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Transfer Function Representation

I I
O : : g O
h Linear e
V, two-port V,
o network 5

Use a two-terminal representation of system for
input and output
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Y-parameter Representation

iy 2
© Linear

v® @ wason @
o network

L =y,V+ .V,
L, =y, Vi +y,,V,

ILLINOIS
=y oy =y
> ri 1d Computer Engineering
niversity of Illineis at Urbana-Champaign

ectrical ar
u S [ I

ECE 546 — Jose Schutt-Aine




Y Parameter Calculations

I I
L _ <«
” Linear -
V. (") (1) | two-port |(2)
o network o—
]1 ]2
Y =7 Vo1 =7,
4 V,=0 4 V,=0

To make V,= 0, place a short at port 2
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Z Parameters

_ <+—
+ Two-port +

: 1 @ network ® Vﬁ_ l,
O— o

Vi=zd, +z,1,
V,=2z,1,+z,1,
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Z-parameter Calculations
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To make /,= 0, place an open at port 2

ECE 546 — Jose Schutt-Aine




=y oy =y
Electrical ar
University of Il

- ILLINOIS
1d Computer Engineering
linois at Urbana-Champaign

H Parameters

Two-port
network ®

Vl — hn]l +h12V2
[, = h21[1 + hszz
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H Parameter Calculations

o
1
o

|4 1
hn =— hzl =%
1, V,=0 1, V,=0

To make V,= 0, place a short at port 2
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G Parameters

Two-port +
+
Va2 @ network @ v, 7

[ =g,V +gn,l,
V,=g,V+ g1,
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G-Parameter Calculations

hoy ﬂ
V1(§ @ ® {;2

_ _r
811 871 v

~ =

To make /,= 0, place an open at port 2
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Y-Parameters of TL

-4 [ >

z=-I Z, z=0

Find the Y-parameters of a lossless transmission line with propagation
constant #and characteristic impedance Z, (admittance Y))

V(iz)=V.e " +V e/

I(z)=7Y (V+e_jﬂz —V_e”ﬂz)

Let port 1 be at z=-1 and port 2 at z=0
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Y-Parameters of TL

-4 [ >
0— —0
z=-{ Z z=()
at port 1 at port 2 (z=0)

V=Ve'" +Ve'”

[, =Y (V+e+’ﬂl —V_e‘jw)

Vo= 2,1,

%

|-

+

and V =
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V,=V. +V.
L=-Y(V.-V)

Vo +2,1,

2
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Y-Parameters of TL

- [ -

o— —0
z=-{ Z z=()

So that
Vo= Vy—2,1, RN Vy+2,1, o P
1 2 2
] =Y 1/2_20[2 e+],Bl_Y I/2+Zol2 e—]ﬂl
1 0] 2 0] 2
and

V.=V,cos pl —Z I,jsin fl

[, =+YV,jsin Bl -1, cos [l
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Y-Parameters of TL

- [ |
o— —0
z=-{ Z z=()
Using definitions for Y,
v :i _ —.]2 COS.,BZ _ —jY(? cos [
4 - —jZ 1, sin Bl sin Bl
and
Y, = L -, L : = +]YO
4 - —jZ 1, sin Bl sin Bl

Y,, =Y, bysymmetry
Y, =Y, by reciprocity
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ABCD -Parameters

V,=AV,+ BI,
[, =CV,+ DI,
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ABCD -Parameters

Vo=V +o—"' A B :-'i
471 Va Ve
. —1C DIL— o
V=V,
]A —_ ]1 |1 |2
— . |
+ Linear +
/ B — —1/ P V, two-port Vy
o——1 network | o

Relationship with Z parameters is obtained by first
expressing ABCD parameters in terms of Z parameters
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ABCD -Parameters

From
| I — _
3_‘“‘1 A - :Bg,r Viy=241,-2,1,
Va Ve =/ 1 -7, .1
5 C D 5 VB 217 A4 22" B
We get
4 l, Z A
+°——p Linear t‘i A — 1L —_
V, two-port V, Z Z
o— 1 network 5 21 21
| /
C=—  D=22
ZZI 21

A= ZnZzz - lezzl
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ABCD -Parameters

