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Introduction



~ Microwaves

Electrical Length (Phase Length)
| — physical length
E = B:1 — electrical Length

27T |
E_ﬂ"_T"_Z”'(Zj V, vary
~ useless
E:Ig.|:2_”.(|.f.ﬁ)
Co
Dependency

antenna gain
radar cross-section



Electrical Length

Behavior (and
description) of any
circuit depends on
his electrical length selgraghe’
at the particular |

frequency of o 4 ? -

(a) KVL, KCL

Interest P R B
E=o0 = Kirchhoff -
E>o0 =2 wave
prOpagathn Maxwell’s Equations

(c)
27 |
E: .Iz—-|:272" —
& A ( j



TEM transmission lines




Course Topics

Transmission lines

Impedance matching and tuning
Directional couplers

Power dividers

Microwave amplifier design
Microwave filters

Vil Leni >



The lossless line

V(z)=V, -(e‘j'ﬂ'Z +T -ej'ﬁ'z) 1(z)= Vo -(e‘j'ﬂ'Z -T -ej'ﬂ'z)

0

time-average Power flow along the line

i :; Re {V( )-1(z )}:%’V;O‘ Re{l-T".e?7 4T.e21 ||

Tota power delivered to the load = Incident
power — “Reflected” power
Return “Loss” [dB] RL =—20-log|[] [dB]



The lossless line

input impedance of a length [ of transmission
line with characteristicimpedance Z,, loaded

with an arbitrary impedance Z,
L

_______l;l_____..
S
N




Power transfer

Impedance Matching




Course Topics

Transmission lines

Impedance matching and tuning
Directional couplers

Power dividers

Microwave amplifier design
Microwave filters
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Matching, from the point of view of

power transmission
« If we choose a (any) real Zo *
Z =7 _Z-7, I, =1,
L+7Z,
AlmT -

complex numbers
in the complex plane
>Re [




Reflection and power [ Model

z.P I:)L .PaPL
L) | |2 IR

oadferi oy 2

The source has the ability to sent to the load a certain
maximum power (available power) P,

For a particular load the power sent to the load is less than
the maximum (mismatch) P, <P

The phenomenon is “as if” (modael) some of the power is
reflected P, =P, - P

The poweris a scalar!




Laboratory 1

Impedance Matching




The quarter-wave transformer

—
* Term W # Term
Term1 T[1 Term2
a4 7=54.772 Ohm NUm=S
=100 Ohm =i Z=30 Ohm
1 F=3 GHz Kl
m2 m1 m3
P freq=2.699GHz freq=3.000GHz freq=3.302GHz
o || o FARVMEBTERS mag(S(1,1))=0.100| |mag(S(1,1))=4.669E-6| Imag(S(1,1))=0.100
S Param c 0.6
x e ]
Start=0.5 GHz
Stop=5.5 GHz
Step=0.001 GHz
23
(@)}
©
=
0.0 T T 1 T T

0.5 1.0 15 20 25 3.0 3.5 4.0 4.5 5.0 55
freq, GHz



Binomial multisection transformer

Term

Term1
Num=1
Z=100 Ohm

TLIN TLIN
TL1 TL2
Z=86.03 Ohm Z=54.77 Ohm
E=90 E=90
F=3 GHz F=3 GHz
r;.?,'ﬂ S-PARAMETERS
S_Param
SP1
Start=0.5 GHz
Stop=5.5 GHz

Step=0.001 GHz

TLIN t ferm
TL3 Term2
Z=34.87 Ohm e
=1 Z=30 Ohm
F=3 GHz

m2
freq=1.915GHz

m 1
freq=3.000GHz
mag(S(1,1))=3.449E-6

m3
freq=4.085GHz
mag(S(1,1))=0.100

mag(S(1,1))=0.100
0.5

A DS —
0.4—]
- 034
%3 ]
8 0.2
£
q 2 m
0.1—
| m1
A A
&0 | | | | | I | | |
05 10 1.5 20 25 30 35 40 45 50 55

freq, GHz



Chebyshev multisection transformer

t Term

Term1 TLIN TLIN TLIN
Num=1 LA T2 TL3 Termf
Z=100 Ohm Z=77.68 Ohm Z=54.77 Ohm Z=38.62 Ohm D=
= E=90 E=90 E=90 Z=30 Ohm
i F=3 GHz F=3 GHz F=3 GHz 1
- m?2 m1 m3
r".?,."' S-PARAMETERS freq=1.453GHz freq=2.301GHz freq=4.548GHz
mag(S(1,1))=0.100{ |mag(S(1,1))=0.099 mag(S(1,1))=0.100
S_Param 05
SP1 ADS N
Start=0.5 GHz -1
Stop=5.5 GHz i
Step=0.001 GHz 04—
- 03—
ZJ
8 02—
5
1 2 m1 m
0.1—
00 | | | | | | | | |
0.5 1.0 1.5 2.0 25 3.0 35 40 45 50 5.5

freq, GHz



General theory

Microwave Network Analysis
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Network Analysis

