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Examen: Logarithmic scales

dB =10°log,, (P,/P,) dBm =10°log, (P/1mW)

odB =1 odBm =1mW
+0.1dB = 1.023 (+2.3%) 3dBm =2 mW
+3dB =2 5 dBm =3 mW
+5dB =3 10 dBm =10 mW
+10dB =10 20 dBm =100 mW
-3dB = 0.5 -3dBm = 0.5 mW
-10dB =0.1 -10 dBm =100 uW
-20dB = 0.01 -30dBm =1 uW
-30dB = 0.001 -60 dBm =1 nW

[dBm] + [dB] = [dBm]

[dBm/Hz] + [dB] = [dBm/HZ]

[x] + [dB] = [X]




Complex numbers arithmetic!!!!
z=a+j-b;)P=1



Introduction



Electrical Length

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

frequency of o 4 ? -

Interest T , B
Exo =2 Kirchhoff

E>o0 -2 wave
prOpagathn Maxwell’s Equations

(c)
27 |
E: .Iz—-|:272'- —
. A (lj

(a) KVL, KCL




Mathematical models

particular cases where analytical solution exists

harmonic signals, Fourier Transform, frequency
spectrum

X=X Zojox  gle)=] ft)ed f(t)=] g(w)-edo

15

I 7 I
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Mathematical modeling

particular cases where analytical solution exists
wave in a single direction E*(E') E(E)

wave
incident E,=E"-e™ " plt=p7) L E= g7 gllot+f2)
reflected 2 2
E, =E e’ +E, e'*—-> D_> E., =E,e’*+E, ¢
wave
direct

Inverse E e’ ——| ¢|—— E, &7
=N < >EOUT
E e’ —>|:A —— E, e

E* (E*)




Mathematical modeling

particular cases where analytical solution exists

modes in delimited media B(4)
TE10 TEO1 TE20 E:ZA 'MOdi A‘ :<E’M0di>

E 3 11
R E,, _,D_, E..
TM11 TE11 TM21
- ™
[=] = 2 &»
Aﬁ :<EIN’MOdi>
TE21 E30 TM31
P - = ' . ' A ——s| +|—— B,
L Am .
TE31 TEO2 TE40
il —’E]—>
AL &2 —

(A) EOUT—ZB -Mod.




TEM transmission lines




Transmission line

TEM wave propagation, at least two conductors

1(z,t)
—>

I PR QN N AR 1A A M7
v

VN




Transmission line equivalent model

TEM wave propagation, at least two conductors

(z,t) 1(z+Az,t)
> Y Y —>
R-Az LAz
V(z,t) G-Az| | T CBZ | vz+azt)

Az




Solutions

gu—

V(Z)=V0+e‘7'Z +V, e”*
I(Z): Ile 7% 41 e y=a+ | -,B:\/(R+ jro- |_).(GJr j -a)-C)

—

“——

V(z)=V, e +V, e

Y + AL — A7z
1(z)= V, e 7" -V, e
d\;(z):—(R+j-a)-L)-l(Z) ) R+j-a)-L<O ° )
Z
zozR“'“"L:\/Rﬂ_'”'L Characteristic
4 G+]-w-C ] ]
impedance of the line
Vo 5, _ Vo
T, A2y =P
0 0 F; f B



The lossless line

Lossless: R=G=0

7=a+j-,B:\/(R+j-a)-L)-(G+j-a)-C)= ja)\/ﬁ

a=0 ; pf=w-+L-C
R+j-wL [L .
Z = = —
0 \/Gﬂ.mC - Z,is real
V(z)=V, e 7% pv,el?? S 2

()= Yo gine Vo gine
ZO ZO



The lossless line

|

|

|

|

' V, +V,
| l, =——= Z, =2 0 .7
A Z. 70 RVENRVE
|

|

|

|

|

voltage reflection

L . coefficient
o F:Vo_:ZL_Zo
V£ Z, +Z,

Z, real



The lossless line

voltage reflection coefficient seen at the
input of the line

V(z)=Vy'e "7 vy el r=T(z)= xﬁgzg
o \Z -
" W v)=V,+v, r(o)er:xg
0
: V(=1)=V, el 1y, e
EZ F(-1)=T AR _1(0)- e
' Z,, Z, Z, =T =7 g1 =
|
I
|
|

r(-1)=[rO} | =|r(0)

-1 o E > Iy =1L eI L' ‘ — ‘FL‘




The lossless line

V(z)=V, .(e_j-,B.z +T .ej-ﬂ.z) 1(z)= \;_J .(e_,-.ﬂ.z r .ej.ﬂ.z)
0

time-average Power flow along the line

+2
P.., =%- Re{v(z)- |(z)*}= 1 Vo -Re{l—r* g1/ LT .e?P7 —|r|2}
+2 0 -
avg:1. 0 -(1—|F|2) (z—z =Im
2 Z,