N IIB
e A BI— 3¢
Vs s 4 (AD - BC)
— Df— 4= Zy
C C

l , 1 1
.?— Linear —4_?. ZZI — Zzz — —
V, two-port v, C C
o— 1 network | ¢

For a reciprocal network, Z,,=Z7,,, therefore

B : Reciprocity condition
AD-5BC =1 for ABCD parameters
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Elee ECE 546 — Jose Schutt-Aine

18
Umver flll L i (_,h mp ign




cCr ILLINOIS

ABCD -Parameters

|5 IIB
Va Vg
> C, D, |C, D, i
N I

0 ) A B >,

+ +

Va Vg

o C D o

When cascading two-ports, it is best to use ABCD
parameters. Put voltage and currents in cascadable form
with the input variables in terms of the output variables

ABCD =(ABCD) -(ABCD),

ECE 546 — Jose Schutt-Aine
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TWO-PORT NETWORK REPRESENTATION

l4 1

—p i S—
2 | Linear It
o— | network .

/ Parameters Y Parameters
V=24,1+24,1, [y =YW+ 1)),
Vy=24,1,+ 2,1, I, =Y,V + Y},

- At microwave frequencies, it is more difficult to measure total voltages
and currents.

- Short and open circuits are difficult to achieve at high frequencies.

- Most active devices are not short- or open-circuit stable.
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Wave Approach

» 1 Two-Port =
W—Q_Z. 0 Network ) Z, | AW

Use a travelling wave approach
Vi=E£,+L, V,=E,+E,

[ = Ez’l_Erl [ = EiZ_Er2
1 Z ’ Z

o o

- Total voltage and current are made up of sums of forward and
backward traveling waves.

- Traveling waves can be determined from standing-wave ratio.
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Wave Approach

12
Two-Port , &
) Z, Network ) Z, | AW

9. = Eil 9. = Ei2
1 2
JZ, JZ
E E
b1 — rl b2 — r2

Z, is the reference impedance of the system
b, =Sy, +5,a
b, =5, 2,5y,
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Wave Approach

Z a]_’
N Two-Port
W Network
-
b,
©
Port 1
g -b
11 a2=0 a
al 1 |32:0
— bl — b2
Slz o _| al=0 Szz -
d, a3 |a1=0

To make a, =0
1) Provide no excitation at port i
2) Match port i to the characteristic impedance of the reference lines.

CAUTION : a, and b, are the traveling waves in the reference lines.
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S-Parameters of Resistor

Z R Z

) ()

—COH—AWW——

Determine S-Parameter of 2-port resistance
» Insert R between two reference TL
» Provide excitation at port 1 for S;; and S,,
» Provide excitation at port 2 for S;, and S,,
» Can use symmetry and reciprocity
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S-Parameters of Resistor

b, (R+Z,)-Z, R
Sy =—=1= =
a, (R+Z,)+Z, R+2Z,
Sy = R+27 and by symmetry, §, =

ECE 546 — Jose Schutt-Aine
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Calculating S,, of Resistor

()

Since a,=0, the total voltage in port2is: V,=b,,/Z,

Vo= <, _JZ(a1+bl)Z0 _JZ(GI+S11a1)Zo
g —

" R+Z  R+Z R+Z

ECE 546 — Jose Schutt-Aine
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S-Parameters of Resistor

Z\f_1+S“ a, 24%¢§; z

! R V‘)
R+Z, R+27Z, o—{] . ‘
a,—
B b, 1 2Z b a— ”
a, Z a R+2Z
27, b reciorocire S, -2 )
Y an y reciprocity, 27557

S parameters of
resistor R

R 27,

S =
27, R

R+2Z, R+2Z,

ECE 546 — Jose Schutt-Aine
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S-Parameters of TL

Reference Test Reference
Line Line Line
I ¢ Z, Q% G
A— = —»B
Be— -—n
(1-X°)I
S, =5, =
11 22 1—X2F2
1-I)X
S;, =8, = ( > )2
1- X1
/ -7
= /(R+ joL)(G+ joC r=—<""1
7 =\(R+joL)(G+ joC) I 7
7 - R+ jolL P
G+ joC

ECE 546 — Jose Schutt-Aine
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S-Parameters of Lossless TL

S
S, =98, = e "

