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2.1 Circuit Concepts

* Electric current | is a measure of the charge flow/ movement.

 Voltage V is the difference of electrical potential between two points
of an electrical or electronic circuit.

 Impedance Z =R + jX is a measure of opposition to an electric
current.
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Lumped and Distributed Element Systems

 The current and voltage along a transmission line may be considered unchanged

(which normally means the frequency is very low). The system is called a lumped
element system.

* The current and voltage along a transmission line are functions of the distance

from the source (which normally means the frequency is high), thus the system is
called a distributed element system.



2.2 Transmission Line Theory

A transmission line is the structure that forms all or part of a path from one place
to another for directing the transmission of energy, such as electrical power
transmission and microwaves.

We are only interested in the transmission lines for RF engineering and antenna

applications. Thus dielectric transmission lines such as optical fibres are not
considered.



Quality Factor and Bandwidth

* Quality factor, Q, which is a measure of how much lossless reactive
energy is stored in a circuit compared to the average power
dissipated.

(total energy stored) Weg + Wy
el —

Q —
(average power loss 1n the load) Py

Ay

where W¢ is the energy stored in the electric field, W,, is the
energy stored in the magnetic field and PL is the average
power delivered to the load.

* Antennas are designed to have a low Q, whereas circuit components
are designed for a high Q.
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where f, and f, are the
frequencies at which
the power reduces to
half of its maximum
value at the resonant
frequency, f, and where
Br is the fractional
bandwidth. This
relation only truly
applies to simple
(unloaded single
resonant) circuits.



Load Power
(normalized)

Power Transfer Efficiency
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For complex impedances, maximum power

transfer occurs when Z. = Zs* (conjugate

match)

Maximum power is transferred when RL = RS
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Transmission Line



Transmission Lines

* Since no lumped elements like resistors, capacitors are used at
microwave frequencies, only transmission lines are used. Hence they are
called distributed parameter network.

e Characteristic impedance is defined as that impedance of a line which is
a constant when measured at any point on the line, impedance which is
a constant at any point on the transmission line.

* Propagation constant y is given by: a+jB. Propagation constant is a
complex sum of a and B, a being the real value and B being the complex
part.



Transmission lines

* Transmission line types

—All depend on electromagnetic phenomena
Electric fields, magnetic fields, currents

—EM analysis tells us about
o,  attenuation vs. frequency
B propagation velocity vs. frequency
Z, characteristicimpedance
relative dimensions

—Parameters contributing to these characteristics
o conductivity of metals

/

g, real part of relative permittivity

n

g, imaginary part of relative permittivity
i, relative permaebility (usually ~ 1)

structure dimensions
h height
W width
L length
t thickness
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Transmission lines

—Effects of transmission line parameters on system performance
—Attenuation vs. frequency
Attenuation —reduces signal amplitude, reduces noise margin
Freg-dependent attenuation — reduces higher frequency components, increasing T,
—Propagation velocity vs. frequency
velocity — determines propagation delay between components

reduces max operating frequency
Freg-dependent velocity — distorts signal shape (dispersion)
may broaden the pulse duration
A A

time

voltage

voltage

Characteristic impedance - ratio of /I or E/H

determines drive requirements
relates to electromagnetic interference (EMI)

mismatches lead to signal reflections
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Transmission Line Basics

Low frequencies
. wavelengths >> wire length

. current (I) travels down wires easily for efficient power
transmission

. measured voltage and current not dependent on position along

wire n.umMHlllI\lmhIHHMiuummmnHMH\NHHHUMHWH‘MM\HHIHl”ll|UlhH(\IMIH"wHM\ilmmHlllHH\IH\MUIN!HW

-

High frequencies
. wavelength ~ or << length of transmission medium
. need transmission lines for efficient power transmission
. matching to characteristic impedance (Zo) is very
iImportant for low reflection and maximum power transfer

