0

i O O ° °

. 0 0 e a” )

Complex poles are arranged with their complex
conjugates with the imaginary part placed as
shown.

A1 ILxL tri
.-is an Lx L matrix
—~ F.

e ILLINOIS
puElectrical ana Computer Enginecring
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Constructing C;

Vector C;; is formed by using the residues of S;;.
C,=(c? &« )

where ¢{” is the kth residue resulting from the Lth
order approximation of S;;

C;;is a vector of length L

ECE 546 — Jose Schutt-Aine
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Constructing B8;

For each real pole, we have an
entry with al

For each complex conjugate pole, B,

u

pair we have two entries as:(zj
0

B, is a vector of length L

ECE 546 — Jose Schutt-Aine
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Constructing D,

D;; is a scalar which is the constant term from
the Vector fitting approximation:

L C(l])
S, d+z k

ECE 546 — Jose Schutt-Aine
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Constructing 4

Matrix A for the complete N-port is formed by
combining the A;’s in the diagonal.

/All A
A — A22
o
\ ANN/
A 1s a NLx NL matrix

cCr ILLINOIS
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Constructing C

Matrix C for the complete N-port is formed by
combining the C;/'s.

/Cu C12 * )
C= C21 C22
\ CNN/
Cis a Nx NL matrix

ECE 546 — Jose Schutt-Aine
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Constructing 8

Matrix B for the complete two-port is formed by
combining the B;/s.

(B, 0 0 )
| 0 By O
N 0 BNN)
B 1is a NLx N matrix

-ILLINOIS
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Hamiltonian

Construct Hamiltonian Matrix M
_| 4-BR'D'C —-BR'B’
C's'C -A"+C'DR'B’
R=(D'D-I) and S=(DD"-1)
The system is passive if M has no purely
imaginary eigenvalues
If imaginary eigenvalues are found, they define the

crossover frequencies (jw) at which the system
switches from passive to non-passive (or vice versa)

=>» gives frequency bands where passivity is violated
cC ILLINOIS
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Perturb Hamiltonian

Perturb the Hamiltonian Matrix M by perturbing
the pole matrix A
A—> A =A+44

_A+AA-B(D+DT)'1C B(D+DT)'IBT
M+ AM = _1 y
- -C"(D+D") C  -(4+44) +C"(D+D") B"
AA 0
AM = .
0 -(44)

This will lead to a change of the state matrix:

A—>A=A+4A4
e ILLINOIS
Electrical and Computer Engineering
University of Illinois at Urbana-Champaign
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State-Space Representation

The State space representation of the transfer
function in the time domain is given by

x(t) = Ax(t)+ Bu(1)
y() = Cx()+ Du(y)
The solution in discrete time is given by
x|k +1]=A,x[k]|+ B,u| k]
ylk]=C,xk]+ D,ulk]

-ILLINOIS
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State-Space Representation

_[OT eATdT)B

where

A, =e" de(
c,=C D,=D

which can be calculated in a straightforward
manner

When y ()= b(%) is combined with the terminal
conditions, the complete blackbox problem is
solved.

ECE 546 — Jose Schutt-Aine
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State-Space Passive Solution

If M’ is passive, then the state-space solution using

A’ will be passive.

A>A=A+4A4

x[k +1]= A x[k]

I'he passive solution in discrete time is given by

B, u|k]

ykl=C,x|k]+ D,ulk]

ECE 546 — Jose Schutt-Aine
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Size of Hamiltonian

A =] A- BR'D'C —-BR'B'
c's’'c -A"+C'DR'B'

M has dimension 2NL

For a 20-port circuit with VF order of 40, M will be
of dimension 2x40 x20=1600

The matrix M has dimensions 1600 x 1600

Too Large !

=>» Eigen-analysis of this matrix is prohibitive
ESEILLINOIS
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Example

10 0 0 l
A= 0 -1 100 B=\2
0 100 -1 0
c=[1 1 0.1] D=|10"|

This macromodel is nonpassive between 99.923
and 100.11 radians

-ILLINOIS
Electrical and Computer Engineering
University of Illineis at Urbana-Champaign

ECE 546 — Jose Schutt-Aine



Example

-10 0 0
A= 0 -1-0005 100
0 100 -1-0.005

The Hamiltonian M’ associated with A’ has no
pure imaginary =2 System is passive
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Benchmarks*

MOR with Vector Fitting Fast .
Convolution
Data file No.. of
points Time (s)
Order " Passivity Recursive Time (s)
VFIT . TOTAL
Enforcement Convolution®

Blackbox 1 501 10* 0.14 0.01W 0.02 0.17 0.078
Blackbox 2 802 20* 0.41 5.47 0.03 5.91 0.110
Blackbox 3 802 40* 1.08 0.08\WV 0.06 1.22 0.125

60* 2.25 1.89 0.09 4.23
Blackbox 4 802 0.125

100 3.17 5.34 0.16 8.67
Blackbox 5 2002 50* 4.97 0.09WV 0.28 5.34 0.328
Blackbox 6 802 100* 3.17 0.56NV 0.16 3.89 0.109