ECE 546 — Jose Schutt-Aine

Reference Test Reference
Line Line Line
) 2 G Z 0 % G
Al— 0 -] —» B,
B4+ - <A,
L (1=-x2)r 7 _7
:a)«/LC S]] _S22 o 1_X21_,2 I = c ref
L.+Z,,
2
I B - (1-I"7)X
Zc = E S]Z - SZ] - 1_ x2 X = /P
If Z. = Z,,ef

29



N-Port S Parameters

b S dn || 4
b, _ Sy Sn || 4
_bl’l _ | ) ) ) Snn _ _an _
b =Sa
If b;= 0, then no reflected wave on port i = port is matched
4 b . .
4= V" :incident voltage wave in port i
- V, :reflected voltage wave in port i
b =—
L JZ, Z,;: impedance in port i

e IlefNOIS
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N-Port S Parameters
v=.Z (a+b) (1) i=f(a-b) (2) v=Zi (3)

Substitute (1) and (2) into (3)

1
\/Zj(a+b)—Zﬁ(a-b)

Defining S such that b = Sa and substituting for b

Z,(U+S)a=2,(U-S)a U : unit matrix
S->7 Z->S
z=2,(U+S)(U-S)" S=(Z+Z,U)" (Z-Z,0)

cCr ILLINOIS
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N-Port S Parameters

If the port reference impedances are different,
we define k as

Z

ol

k: 02

Z

on

v=k(a+b) and i=k"(a-b) and Kk(a+b)=Zk"'(a-b)
Z>S S>Z
S=(zk" +k)(Zk" -k) Z=k(U+S)(U-S) "k

cCr ILLINOIS
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Normalization

Assume original S parameters as S; with
system k;. Then the representation S, on
system k, is given by

Transformation Equation

-1
S, =| k,(U+S)(U-S)"k,k, +k, | [k, (U+S,)(U-S,)"kk, -k, |

If Z is symmetric, S is also symmetric

cCr ILLINOIS
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Dissipated Power
P, = %aT (U-S"S")a’
The dissipation matrix D is given by:
D=U-S'S

Passivity insures that the system will always
be stable provided that it is connected to
another passive network

For passivity

cCr ILLINOIS
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(1) the determinant of D must be >0
(2) the determinant of the principal minors must be =0
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Dissipated Power

When the dissipation matrix is 0, we have a lossless network
S'S"=U

The S matrix is unitary.
For a lossless two-port:

Sy +18,[ =1

S| +|S,[ =1

If in addition the network is reciprocal, then
Slz — Szl and |S11| — |S22| — \/1 _|Slz|2

cCr ILLINOIS
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Scattering Transfer Parameters

In T-Parameters, traveling waves at the input are related to those
at the output

b =S,a, +S,,a, b =T,a,+1,b,
b, =8,a,+8§,a, a, =T,a,+T,b,

[Sn Slzj (TuTzzl T11_leT21T221)
S21 Szz Tzzl _T21T2;1

[Tn Tuj _ [Su - S11522S2_11 S11S211]
I, 1 _SzzS2_11 Sz_ll
T parameters can be cascaded T=T, -T;

ECE 546 — Jose Schutt-Aine
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Applications of S Parameters

® Measurement
» High-frequency (microwaves, mm-wave)
»Results can be converted to other parameters

® Modeling

» Cascading of linear components

»De-embedding using scattering transfer parameters
® Simulation

» Transmission lines

» Blackbox multiport

cCr ILLINOIS
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Lossy and Dispersive Line

Reference Test Reference
Signal System System System Signal
Sources (A,—p —» B, Sources
R
Matching| B, <— <— A, Matching
Network |- [ > Network
LI"E'f’ CrE'f R’ L, G, c Lref! cref
(1-2’)p (1-p*)a
Sy =5y = 2 2 Sy =9, = > 5
1-pa 1-pa
Zc (a)) B Zo
,0 =
_ 7
a=e Z, (a)) +Z,

‘—n [
Elects {(L&!NOIS ECE 546 — Jose Schutt-Aine
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Frequency-Domain Formulation*

Reference Test Reference
Signal System System System Signal
Sources (A,—p —» B, Snu:ces
+ —{ I — () .

