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Properties of Real Networks

°* Symmetry
* Reciprocity
* Reality

* Stability

* Causality

® Passivity
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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

ECE 453 — Jose Schutt-Aine

cor
Electrical and Computer Engineering
University of Illinois at Urbana-Champaign



Y-parameter Representation

I I
1 . I 2
[° Linear
V, (*) @ | two-port | V,
o network
|1 — Y11V1 T Y12V2

|2 — y21V1 + Y22V2
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Y Parameter Calculations

¥ I
L [T o
L v Linear -
V. () (1) | two-port |(2)
o network o—.
I I
Yiu = — Yo = —=
Vi V,=0 Vi V,=0

To make V,= 0, place a short at port 2
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/ Parameters
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V1 — z11'1 + Z12'2
Vz — z21'1 + Zzzlz
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Z-parameter Calculations

| |
1
0 > | ' Eﬂ

|1®\?1 0, @ V-f-':_

le o

Vi vz
|1

1,=0 Il 1, =0

To make I,= 0, place an open at port 2
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H Parameters

network

Two-port ®

V1 = h11'1 + h12V2
|2 — h21|1 + hzzvz
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H Parameter Calculations

o
1
o

v, |
Il

_
h21_|_
1

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

Two-port
@

network

+
@ v,

I1 — 911\/1 T ngIZ
V2 — 921\/1 T gzzlz
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G-Parameter Calculations

",
v@: o

0, = —
Vi

9o1 =

Vo
Vl

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

-t [ >

7] VA

0

)
I
S

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

V(z)=V.e " +V e

1(2)=Y,(V,e " -v.e")

Let port 1 be at z=-1 and port 2 at z=0

ECE 453 — Jose Schutt-Aine

Electrical and Computer Engineering
University of Illinois at Urbana-Champaign




Y-Parameters of TL

- / >
O— —O
z=-| Z() z=()
at port 1 at port 2 (z =0)
| Sl - jpl
V.=V e Ve V, =V, +V_
j gl —-jpl —
=Y, (Ve -ve ) l, ==Y, (V,-V)
V,-Z| V,+Z,|
V,=—=2—22 and V. =—+—2°¢
2
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Y-Parameters of TL
- / >

z=_] A

(9]

)

So that
v _(v ~Z.1, je*lﬂ'+(V2+Z°'2jeiﬂ'
' 2 2

v (v ~Z,1, jeﬂﬂ,_Y (V”ZO'Zjeiﬂ'
1 0 2 0 2

and o
V,=V,cos gl -Z_1,]sin gl

l, =+Y\V,]sinpl—1,cos gl

ECE 453 — Jose Schutt-Aine
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Y-Parameters of TL

- [

z=-1 Zo

Using definitions for Y,

v _ L] _ -licospl _ —JY,cos gl
OV, —iZlsingl  singl
and .
VLY I P L
Vil —iZl,singl o sin gl

Y,, =Y, by symmetry
Y,, =Y,, by reciprocity

ECE 453 — Jose Schutt-Aine
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TWO-PORT NETWORK REPRESENTATION

4 2
—_ <
2~ | Linear [ :
V, two-port Vv,
. network -
Z Parameters Y Parameters
V=21, +72,l, |, =Y,V +Y5,V,
V,=2,1,+72,1, I, =YV, + Y5,V

- 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.

.l-l\l-
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Wave Approach

Two-Port

Network —Z

Use a traveill‘ng wave approach
V1 — Eil + Erl V2 — Ei2 + Er2
Ei1 B Erl Ei2 B Er2

h 7 . 7

0 0

- Total voltage and current are made up of sums of forward and

backward traveling waves.