We try to separate a complex circuit into
individual blocks

These are analyzed separately (decoupled from
the rest of the circuit) and are characterized only
by the port level signals (black box)
Network-level analysis allows you to put
together individual block results and get a total
result for the entire circuit

[Z] [ABCD] [S] [Z]




Impedance matrix —Z

; 2 {sz Z}H
\F Ly Zyn] |l
v, V4 v,
I V i=ly i+ iz,
Vo=LZy-li+Zp-1,
vV Z11 —input impedance with
Vi =241y 7. - T
1~ 4117 1),=0 e open-circuited output
1,=0
V V % V
Z_11:'_1 Ly, :I_l Ly :|_2 Ly, :I_z
11,=0 211,=0 11,=0 211,=0



Admittance matrix-Y

_; bz
2 [Y] v,
l
I, =Y ’V1|V2:o Y11 = V.
v,
Y11 i Yo = L
Vi V,=0 Va V;=0

{ll} _ {Yu Y12HV1
| 2 Y21 Y22 V2

I, =Y - Vi+Y VY,
|, =Yy Vi +Y5, -V,

|

Y11 - input admittance with

short-circuited out

| 1y
V2

2
“2 Y., =
Vl 22

V2 :O

DUT




Hybrid matrices - H and G

— «—— — «——
v, [H] V.| | Vs [G] v,
v vV v
|:V1:|:|:H11 leHh} |:|1:|:|:Gll 612:|.|:V1:|
l, Hy Hayp | [ Vs \2 Gy Gy L

I
_ 2
H21__

Il

h,.r widely used for Bipolar Transistors,
common emitter topology (or B, h,,¢ >>)



Network Analysis

Each matrix is best suited for a particular mode of port
excitation (V, [)
matrix H in common emitter connection for TB: |5, V¢
matrices provide the associated quantities depending on
the “attack” ones
Traditional notation of Z,Y, G, H parametersisin
lowercase (z, y, g, h)
In microwave analysis we prefer the notation in
uppercase to avoid confusion with the normalized

parameters
Zo Yo ]/Zo VA
le Y11
1= Y11 y 0 Y11

0



ABCD (transmission) matrix

v g

I, C DI,
A B
v |leell] v
! C D V,=A-V, +B-1,
V, 1 D -B| |V,
|, A D-B- C -C A I,
Vs 1,=0 F V,=0 Va 1,=0 F V,=0




ABCD (transmission) matrix

This 2X2 matrix characterizes the
“input”/"output” relation
Allows easy chaining of multiple two-ports

V, ARy A B V
C, D C, D, 3
A 4 \ 4

e ol




ABCD (transmission) matrix

A B| |A B||A B
{C D}_{Cl D1Hc2 Dj



ABCD (transmission) matrix

suitable only for two-port networks (Z,Y can
be easily extended for multiport / n-ports)
allows easy coupling of multiple elements
allows the calculation of complex circuits with
one input and one output by breaking them
in individual component blocks
a library of ABCD matrices for elementary
two-port networks can be built up




Library of ABCD matrices

Series impedance

A=1
O / O
C=0
O O
A:ﬁ -1 B:ﬁ — Vi =7
Va 1,=0 F V,=0 Vl/z
Va 1,=0 I, V,=0 )




Library of ABCD matrices

Shunt admittance

O O

Homework!



Library of ABCD matrices

Transmission line

© . A=cos -
0 P B=j-Z,-sin 3l
0 O
= / & C=j-Y,-sin Bl
D=cosg-|
Homework! cos 3| j-Z,-sin B-I
J-Y,-sin -1 cos 5 -1

Z +]-Zy-tan g-|

L. =7
"z 4.2, tan B




Library of ABCD matrices

Transformer
N:1
O O
A=N B=0
C=0 D1
O O ) N
‘N O
0 1
i N |

Homework!