Matching| B, <— <— A, Matching
Network |- [ > Network

LI"E'f’ CrE'f R’ L, G, c Lref! cref

A SE]
| > = B,
Si1 S,,

B, -« A,
S]E

* J. E. Schutt-Aine and R. Mittra, "Scattering Parameter Transient analysis of transmission lines loaded with nonlinear
terminations," IEEE Trans. Microwave Theory Tech., vol. MTT-36, pp. 529-536, March 1988.
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Scattering Parameters for N-Line

Reference Test Reference
System System System
. — (.
Signal Signal
Sources | I (| Sources
+ - . ¢
A1 — . — Bz
Matching B, €— . - A, Matching
Network () ()| Network
|- l >
Lross Cref R,L,G,C Lrefs Cref

S, =S, =2EE'[1-T]¥[1-T¥Yr¥]' T

S, =S, =T'[[-¥I'¥Y|[1-TYI¥]' T
r=[1+EE;ZHH"'Z] | [1-EEZ H H'Z] |
T=[1+EE;ZHH'Z} [ EE]  w=w()

0

ECE 546 — Jose Schutt-Aine
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Lossy Multiconductor S-Parameters™

Reference Test Reference
System System System
: — (. .
Signal Signal
Sources (I () Sources
+ O -
Al —p . —» B, _
Matching B, €— . < A, Matching
Network () ()| Network
|- / >
I‘ria.-f’ CI'Ef R,L,G,C Lr».ﬂ.-f!I Cref

B. = Sn A+ Slz A B. = SZI A+ Szz A,

*J. E. Schutt-Aine and R. Mittra, "Transient analysis of coupled lossy transmission lines with nonlinear terminations," IEEE
Trans. Circuit Syst., vol. CAS-36, pp. 959-967, July 1989.
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Why Use S Parameters?

Y-Parameter : S-Parameter
Reference Test Refe_rence
Test line: Zc, ¥ I — “::Zc -
% short | —
I = - 2" )r
-2yl : S =
__l+e 1 2 =2yl
Yll B 271 : [=1"e
Z (1-e
J1=e7T | .
: : T [ I = C 0
Z. : microstrip characteristic impedance 7 47
v : complex propagation constant [ C )
I : length of microstrip I
Y14 can be unstable : S,, is always stable
i

cCr ILLINOIS
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Choice of Reference

L.—ZL,, 7 R+ joL
zZ.+2,, © NG+ joC

Z. . 1s arbitrary
What is the best choice for Z._. ?

ref °

At high frequencies 7 —

Thus, 1f we choose Z,, =

NERRE

S —»e N = x S 0

ECE 546 — Jose Schutt-Aine
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Choice of Reference

S-Parameter measurements (or simulations) are made using a 50-ohm system. For a
4-port, the reference impedance is given by:

50.0 0.0 0.0 0.0

0.0 50.0 0.0 0.0 Z: Impedance matrix (of blackbox)
Zo= 0.0 0.0 50.0 0.0 S: S-parameter matrix
0.0 0.0 0.0 50.0 Z,: Reference impedance
I: Unit matrix

S=[zz;'+1] [zz,' - 1]
Z=[1+S][I-5] Z,

“ILLINOIS
Electrical and Computer Engineering
University of Illinois at Urbana-Champaign

ECE 546 — Jose Schutt-Aine
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Reference Transformation

Method: Change reference impedance from uncoupled to
coupled system to get new S-parameter representation

50.0 0.0 0.0 0.0

_ 0.0 50.0 0.0 0.0 Uncoupled system
0 0.0 0.0 50.0 0.0
0.0 0.0 0.0 50.0

328.0 69.6 328.9 69.6
, _ 696 3288 69.6 3289 Coupled system
0" 3289 69.6 328.8 69.6

69.6 328.9 69.6 328.8

as an example...