. measured envelope voltage dependent on position along
line



Transmission line Zo
Zo determines relationship between voltage and current waves

Zo is a function of physical dimensions and &,
Zo is usually a real impedance (e.g. 50 or 75 ohms)

Twisted-pair

Waveguide

Coaxial

&r

w
W2

Coplanar Microstrip



Transmission Line Terminated with Zo

Z0 = characteristic
Impedance of
/s =70 transmission line

Il
e RVAVA

<: Vien = 0! (all the incident power
IS absorbed in the load)

For reflection, a transmission line terminated in Zo
behaves like an infinitely long transmission line




Transmission Line Terminated with Short,
Open

) -
AT N
C? ; 17
VN T

in a short or open reflects all power back to
source




Transmission Line Terminated with 25 Q

_ L

v
) RVAVA
A <: Vet

Standing wave pattern does

not go to zero as with short or
open




High-Frequency Device Characterization

Incident >
R
Reflected
A
REFLECTION
Reflected i
Incident
Return
SWR | \ Loss
S-Parameters Impedance,
Si1: Sy Reflection Admittance
Coefficient R+jX,
I, p G+B

Network Analyzer Basics

\
— 1D Transmitted
B
TRANSMISSION
Transmitted _ B
Incident R
/ \\ Group
Gain / Loss Delay
Insertion
S-Parameters \

821’ SlZ

Copyright 2000

o Phase
Transmission

Coefficient
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Reflection Parameters

Reflection _ Vreflected _ _ ZL - Lo
Coefficient I = Vi cdent P Lo = Z, + Zg
Return loss = -20 log(p), P =1r]

Voltage Standing Wave Ratio

Nl \V| i e vswR - - = )

No reflection Full reflection
(ZL = Zo) (ZL = open, short)

: P I
< R 048
. vewr I~




—= 1(2)

V(2)

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

+yZz

V+
1(z)= "¢ 7 e
()=

vy =a+ jﬂ:[(R+ joL) (G + ja)C)]%

7 _ R+ joL &
° |G+ jwC

guided wavelength = 4,

27T
A, ===

phase velocity = v,

v, == [m/s]
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Transmission line modeling

Circuit model for incremental length of transmission line

I = Rz, L2 RS2 R/2 L/2  FoctAx, g =1,
& o A Mo
Ve - f
| conductance |
X O - O v +Ax

—It can be shown that for a sinusoidal signal, ® = 2xf, V, = A el(t+¢)
V,/V,=e"" propagation along z axis

y:\/(R+joaL)(G+jooC)

—is analogousto vy = \/j oun(c+ joe) in plane —wave propagation

—where v is complex, y = a + B is the propagation constant
—the real part, a is the attenuation constant [Np/m: Np = Nepers]
—the imaginary part, 3, is the phase constant [rad/m: rad = radians]

-z ~A—JPBz
V,/Vs=e e
amplitude change —7’ \— phase change



Transmission line modeling

* Characteristic impedance, Z,
—ratio of voltage to current, V/| = Z

.. . =7 L2 RA2 R2 L2 FxtAx, g =1
—From transmission line model 5~ e & o 9=l
R+ joL f T
' conductance
G +J(DC .1".’.|:- - O X +AX

—typically G (conductance) is very small = 0, so

z - R—.irjooL

oC
—At low frequenjcies, R >> oL when f << R/(2nL)
the transmission line behaves as an R-C circuit

Z, is complex
7 R Z, is frequency dependent
. joC
—At high frequencies, oL >> R when f >> R/(2xnL)

Z, is real

. Z, is frequency independent

7 =
C

0

112



R=0, G=0
y=a+iB=[(R+joL)@+ j00)]"
= Joo~/ LC

© a=0 v —

@
L =awVLC "B

¢

R+ ] LY L 1
@

— = Z,=.[— V, = —
%o [g+ja)Cj e " JLC

indep. of freq.) (indep. of freq.)