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

.l-l\l-
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Wave Approach

Two-Port L ‘_ Zq
W ' Network R ’ W
Erl Vi Vv, B
9 = Eiy 9. = E;,
1 2
JZ, JZ,
E 1 E 2
b, = — b, = —t

Z, Is the reference impedance of the system
b, =Sy 8, +35,,8,
b, =Sy 8, + Sy &,

e ILLINOIS
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Wave Approach

g 4 o z
(4] _> T P “_ (4]
W—0Z_OH  Nework [ Za
<b— ?
©, | " N
Port 1 Port 2
S — &| 821 = 2
11 a2=0
d & | a2-0
g = ﬂ| g =D
12 — a al=0 22 3
2 2 |al=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.

.l-l\l-
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S-Parameters of Resistor

Z R Z

0 0

——\WW——

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

ECE 453 — Jose Schutt-Aine 20
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S-Parameters of Resistor

¢ -b_, (R+Z)-7, R
toa (R+Z,)+Z, R+2Z

R
R+2Z

0]

== 27 and by symmetry, S =

o IL LINOIS
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Calculating S,, of Resistor

Since a,=0, the total voltage in port2is: V, = bz\/27o

V — VlZO _JZ(a1+b1)ZO _\/Zio(a1+slla1)zo
2

" R+Z,  R+Z, R +7Z,

ECE 453 — Jose Schutt-Aine
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S-Parameters of Resistor

Z \/7 1"'811 9 Zzoa1\/7 Z, V, R

R +Z, R +2Z,

b, V, 1 _ 27

0 0

S21

a, \/_ a R+ 27,
S — 2ZO d b ) . S — 0
21T R Z and by reciprocity, i, R+ 07
. R 27 |
S parameters of g _ R+2Z, R+2Z,
resistor R | 2z, R
' R+2Z, R+2Z, |

ECE 453 — Jose Schutt-Aine 23

o IL LINOIS




Two-Ports in Parallel

I Ig
—_— —
I] = 7l il + Ii’
o 11 12 e
e | U ra va Vi =
1 21 12 :
+ : - - - +
-— —
! 1 jr]'& IEJ ! 9
- - b b - -
} 11 }- 12 .
L 1__-" b - h h ‘L rh —0
1 } }_*” 2
— 21 22 —
L L
— a b
Y=Y"+Y

e IL LINOIS
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Two-Ports 1n Series

I I I3 I
— — - -
N + i1 [} + N
v . AT AT, . v
ooz zg,
-— —
Vi It I} V5
N —
+ b b +
PR I e T
- L Zy, Ly 2 -
L L L
— a b
/=/7"+7
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ABCD -Parameters

V, = AV, +BI,
|, =CV, + DI,

ECE 453 — Jose Schutt-Aine 26
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ABCD -Parameters

V, =V A B
AL Va £
. —1C DL— 5
VB _V2
|, =1 ] ,
$— | Linear [ ¢
o——1 network | o

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

o ILLINOIS

l*ll cal a d( mputer l-
Uni 11111 at Urbai Lhmpg
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ABCD -Parameters

From
| | _ -
2’“1;\ - —I-B-i Va=2yl, -2l
V V _ .
S e D - VB — ZleA Zzzls
We get
W b Z A
S—— Linear [ 3% A= —11 —
V, two-port vV, Z21 221
o— | network | ¢
c-> Dp=%2
Z21 21
A= lezzz — lezzl
~re
lectri {éf{l«?{s ECE 453 — Jose Schutt-Aine 28
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ABCD -Parameters

o—® | A B [ —%,
+ +
Va Vg A (AD - BC)
—1¢ PI— == Zy =
C C

g P 1 1
f_’i Linear :3_ Z21 — 222 —
V, two-port V, C C
o— | network | ¢

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

AD-BC =1 € Reciprocity condition

11111
na amp ign

o ILLINOIS

for ABCD parameters
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ABCD -Parameters

I I
¥ a B, — Az B, °
Va A
5 c, D l—w»{C, D, 5
A s

o ) A B > 0

+ +

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),
~re
Blectrica a{éfl{ygis ECE 453 — Jose Schutt-Aine 30
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Scattering Transfer Parameters