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



The lossless line

> V(=1)=Vy el vy eI

+ . . -
I(—|)=\;ie"ﬂ" —\;ie“'ﬂ"
0 0

V(-1 2)-p
7 _ ( ) z. =7, 1+1"e2
y I T P

the input impedance

-_-—-_[;]-__-
>
N
N
il

seen looking toward
the load

_ _y Z +]-Zy-tan(B1)
(z,+2 )elﬂ'—(zL—zO)-e—J'ﬂ'I " Z+j-Z, -tan(B-1)



The lossless line

the input impedance seen looking toward
the load

.ZL+j'ZO‘tanﬂ'|




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




The lossless line

input impedance is frequency dependent
through g-1

0, 27
M f s
: 27 2r - f 2r -
! B-l="21= | = .
! A V, V,
: frequency dependence is periodical, imposed
: Zin Zo ZL by the tan trigonometric function
l
|
|
[
|




The lossless line, special cases

[=k-A2 B
[=MNg + k-A2

_______l;l_____..
S
N




Short-circuited transmission line

£1=0 \ .
purely imaginary for any a2 N
length |

+/- > depending on [ value \ /
L =]-Zy-tan g1

Z, +j-Z,-tan(

N N
Zo+j-Z, -tan(B-1) | R

Zin — ZO




Open-circuited transmission line

ZL:OO—):]_/ZL:O \ /I—T
purely imaginary for any E \/

length [ 0 o

+/- = depending on [ value
/m )

Li=—]-Zy-cot S-1




Examples




Examples




Examples
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Examples




Examples
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Voltage standing wave ratio

V(Z):Vo-i_‘e_j.ﬁ.z +F-ej'ﬂ'z) ’V(Z)(Z’VOJF .e_j.lg.z .1+1—~.ezjﬂ.z FZ‘F‘ ,ejH
Vel el

maximum magnitude value for elt?I i =1 Vinax = ’VO+ '(1+‘FD

minimum magnitude value for elreihr = 1 Viin :’VO+ -(1—‘FD

SWR is defined as the ratio between maximum and
minimum
(Voltage) Standing Wave Ratio
Vv 1+\F\
VSWR = —max _
Ve 1-T

min

real number1<VSWR <
a measure of the mismatch (SWR =1 means a matched line)




The lossless line +/-




Impedance Matching with Impedance Transformers (Lab 1)

Impedance Matching




Matching

Source matched to load ?

—_—

. impedance values ?
i existence of
V Z,  reflections?




Matching, real impedances

Source matched to load

I E
— I = !
R +R,
RI V — Ei ) RL
R +R,
Vv R




Matching, real impedances

RL 'Ezi
(Ri+RL)2

PLZRL'I2 R =

Power dissipated on load

R, = 5002
Ri=02P, =0
R =002 P =0



Matching, real impedances

08

0.25—2

005




Matching, complex impedances

Source matched to load

I E
S | —

i+7Z,

Zi V _ Ei 'ZL

L, +7Z,

Vv Z,
<: aszz,mﬂ
E. 2

> M PL :Re{ ZL} Ei




Matching

R, -|E| R, -|E|’
PL= 2 2
Z+Z " |(Ri+R.)+j-(X+X\)
a+ j-b|=+va*+b’
. R -[E|
L (Ri+RL)2+(Xi+XL)2
Matching

maximum power transmitted to the load
condition?



Matching, example

E =10V
Z. =50 Q) +]-500)
P (Z,)?

R, -|E;

t :(Ri+RL)2+(Xi+XL)2 G}

‘ 2




Matching, example

PL(ZL)

0.45
0.4
0.35

0.3

fﬁ#é "' . . T . .
e BN | 0.25
“'f’f/%% i - i |

i ok ,
f"?uq,%,;,'g;

g
v

O,
O
%’ 'NWW;"

A
Jﬁ:gjf% mw

%%%@

-
ﬁ%%%%%ﬁﬁ
'ff

0.2

0.15

0.1

0.05

100 0
ImZL o



Matching, example

100

80

60

40

20

2, =50-j 50

E=10,P = 0.50

max

100

Re ZL

0.45

0.4

0.35

0.3

0.25

0.2

0.15

0.1

0.05



Matching, from the point of view of
power transmission

P. : Available Power

L, =



Reflection coefficient

Any impedance Z_ chosen as reference
[ |—> * -
L+7Z,




Matching, from the point of view of

power transmission
Z —Z
| = I 0
1 I ' Z,+2,
<« > _
I = (Ri —Ro)+J-(Xi +X,)
7 (Ri+RO)+j'(Xi+XO)
Z —Z
Z L = L 0
- -7z, 42,




Matching, from the point of view of
power transmission




Matching, from the point of view of

power transmission

If we choose a real Zo *

Z =7 _Z-7, I, =1;

complex numbers
in the complex plane
>Re [




Reflection and power [ Model

Power of the reflected wave



Reflection and power [ Model

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

Sadion ot

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 power is a scalar!