In the medium between the two conductors is homogeneous (uniform) and is
characterized by (¢, 1), then we have that

LC = ue

The speed of light in a dielectric medium is Cd —

Hence, we have that V= Cd

The phase velocity does not depend on the frequency, and it is always the speed of light (in the
material).
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Propagation Constant

1) The manipulation of complex numbers has been discussed. Derive the formula for
attenuation, @, as shown below. Given 7’ = jou(o + jos) andy = a + jf ; use

Rey’=a’ - % and ’ v =a’+ B* to generate the following formula for attenuation:

a=w

| I -I
l# \,l+[ = ﬂ I’

|
Use MatLAB to generate a log-log plot of this attenuation for “dry” earth

for frequencies from 100 Hz to 100 GHz where earth has a conductivity of
10~ S/m and e: of 8. | |

Lossymedia = (0>0,u=u,1,, €E=€,E,)

E_3 10° [m/s] (free space) =/Jjop(o+jwe) =a +jp
2

1 _ 1 (dielectric) @= E\]“[L) =1l e
2 WEe

(0]

(complex)

J‘_G\lh(i
2 WE



P TABLE 2.2 Formulas for Transmission Lines

Quantity

General Line

Lossless Line

Phase constant, f§
Attenuation constant, x

Characteristic impedance, Z,

Input impedance, Z,
Impedance of shorted line
Impedance of open line

Impedance of quarter-wave line

Impedance of half-wave line

Reflection coefficient, I';

Voltage standing-wave ratio
(VSWR)

Propagation constant, y = x + jf§

VR + joLXG + joC) JjoLC
r 2
Im(y) TN | e _n
/
Re(y) 0
| R+ jeoL L
| J /_.
VG +jeC Ve
., Z; cosh yl +Z, sinh yI _ Z; cos pl+jZ, sin pl
Zy cosh yl + Z; sinh yl Zy cos Bl +jZ; sin pl
Zy tanh y/ JjZy tan Bl
Z, coth y/ —jZy cot Bl
&)ZL sinh o/ + Z; cosh o/ 7z
Zy sinh ol + Z; cosh o/ Z
L L
., Z; cosh o + Z, sinh o/ 7
Zy cosh al + Z; sinh of *
2,2 2, - %
Z,+ 24y Z, + 4y
1+ || 1+ |I7|
1 — || 1— I
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the input impedance of'a terminated lossy transmission line is

Lin 1
® ——
=+ -+
I/:'n '.(ZU&Y) VL
t S
z=-] z=() zZ

, Z, +jZ tan(—yl) , Z, + Z tanh(yl)
m 0z +jZtan(—jyl)  ° Z, +Z,tanh(yl)

The impedance at the input of a transmission line of length / terminated
with an impedance Z, is .
e i T Z, +jZ tanBl
Z =Z(-1)=2, =L~
Z +jZ tanBl

Lossless Transmission Line with Matched Load (Z, = Z))

1 —+
Zm# V(:) Zu

—9 | (\Y
lzv H



the general impedance at any point along the
length of the transmission line may be written as
e 7P + Te/P? _ 7 1 +Te/?P? _ 7 1 +I'(z)

Z(Z) = Za - . o - 0
e 7B7 _ T eibz 1 =T e/2B? 1-T(2)

The normalized value of the impedance z,(z) is

2(z) _1+0@) _
Z  1-T(z)

o

z,(z) = +jx(2) (3)



_ 4,
10
b) Z,=Z, _ (60 +;50) =50 _ 10 +,;50

Example Z, =60 +;50 Z, =50 /

= =0.422 £ 54°
Z,+Z, (60 +;50)+50 110 +;50
@) o _ 1+ | _1+0.422 _5 46
1- || 1-0.422
(c.) 1 1 .
Y,=— = — =(9.84 -j8.2) mS
Z, 60 +j50
(d.) Z, +jZ tanf3!
Z =Z — JZ,tanp gr-2m 4, _4r
Z +jZ tanBl A 10 5