Library of ABCD matrices

T hetwork
Y
o T 0 A=1+Y—2
Y Y. B—i 3
| s Y3
Q = C:Y1+Y2+Y1.Y2
Y3
D :1+ﬁ
Y3

Homework!



Library of ABCD matrices

T network
Zl
O—t Zl Z2 —0) A:1+Z_
3
Z, Bzzl+zz+zlz'z2
3
O : O C:i
ZS
D:1+é
ZB

Homework!



Example for ABCD matrix

Find the voltage V| across the load resistor in
the circuit shown below (Pozar/exam problem)

50 Q 1:2

MW %
%g Z,=50Q 1 Z; =125Q

90° —>

Q

@)



Example for ABCD matrix

3/0°

We break the circuit in elementary sections
Sources are left outside

If necessary, input and output ports are created (and left
open-circuited)

50 Q
@ MWV

1
B
[=MM, MM, V=AY, 4B,




Example for ABCD matrix

M., series impedance

50 O 1:2 =<~——90°—> =0

—>
AW ————

3&{\5 %é Zy=50Q ¥ ?ZLZSQ
7 -
O——)



Example for ABCD matrix

M, , 1:2 transformer

50 Q

—AWA
Wl

Q




Example for ABCD matrix

M, , series transmission line, E = 9o°

50 Q

Q




Example for ABCD matrix

M, , shuntimpedance/admittance

50 Q 1:2 ~<~—90° ,
O AYAVAVAY i
3&)@ %é §225Q
:

Q




Example for ABCD matrix




(Somewhat!) Specific theory

Microwave Network Analysis




Scattering matrix-S

Scattering parameters

PR SV IV S S| |V
D J— — A Sp1 S Vz+
V V
s
2 S11:L+ S21:—2+
Vi V, =0 Vi V, =0

V,; =0 meaning: port 2 is terminated in
matched load to avoid reflections towards
the port

[,=0—>V, =0



Scattering matrix-S

V, [S] Vo s, =t

AL
1 +_
r1_> rz > _V2 —0
S, =v2| T |
21 V. 211, -0
1 V2+:O

Sa1is the reflection coefficient seen looking into
port 2 when port 2 is terminated in matched load
S21is the transmission coefficient from port 2
(second index!) to port 2 (first index!) when port 2
is terminated in matched load



Scattering matrix-S

S matrix can be extended to multiple ports

I IV, =0,vk=i ] Vi =0,vk#j

S. is the reflection coefficient seen looking into
port / when all other ports are terminated in
matched loads

S; is the transmission coefficient from port
(second index!) to port / (first index!) when all
other ports are terminated in matched loads



Properties of S matrix

If port/is connectedto a e 0

n n n n 01
transmission line with z,]=|
charateristicimpedance Z_, |0 - Zop
Lecture3 v(z)=v e s 1y el |(z):VLe—J'-ﬂ-Z Vo ,ipa

In the port’s reference VSV V- - A )

plane, z=0 TS

Relation to Z matrix z] ]
[Z]-[l]=[Zo]‘1-[Z]-_V+] ~lz 2] W=l
[Zo]‘l-[Z: Vo] -z ]zl = v ([2]-12) v
v =1 B/ ] s|=(z]-[z.)-(z]+(z,)"




A Shift in Reference Planes

| I
vi- YU vi |,
| | ort
vii <If vi <
| |
Zi= ll L] = 0
N-port
network
[S1, [S']
| I
| |
Port n
Vi <—f].:ﬂj\ 1% <—f|lﬂ]'1
| |
zy =1, 2, =0
Figure 4.9 e T —j 91 O 0 ]
, 0 e’ 0 0
[s']=| - |'[s]
O e_j'eN

De-Embedding

0O ... 0
e l% 0 0
o i



Properties of S matrix (Z,Y)

Reciprocal networks (no active circuits, no ferrites)
Sij =Sji, V] #I [s|=[s]
Lossless networks

Re i {=0,¥i, ]

ZSKI Skj Vi’j =1

[ST [s] =[1] =




Generalized Scattering Parameters

The total voltage and current on a transmission
line in terms of the incident and reflected
voltage wave amplitudes

In the port’s reference
plane, z=0

V =V 4V I_Zi( gEvAY

We find the incident and reflected voltage wave
amplitudes
v V2] v V2]
2 2
The average power delivered toaload:

P_%Re{VI} . { SV VYT y\/\}

( 2-Z,

PL=

-T) T




Generalized Scattering Parameters

The average power delivered to a load:

1 N _
P57 (el el
Restrictions

Result valid for Zo real

Requires the presence of a line with characteristic
impedance Zo between the source and the load

Zg )
AAAA —>
+

wQ  via




Generalized Scattering Parameters

We define the power wave amplitudesaand b

V +7Z; . :
the incident powerwave 7. =R + j- X,
2: V Any complex impedance,

V — Z named reference impedance
b= the reflected power wave

2. F
Total voltage and current in terms of the power
wave amplitudes

V:z;.a+zR.b
\/RR
a—>b

IR,



Reflection and power [ Model - L3

R |E|

) (Ri+RL)2 +(X i+XL)2

Ol
> r -7, +Z,

. , [, power reflection
(Ri—R )" +(X+X,) a.‘rf c’oefficient




Power waves

Pin-Re{zg-
2 R

1 1
P 25'\3\2—5‘“0\2

b V-Z:1 Z,-Z,

a V+Z.-1 Z +Z,

(z—z* =Im

a\Z—ZE-a-b*+ZR-a*-b—ZR-\b\2}

VZ, eC




Power waves

2
Vo-Z, V, Vo . R

V=77 I = 2 2

If we choose Z,=27,
Z, Z

_|_
V+Z, _y L,+Z, L ,+Z, _v VR,

a= . — .
2:yR ’ 2'\/FTL ’ Zg+ZL
ZL . ZL
oV —Z;] V.Zg+ZL Z,+Z,
21/ ’ 2-JR,
R
:_.‘a‘ — : L
2 2

\zg +ZL\2




Power waves

When the load is conjugately matched to the
generator

. 1 V.2
Zg :ZL PLmaXZE"a‘ZZS.(IJQ
Power reflection: L3 L

) - Z-Z,

ZL ZZi F)LmaxEPa F_Z-I—ZO

ZL?&Zi* Pr:Pa.|l_‘|2 PL:Pa_Pr:Pa_Pa.|F|2:Pa'(1_|r|2)

Power reflection: L4
b V-Z.1 Z,-Z:

1 2 1 2 1 2 I =
PLmaxEPaZE"a‘ PL:E.‘a‘ _E‘b‘ P a V-I—ZR'l ZL+ZR

P :%.‘a‘z _%.‘a‘z rf  P=P .(1—\rp\2) P =P, |r,|’ =%-\b\2




Scattering matrix for power waves

d

[S,]

&
<

{bl} {51'1 SﬁHﬂ
b2 Sél SéZ a2




Power waves

To define the scattering matrix for power
waves for an N-port network

(Zey - 0 _]7/2 Ry, -+ 0
Zol=| Fl=| o+

0 e Zg i 0 37/2 /RRn_




Power waves for N ports

bl=[FI-(z]-[ze] ) (2]+[z: )" [FT* [a]
The scattering matrix for power waves, [S ]
b]=s,] -[a]
s, |=[F]-(z]-zeT ) (2] + (2D [F T
But:  [s]=(z]-[z,])-(2]+[z )"

Typically

Zoi =Zni =Ry, Vi [ ] _ thgy |
R, =500 SIO — [S] coincide!!!




Scattering matrix-S

d, d, |:bl:|:|:sll S12} |:a1:|
<b— —b—> b, Sy Sp | @
1 |
o [s1 [ X b
Sl]. - 822 — _2
a]_ 8.220 8.2 a1:0

S.,and S, are reflection coefficients at ports
1 and 2 when the other port is matched



Scattering matrix-S

S.,si S, aresignal amplitude gain when
the other port is matched



Scattering matrix-S

d
a, 2 |:bl:|:|:sll SIZ}.|:a1}
«— —> b, Sy S| &

S ‘2 _ PowerinZ, load
*''" Power from Z, source
D
a,b
information about signal power AND signal phase
S.