100* 24.59 28.33 1.31 53.23
Blackbox 7 1601 0.438

120 31.16 27.64 1.58 60.38
Blackbox 8 5096 220 250.08 25.77\WV 10.05 285.90 2.687

200* 58.47 91.63 2.59 152.69
Blackbox 9 1601 250 80.64 122.83 3.22 206.69 0.469

300 106.53 61.58\WV 3.86 171.97

* J. E. Schutt-Aine, P. Goh, Y. Mekonnen, Jilin Tan, F. Al-Hawari, Ping Liu; Wenliang Dai, "Comparative Study of
Convolution and Order Reduction Techniques for Blackbox Macromodeling Using Scattering Parameters," IEEE
Trans. Comp. Packaging. Manuf. Tech., vol. 1, pp. 1642-1650, October 2011.
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Passive VF Simulation Code

=>» Performs VF with common poles

=» Assessment via Hamiltonian

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

Number of Ports m CPU-Time
20

1.7 secs

32 3.69 secs
34 8.84 secs
34 33 secs

50 142 secs
12 255 secs

e ILLINOIS
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Passive VF Code - Examples

Example 1 Example 2

4 ports 40 ports
order = 60 order = 50

e ILLINOIS
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Passivity Enforced VF

! ' ' ' 4 . . .
Criginal signal Criginal signal
09F ———-Non-Passive [ 3l — - Non-Passive
_____ Passive — — — Passive
2F i
- ]
) 5 1
= =l
2 ®
E £
o =
e i
) 4
3t 4
¥ L . t _4 1 1 1
0 5 10 15 20 0 5 10 15 20
Fraquency (GHz) Freguency (GHz)
4 T T
07 T T Original signal
Criginal signal al ———-NMNon-Passive
———-Mon-Passive — — — Passive
0er — — — Passive
2r i
|
L 1 J | .
05 uw b
% 1 " .
S o04r 1 1 8
= i 1 ' w O0r
g 7 @
Eost v/ NA AR & ]
@ d 2 .1i
02r h Ty | J 7 e an .
1 i ’ ¥ W
01 i B At 4
1
I
0 Il 1 1 74 1 1 Il
0 5 10 15 20 0 5 10 15 20
Fraquency (GHz) Frequency (GHz)

4 ports, 2039 data points - VFIT order = 60 (4 iterations ~6-7mins), Passivity enforcement: 58 Iterations (~1hour)
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Passive Time-Domain Simulation

1.2 . .
Faort 1 - Original
* Port 1- Passive
Tr ———-Port 2 - Criginal []
Fort 2 - Passive
08| =
= 06 | .
I
n
E E F Y
£ 04F .
o2t | -
] ﬁ! _
_[:]2 | | | | | | | |
[ 5 10 15 20 25 20 25 40 45

Time (ns)

cCr ILLINOIS

C mp l:. ngin
Uni tersn) of a-Ch amp ign

ECE 546 — Jose Schutt-Aine




40-Port Passivity Enforced VF

Magnitude of S, _,,

-0.252

-0.505

-0.757

-1.010

-1.262

-1.515

-1.767

-2.020

| 1 1 1 | 1 1 1
| I I I | I I I
4.96 9.93 14.8 19.8 24.8 29.7 37 39.7 Time [ns]
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40-Port Passivity Enforced VF

Phase of S,,

| 1 1 | 1 | 1 |
7e.e20fk - b e T Fee o e R EE EEE TR
| 1 1 | 1 | 1 |
57.612 : __:_______: ______ o : ______:_ ______ :_______: _____________
' l : : l : l : l
| 1 I | 1 | 1 |
42.704}- : | ; i L E T TR e
| 1 1 | 1 |
|
27.795[- - 4-- -1 --
12.887
2.020

-16.92

1 1 | 1 | |
-31.83 i T e N . 2
| 1 1 1 | |

4.96 9.93 14.8 19.8 24.8 29.7 34.7 39.7 Time [ns]
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40-Port Passivity Enforced VF

Magnitude of S,

| 1 1 1 | 1 |
T | e BT Rt CEEEEE beeee - B ] CEEET B ST

| 1 1 1 | 1 |

|
3308 [/ - - TN -

|
-49.62
-66.16
-82.70
-99.24

-115.7

-132.3

4.96 9.93 14.8 19.8 24.6 29.7 34.7 349.7 Time [ns]
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40-Port Passivity Enforced VF

1 1 I 1 1 I I 1
T EEEEE R RS Lo Bt BEEEEE B ETTT T T
1 1 I 1 1 I I 1
-12.67
-19.01 - - -
-2h.34 |-
-31.68
-38.02

-44.35

-b0.69

4.96 9.93 14.8 19.8 24.8 29.7 4.7 39.7 Time [ns]
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40-Port Time-Domain Simulation

Port 1

. =

e e e — - — —

r------
|
|
|
|

—_—— i mm — - =

0.8925- - -

0.7923f- - -

0.6922f- - -|f

0.5920F- - |- -

0.3917- -

1.39 2.08 2.78 3.47 417 4.87 h.56 Time [ns)

0.69
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40-Port Time-Domain Simulation

— — (37 od
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