(60 +;750) +550tan

Il
LN
o

4n

> ) - (245+7203) Q
Am)

5

50 +7(60 +;50)tan



(e) |V(2)| =|V,| |1 +Tes2| [e/2z = |T| e/9¢ 282
V(z)m=|V;|[l+ r|] 0 +2Bz__=nn (even n)
V(2)| o= |V, | [1-|T]] 0+2Bz . =nn (odd n)

( 54n
o "7\ 180 n-0.3
_ nRIT — _ \ _ - -
zZ . = = A= A odd »n
min - 5g 47 4 ( )
n=1 - =z =973-01751
4
1.3
n=-1 = zmm=—Tx=—03251 -~ 1. =0325)\
(f.) 547
o "7l 18 0.3
nit — n—u,
= = A= A even
“max T T g 4n 4 (even )
n=0 - zm=-%x=—0.n7sx -~ 1 =0.075\
n=2 = z =X75_0425%



» Quasilumped elements
€ Open- and short-circuited stubs

(assuming the length L is smaller than a quarter of guided wavelength 1)

Y,
L

2w 27
"='th —l)a' (_ )-_—:' ——
Yn=J an(l\ e\ -H=4

Z,
<41
I<hj4
27
Zn=JZ, tan(—l) = jZ.
Ag

l<-£
8

T

A

|

L

2171
A

&

L

2]




* When a transmission line is not terminated with a matched load, it
leads to losses and reflections. In order to avoid this, a A/4
transmission line can be used for matching purpose. The
characteristic impedance of the A/4 transmission line is given by
Z,=V(Zo,R)L. substituting the given values, we get 2,=70.71 Q.

* For atransmission line, if the input impedance of the transmission
line is 100Q) with a characteristic impedance of 150Q), then the
magnitude of the reflection co efficient. The expression for
reflection co-efficient of a transmission line in terms input and
characteristic impedance is (Z,-Z,)/(Z,.+ Z,). Substituting the given
values in the above expression, reflection co-efficient is 0.2.



Microstrip Lines



Microstrip Lines

Conducting strip W 1

—

————
€0 (725NN

o w ks ot 1\.- .‘f"" .:f -.f_ : .- . . R '—

Ground plane ®e: {#F Ty I A

AR LALLM LR AR AR WA AR R S AR R

Dielectric substrate

nI



- Transmission Line Parameters

4
Effective Dielectric Constant (e..) and Characteristic Impedance(Z)

» For thin conductors (1.e.. t — 0). closed-form expression (error = 1 % ):

® Wh<=1: ® Wh=1:

W W

[ W -1
— + ‘H’— L, = — + 1.393 +0.677 1 —+1.444)
L. = T n{ 0. ) . Tﬁw{ 3 |1‘ f }



For thin conductors (i.e.. t — 0). more accurate expressions:

€ ELfiective dielectric constant (error = 0.2 % ): 4 Characteristic impedance (error < 0.03 % ):
g+ s,—l(] Il]]ua: ;__" 1[F+."Il+(2]:j|
Fre 2 2 T ¢ Eﬂ'\-‘"Ev N w y i
u \2 ' 30.666 Y0752
4 —
{5 i +(52) | l[l ( ‘ ﬁ"] hﬁﬂh_mﬂp’_( u ) 1
=]+ — + I
Tl WY WL N AETY Bt AR NTY )

£,—-09 )u.rm
+ 3

b= D.ﬁﬁ&l(
£

J "



- Transmission Line Parameters

» Guided wavelength

A, =

’;]]'D
» Propagation constant
2r

S

E

» Phase velocity

» Electrical length
0=p1(

or

. 300
- = mm
* f(GH:)yJe,

I

G—O

[

—C)