]
network effect (gain) over signal power including
phase information



Measuring S parameters - VNA

Vector Network Analyzer

Agilent Techaologies
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Figure 4.7
Courtesy of Agilent Technologies



Relation between two port S

parameters and ABCD parameters

_ Z01 (1+ 511_ S22 _AS)

A=
Zoz 2821
1+S,,+S,,+AS
B: 201202( 11 22 )
2S,,
c__ 1 1-8,-8,+4AS

\ ZOle2 2821
5 [Ze2 1=81,+8,,-4S
ZOl 2821

AS = 51152, = 512921

_ AZ,,+B-CZz,Z,,—~DZ,
" AZ,,+B+CZ,Z,,+DZ,,

~ 2(AD-BC){Z,,Z,,
* AZ,+B+CZ,Z,+DZ,,
S _ 2 \ ZOleZ
* AZ,,+B+CZ,Z,,+DZ,,
~-AZ,,+B-CZ,Z2,,+DZ,,

S22 =

AZ,,+B+CZ,Z,,+DZ,,



Even/Odd Mode Analysis



Even/Odd Mode Analysis

useful method, necessary even for multiple
ports

example, resistors, two port circuit
100 Q

50 Q 50 Q

® o ®




Even/Odd Mode Analysis

|
assume we want to computeY Yll:V_l
1=
E2 =0 V,=0
100 Q
50 Q
— — 100 Q
E)
) E)
=4 25 Q 50 Q
R, =100Q || (50Q+ 25Q2 || 50€2) = |

=0.025S5

V2 :0

~100Q || (50Q +16.67Q) =100Q2 || 66.67Q =40Q Y11= \71
1



Even/Odd Mode Analysis

Even/Odd mode analysis benefit from the
existence of symmetry planes in the circuit
existing or

created (forced) | symmetry plane

100 Q 50 Q 50 O

50 Q 50 Q 50 Q 50 Q

G e ®E

I
_
I
I
[

I
I
I



Even/Odd Mode Analysis

when exciting the ports with symmetric/anti-symmetric

sources the symmetry planes are transformed into:

R R
open circuit +V ech [ ch__ +V Sources have the

_ I same polarity
virtual ground > +

- 1=0 | _
' symmetry plane 6/) : VD 1 =0,vV,

() v [y v CD P=0,VV,
4 P:OV| \ symmetry plane

+ .
_0\y|rtual ground

200 ' 200 - ' — symmetry plane
open circuit
50 O I 500 o —— ' Y,

B Roy R
| +V, SR 2@ -V, Sources have

50 Q 50 Q | opposite polarities
I > > |-
i
[
I



Even/Odd Mode Analysis

the combination of any two sources is equivalent for
linear circuits with the superposition of:

a symmetric source and +
| - ‘— E, =E°+E°
a anti-symmetric source |, Ee 1
'symmetry plane (El  ___ : E,=E°-FE°
50 O 50 O -
alcY
50 O 50 Q < Ee_E1+E2

50 Q 50 Q

® =@ ek
- @)

+




Even/Odd Mode Analysis

In linear circuits the superposition principle is
always true

the response caused by two or more stimuli is the sum
of the responses that would have been caused by each
stimulus individually

Response ( Source1 + Source2 ) =
= Response (Source1 ) + Response ( Source2)

Response(ODD + EVEN ) = Response (ODD ) + Response ( EVEN )

N S

We can benefit from existing symmetries !!



Even/Odd Mode Analysis

example 100

50 Q 50 Q

Il
&) E)
V, 25 Q

| symmetry plane

50 Q 50 Q
| 4+
Y11:_1 I-SOQ [ SOQ“
T g B G ' G
VQZEZZOD E2 ED 50 Q : 50 Q ED
Eo =L
2 0




Even/Odd Mode Analysis

Even/Odd mode analysis

iso ﬁ
50 O

e
I1

)
V, 50 Q

v

RE, =5002+50Q =100Q)
e_E_E/2_E

' RS 100 200Q

ech

EVEN - symmetry plane open circuit

50 Q

50 O

OF N

v

R®, =50Q|50Q = 250
o _ E° E/2 FE
' RS 25Q0 500

ech

ODD - symmetry plane virtual ground



Even/Odd Mode Analysis

superposition principle

100 Q
50 O | =15 +1°
500 1= Th
—_—
" V. =V.& +\.°
Q ® uw
V, 25 O
PR . W

L2000 i 50Q 400 Y, = l — 1 — 0.025S
V, =V +V,° =E, V, 40Q



Even/Odd Mode Analysis

In linear circuits we can use the superposition
principle
advantages

reduction of the circuit complexity

decrease of the number of ports (main advantage)

Response (ODD + EVEN ) = Response (ODD ) + Response (EVEN )

N

We can benefit from existing symmetries !!
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