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

at the output
b1 — Sllai + Slzaz b1 — T11a2 +T12b2
bz — S21a1 + Szzaz a = T21a2 +T22b2

( Sll S12 j (T12T221 T11 T12T21T221]
S 21 S 22 T2_21 T2 1T2_2:L

[Tﬂ lel [812 S,.S,,S,7 3115211]

Tn Ty -S,,S,; S,,
T parameters can be cascaded T=T, T,

"""ILLINOIS
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Parameter Conversion

7.7.1 Converting to Y-parameters
Z22 _Z12 1 __his D __Dapep
[ Y1 Yio } Dz Dz hi1 hi1 B
Yoo Y _Zn Zn hy Dy 1 A
Dz Dy hi1 hi11 B B
7.7.2 Converting to Z-parameters
Yoo _Yia Dy hi1a A Dapcp
[ AAT ] Dy Dy hoa hog C C
VAT Yo Yi1 __ by 1 1 D
Dy Dy has hag C C
7.7.3 Converting to h-parameters
Dz Z12 1 _Yio B Dapcp
[ hii  his ] Z29 Z93 Y11 Y11 D D
hor - hap _Zy L Yoo Dy 1 c
Zao Zas Y11 Y14 D D
7.7.4 Converting to ABCD-parameters
Z11 Dz _Y» _ 1 _Dn _ b1t
[ A B ] Zay Za1 Y1 Yo hat hat
¢ D 1 Zm Dy vy b _ 1
Zo1 Zo1 You Yoq ha1 ho1

cet ILLINOIS
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N-Port S Parameters

bl Sll SlZ ) ) 4
b2 _ S21 S22 ) ) d,
_bn 1 L ) | Snn | _an |

b =Sa

If b;= 0, then no reflected wave on port i = port is matched

8 = V; V,": incident voltage wave in port i
V__OI V" : reflected voltage wave in port i
%= ?o, Z,: impedance in port i
"’"'ILLINOIS

ECE 453 — Jose Schutt-Aine 33
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N-Port S Parameters

V= JZ(a+b) (1) i=%<a-b>(2) v=zi (3)

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

1
@(a+b)—zﬁ(a-b)

Defining S such that b = Sa and substituting for b

Z,(U+S)a=Z,(U-S)a U : unit matrix
S>7 Z->S
-1
z=2,(U+s)(U-9)" §=(Z2+2,U) (2-Z,V)

cecILLINOIS
5 d Computer Engineering
iversity of Illinois at Urbana-Champaign

Electrical an
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N-Port S Parameters

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

Zol
Zoz

Z

on

v=k(a+b) and j=k*(a-b) 2  Kk@+b)=zk'(a-b)

Z->S S>Z
S=(zk*+k)(zk*-k) Z=k(U+S)(U-S)"k
:EEZH{CL{;AN%Q{S ECE 453 — Jose Schutt-Aine 35



Normalization

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

Transformation Equation

-1
S2 = |:k1(U i S1)(U '81)-1k1k2 i kz] [k1(U o S1)(U '81)-1k1k2 ) kz:l

If Z is symmetric, S is also symmetric

ECE 453 — Jose Schutt-Aine 36
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Power Definitions

E.S’ -Piin — 4L gus FﬂuL — Pﬂils
WV Lossless
Euj Matching § Zr
™ |[Network | ]
N "
Pﬂ-i's e PII?.:'-I'J' %
Zin — zs zcmf — ZL

P, : Power delivered to input of 2-port

P __.: Power delivered to the load

out

P, . Power available from the source

o ILLINOIS
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Power Gain Definitions

Power delivered to load P

Operating G = =28
Power Gain Power delivered to input of 2-port P,
ransducer g, _ __POWer deliveredtoload P,
Power Gain T power available from source P,

_ Power available from output P

avo

Available G = —
Power Gain A Power available from source P

avs

cor
) 1d Computer Engineering
riversity of Illinois at Urbana-Champaign
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Power Available from a Source

SAN—o Q0
1 + +
- i o=
Vs Vi 7] Vo 24y
2
» ‘VS‘
avs —
8R,

ECE 453 — Jose Schutt-Aine
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Transducer Gain with Z-Parameters

[ M=o o |
v v @ | vz
2
G, =4 ‘221‘ R Ry :
‘(le T Zs )(Zzz T ZL ) - 212221‘
"""ILLINOIS
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Linear Amplifiers
The transducer power gain is defined as

the power delivered to the load divided by
the power available from the source.