ECE 546 — Jose Schutt-Aine

45



Choice of Reference

S$11 - Linear Magnitude

° 1.5
50.0 0.0 0.0 0.0 | Harder o | |
0.0 560 .00 60 | approximate | |
7 = 0.0 0.0 50.0 0.0 | | | |
0o 0.0 0.0 0.0 50.0 | | | |

as reference...

using

328.0 69.6 3289 69.6
69.6 328.8 69.6 328.9
Z, = 3289 69.6 328.8 69.6
69.6 3289 69.6 328.8

| | |
as reference... o | N T

0 2 4 6 8 10

Frequency(GHz)

e ILLINOIS

Electrical and Computer Engineering ECE 546 - Jose SChUtt'Aine
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Choice of Reference

S11 - Linear Magnitude

using 15 - T - -
| | | |
50.0 0.0 0.0 0.0 Harder to
7 = 00500 00 00 I pproximate |
| I
| I

0 0.0 0.0 50.0 0.0
0.0 0.0 0.0 50.0 \

|
|
as reference...

using

328.0 69.6 328.9 69.6

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

as reference...

|
I
I
|
— —d — -
|
|
I

Easier to applroximate (u[l) to 6 GHz)
I

0 &
0 2 4 6 8 10

T [ L L TN O] S BB BB

Electrical and Computer Engineering ECE 546 - Jose SChUtt'Aine 47

University of Illineis at Urbana-Champaign



Choice of Reference

S$12 - Linear Magnitude

0.3 T T T I
usmg : : S12 - 50 Ohm
[
50.0 0.0 0.0 0.0 Rl e '{\— S12 - Zref T T
7 = 0.0 50.0 0.0 0.0 | |
0 0.0 0.0 50.0 0.0 | »] |
0.0 0.0 0.0 50.0 02 — — — — 1 — — _ LI — -
[ [ |
Harder t
as reference... | | ardey fo
apprOf&lmate
o~ | |
a 0.15-————-|-————|—
[ [
[ [
0.1 — -1 __ —:— —————————————
using |
328.0 69.6 3289 69.6 0,08 B _:_
7 = 69.6 328.8 69.6 328.9 ' |
0 3289 69.6 328.8 69.6 |
69.6 3289 69.6 328.8 |

10

as reference..: 0 2 4
Frequency (GHz)

Electrical and Computer Engineering ECE 546 Jose SChUtt'A’ne 48
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Choice of Reference

S31 - Linear Magnitude

I il

0 3289 69.6 328.8 69.6

69.6 3289 69.6 328.8 ! !

using T : T :
328.0 69.6 328.9 69.6 (Easier to approximate | |
7 — 696 3288 69.6 3289 | N N | =
[ = | -
|
|

as reference...

. o |
using * | | |
I I I
50.0 0.0 0.0 0.0 04 4 — - — L ——— - 1 —————
7 = 0.0 50.0 0.0 0.0 Hard?rto
0 0.0 0.0 50.0 0.0 appreximate

0.0 0.0 0.0 50.0

as reference...

02 |—

10

Frequency (GHz)

e ILLINOIS

Electrical and Computer Engineering
University of Illineis at Urbana-Champaign
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Choice of Reference

— 7ref=Z0
—_— Zref=80 ohms
— Zref=100 ohms

1
0.25
02 [
=~ 015 [y
0.1 \ A}
0.05
0 S
0 0.5 1 15 2 2.5 3
ncy (GHz)

“ILLINOIS
Electrical and Comp er Engineering
University of Illin bana-Champaign

ECE 546 — Jose Schutt-Aine
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Choice of Reference

Zref=Zo
Zref=80 ohms
S$21 Magnitude Zref=100 ohms
0.85 I - .
0.8
3 ]
s} i ; . 1 - ]
0.75 AN R iR A )
B AARTAVAVAVAVAVATATAY
07 Lo b i i
0 0.5 1 15 ) o5 3

Frequency (GHz)

‘—n [
Electrical a{(L&!ﬂO’S ECE 546 — Jose Schutt-Aine
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The Smith Chart T.

®* Mapping of complex impedance plane on
complex reflection coefficient plane

® Consists of constant resistance circles and
constant reactance arcs

® Magnitude limited to 1

¢ 3 ways to move on Smith chart
» Constant SWR circle =»displacement along TL
» Constant resistance circle = addition of reactance
» Constant reactance arc = addition of resistance

Smith chart can also be used for admittance; going from normalized
impedance to normalized admittance corresponds to a 180 degree shift.

EOC ILLINOIS
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Smith Chart Applications

53
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Network Analyzers
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