Reflection coefficient

"7, +Z



Reflection coefficient

R-R)+i(X+X) p _(Ru=R)i-(x+X)
R k)RR
)= RRU+ I (X + X, ) V(R =R +(X; +X, ) =y
IR RO X) T R R



Reflection and power [ Model

P 5 B[
4, > L "7 4R,
d ZL 2
P — RL.‘Ei‘
=
G} P (Ri+R_ ) +(X i+XL)2
I I
5_p_p =T R_-[E([ _EF ], AR R,
T 4R (Ri+R P +(X#X ) 4R (Ri+RL ) +(X X )°
2 Il'|? 1s a power

i

reflection coefficient



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



Microwave Network Analysis



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] [£]




Impedance matrix —Z

3 2 |:V1:|:|:le le:|.|:|1:|
Vs Ly Zyp]|l
v |21 | v
¥ V i=4p-li+Zp-l,
Vo=LZyn-li+Zyp-1;
V Z11 —input impedance with
Vi=2Zy -1 2= L
1~ <117 1l),=0 e open-circuited output
1,=0
V V \Y \%
Z11:|_1 Z12:|—1 Z21:|—2 Z22:|—2
1i1,= 211,=0 111,=0 211,=0



Admittance matrix-Y

l, 2 |:I1:|:|:Y11 Y12:|.|:V1:|
o] [Ya Yoo [Vo
v, Y] v,
¥ | TR R PR
Iy = Y51 -V + Y5 -V,

Y11 - input admittance with

Vi, o  short-circuited output
v, =1 y,-1 Y, =2 Y,, = 2
11—\, 12 =\, 21 — \, 22 T\,
Vi V,=0 Va V;=0 Vi V,=0 Vy V,=0




Hybrid matrices - H and G

— —— — «——
v, [H] V.| | Vs [G] v,
v vV v
{W}{Hu leHh} {|1:|:|:Gll Glz:|.|:vl:|
l, Hy Hyp | [V V, Gy Gp ||l

I
_ 12
H21—|
1

V,=0sau Hy, -0

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
Z, Y, VZ, Z
Z Y.
Zyy = —- Vi =< =Zo- Vi1

Ly Yo



ABCD (transmission) matrix

s

I, C D||I,
A B
v |leall v
! C D ! V,=AV,+B-Il,
V, _ 1 | D -B .Vl
I, A-D-B-C |-C A I
Vs 1,=0 F V,=0 Vs 1,=0 F V,=0




ABCD (transmission) matrix

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

V, ABL Ly | B v,
c, D c, D,
v v

e ol




ABCD (transmission) matrix

V, A B Vv
C D 3

A Bl |A B|lA B
{c D}_{Cl D1ch 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 B=
O 2 O
C= D=1
1 Z
O O
A:ﬁ =1 B:ﬁ — Vl =7
Va 1,=0 P V,=0 Vl/z
l, l, ,
Va 1,=0 I, V,=0 ly




Library of ABCD matrices

Shunt admittance

O O

O
I
<
O
I
=

Homework!



Library of ABCD matrices

Transmission line

© . A=cos -
20 B B=j-Z,-sing-I
0 O
< / = C=j-Y,-sing-l
D=cosg-I
Homework! cos 3| j-Z,-sin -1
]-Yy-sin g1 cos S|

Z =7
" Zo+j-Z, -tan B




Library of ABCD matrices

Transformer
N:1
O O
A=N B=0
C=0 D:i
O O ) ) N
N O
0 L
i N |

Homework!



Library of ABCD matrices

T network
Y
o Ya O A=1+Y—2
3
5 1
. °© Cc=Y,+Y, Yo
Y3
D:1+i
Y

Homework!



Library of ABCD matrices

T network
Zl
o— 7, Z, —O A=1+Z—
3
Z, B:Zl+zz+zlz'z2
3
O ' O C:i
ZS
D=1+é
Z

Homework!



Example for ABCD matrix

Find the voltage V| across the load resistor in
the circuit shown below

50 Q l:2 =——9pf=——»

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

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

MWW
VO@

A B
C D

1

:|:M1-M2-M3-M4 V1:A‘V2+B'|2‘I2:O V:AVL_)VL:

V



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




Contact

Microwave and Optoelectronics Laboratory
http://rf-opto.etti.tuiasi.ro
rdamian@etti.tuiasi.ro