Zg

2
2-Port ‘bs ‘
- Z P p—
Amplifier IL avs 2
1- ‘Fs ‘

=0 ILLINOIS

eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee

ECE 453 — Jose Schutt-Aine 41



Transducer Gain

Definition of transduced gain
b, | (an)
I:)avs. ‘35‘2/(1— ‘FS ‘2)
In terms of two-port scattering parameters
ol (110 ) (2= [

‘(1_ Sllrs )(1_ Szer ) B SlelzrsrL ‘2

G, =

ECE 453 — Jose Schutt-Aine 42
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Linear Amplifiers

If we assume that the network is unilateral,
then we can neglect S,, and get the
unilateral transducer gain for S,,=0.

‘2 (1_‘FS‘2) (1_‘11‘2)
1-S, | [1-S,T. [

The first term (1S,,1?) depends on the
transistor. The other 2 terms depend on the
source and the load.

TU ‘21

cet ILLINOIS
) d Computer Engineering
iversity of Illinois at Urbana-Champaign
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Linear Amplifiers

5“”“68?[; G(,WE o [ 2

I

N

G, affects the degree of mismatch between
the source and the input reflection
coefficient of the two-port.

ECE 453 — Jose Schutt-Aine 44
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Linear Amplifiers

5“”“68?[; G(,WE o [ 2

I

N

G, affects the degree of mismatch between
the load and the output reflection
coefficient of the 2-port.

ECE 453 — Jose Schutt-Aine 45
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Linear Amplifiers

S It

I, S,,

G, depends on the device and bias
conditions

ECE 453 — Jose Schutt-Aine

o ILLINOIS




Linear Amplifiers

Maximum unilateral transducer gain can be
accomplished by choosing impedance
matching networks such that.

* *
1ﬂs — S11 1ﬂs — S22
G 1 2 1
UMAX — 2 ‘ 21‘ ' 2
1-|S, 1-|S,,
Input Z Output Z
Matching Matching

(> C'S, max Go GL, max %

Sy “ S‘j.'}

®

ECE 453 — Jose Schutt-Aine

o ILLINOIS

a7



Linear Amplifiers

Input Z Output Z
Matching Matching

( 5 GS, max Gﬂ GL, max %
S “ ?i'i

(dB) +G, (dB)+ G

*
L?ff

GUMAX (dB) =G (dB)

S max L max

For I'; =S, Gg is a maximum

For |Is|=1 GgisO0
"’"'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
- (1) the determinant of D must be >0
- (2) the determinant of the principal minors must be >0

ECE 453 — Jose Schutt-Aine 49
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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:

811\2 +\821\2 =1

822\2 +\812\2 =1

If in addition the network is reciprocal, then
S12 — S21 and ‘811‘ — ‘Szz‘ — \/1_‘812‘2

ECE 453 — Jose Schutt-Aine 50
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Stability Considerations

Before maximizing transducer gain, and perform
conjugate match, it is necessary to study stability
of two-port

Zs

Y, 2-Port - -
S 7> Network 2L L

o IL LINOIS
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Reflection Coefficients

\V4 W 2-Port 7
S 4‘| |‘> Network <« » L
ll‘?; le

|
L

|
1_‘L

out

Input reflection coefficient associated with Z,,

o =S, + S50 |

r, =-
h 1_822FL

In

Output reflection coefficient associated with Z_

Vol b, =S, + 5129511 s

" a_z 1_811F S

o ILLINOIS
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Stability

A network Is conditionally stable if the real part
of Z,, and Z_ Is greater than zero for some

positive real source and load impedances at a
specific frequency

A network is unconditionally stable if the real
part of Z,, and Z_, Is greater than zero for all

positive real source and load impedances at a
specific frequency

Electrical and Computer Engineering
University of Illinois at Urbana-Champaign

ECE 453 — Jose Schutt-Aine
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Stability Factor

Positive real source and load impedances imply that

I's|and |7 |<1

If we want to match input and output for maximum
power transfer, we have
Is=T, I =Ty
The K or Rollet Stability Factor for stabllity requires that

2

K = 1+‘811822 B S12821‘2 _‘811‘2 —‘522‘

>1
2‘812 ‘821‘

K factor must not be considered alone
EGE ILLINOIS
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Stability Circle

The solution for 7 will lie on a circle

: S,.S
radius=r, = ol 12
©lIsaf -4
S,, — 4S5, )
center =C, =( = > 112)
‘822‘ _‘A‘

A= S11322 - S12821

ECE 453 — Jose Schutt-Aine
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Stability Circle forI';

I, on stability circle vields
L : :

N =1
Areainside T
or outside .
stability é |
circle will &% Ry
represent a B = O ¥ |
stable ""“'ﬁ'ﬁ
operating ‘ ’.‘
condition ~

ECE 453 — Jose Schutt-Aine
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Stability Circle forI';

I, on stability circle yields

To determine
stable area,
make Z, = Z, or
I'=0.1f || <1,
then area
corresponding
to center of
Smith chart iIs
stable.

ECE 453 — Jose Schutt-Aine
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Stability Circle forI'y

To determine Stéble

unstable area,
make Z, = Z, or
I =0.If|;,|>1,
then area
corresponding
to center of
Smith chart iIs
unstable.

o 1B"

Unstable
|Dig a1

ECE 453 — Jose Schutt-Aine 58
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Stability Circle forI';

1 J.. ~ A,

\
Sl e

Ty =1

ECE 453 — Jose Schutt-Aine
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To insure
unconditional
stability for
any passive
load, stability
circles must
lie completely
out of the
Smith chart.

et ILLINOI

Electrical and Computer Engineering
University of Illinois at Urbana-Champaign

Unconditional Stability
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Unconditional Stability

1. Case where center of Smith chart is
outside of stability circle

S| —|4] >0

SZZ o A* S11 B ‘812821‘

>1

Sal -1

2. Case where center of Smith chart is inside

of stability circ

Electrical and Computer Engineering
University of Illinois at Urbana-Champaign

e
S,|" |4 <0

S12821‘ o SZz o A*Sll

>1

Sl 1

ECE 453 — Jose Schutt-Aine 61



Unconditional Stability

Both cases can be combined into a single
Inequality

SZz o A*Sll _‘812821‘

>1
‘822‘2 _‘A‘Z

which 1s valid for either case

ECE 453 — Jose Schutt-Aine
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Unconditional Stability

Criteria for unconditional stability

K>1,

K>1

S12821

S12 S21

<1-

<1-

K>1, B, >0
K>1, B,>0

K>1, |D|<1

cor
Electrical and Computer Engineering
University of Illinois at Urbana-Champaign

K =

/UEs:‘

,U'

18y

Szz SllD‘ ‘812821‘
1S,/

‘511 Szz D‘ ‘812821‘

B, _1+\sﬂ\ —\D\ —\522\

B, =1+|S,,| —|D| ~|Sy|
D = S11822 - S12821

2
1"“811822 - S12821‘ o S11

2 2
~[S|

>1

2[S,|[S

ECE 453 — Jose Schutt-Aine
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Stability Circle forI';

Stability
circles are
functions

of
frequency.

Electrical and Computer Engineering
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