- Transmission Line Parameters

» Losses
€ Conductor loss
€ Diclectric loss t
€ Radiation loss EFFECTIVE
MICROSTRIP
IRMITTIVITY
» Dispersion "["“'
® c.(D
® Z (D

4
Er --------------
| ——
Egprit)
Eott
G—-—t
_‘[ FREQUENCY  —a

» Surface Waves and higher-order modes
€ Coupling between the quasi-TEM mode and surface wave mode become
significant when the frequency is above 1,

ctan’ E,

f:_:

\E:rh\/a,_ —1

€ Cutoff frequency £, of first higher-order modes in a microstrip

C

ﬂ:\/?,_(zwm.s;?)

€ The operating frequency of a microstrip line < Min (f.. £.)
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Smith Chart History

* Invented by Phillip H. Smith in 1939
* Used to solve a variety of transmission line and waveguide problems

Basic Uses

For evaluating the rectangular components, or the magnitude and phase
of an input impedance or admittance, voltage, current, and related
transmission functions at all points along a transmission line, including:

* Complex voltage and current reflections coefficients

* Complex voltage and current transmission coefficents

* Power reflection and transmission coefficients

* Reflection Loss

* Return Loss

» Standing Wave Loss Factor

« Maximum and minimum of voltage and current, and SWR

* Shape, position, and phase distribution along voltage and current

standing waves



P TABLE 2.2 Formulas for Transmission Lines

Quantity

General Line

Lossless Line

Phase constant, f§
Attenuation constant, x

Characteristic impedance, Z,

Input impedance, Z,
Impedance of shorted line
Impedance of open line

Impedance of quarter-wave line

Impedance of half-wave line

Reflection coefficient, I';

Voltage standing-wave ratio
(VSWR)

Propagation constant, y = x + jf§

VR + joLXG + joC) JjoLC
r 2
Im(y) TN | e _n
/
Re(y) 0
| R+ jeoL L
| J /_.
VG +jeC Ve
., Z; cosh yl +Z, sinh yI _ Z; cos pl+jZ, sin pl
Zy cosh yl + Z; sinh yl Zy cos Bl +jZ; sin pl
Zy tanh y/ JjZy tan Bl
Z, coth y/ —jZy cot Bl
&)ZL sinh o/ + Z; cosh o/ 7z
Zy sinh ol + Z; cosh o/ Z
L L
., Z; cosh o + Z, sinh o/ 7
Zy cosh al + Z; sinh of *
2,2 2, - %
Z,+ 24y Z, + 4y
1+ || 1+ |I7|
1 — || 1— I
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Terminated Transmission Line

— -
:'!.”-- : Z0 : |:] zr
— ——
2= - z=0

Z-aXIis

* Input impedance and reflection coefficient
V(z) _ 7 Aje 7t 4+ Are¥< P e Vi 4+ Tpe?~

— £0

Lin(2) = —— = 2
[(2) Aje VT — Aje?? e—vi — [er?

where ['g = A» / A1 1s called the reflection coefficient at the load



1 — 2o
['g =
Z1 + Zo
Vo < Arers Vs Ly — 7 o T
r(:) — ( ) — 2 - = r[]fi“'};“ — L UE"V;J
V.i(2) Aje 7z Z: + Zo

Note: the power reflection coefficient is:

Cp() = [T(D]* = [To|* e
Z; + Zytanh(yl)
Zo + Z tanh(yl)

Zp + jZytan(Bl)
Lo+ jZ tan(Bl)

The input Impedance  Z;,(l) = Zy

For the lossless case Zin(l) = Zo




Input impedance for special cases

Matched case (1= 0): A0 7
in — £

Open circuit ("= 1): Zin() = Zo
LR -

J tan(pl)

Short circuit (I'=-1): Zin(l) = i Zo tan( A1)

Quarter-wavelength case: 72
’ Zin{” — Z_U
L



Return loss

 When the voltage reflection coefficient and power reflection
coefficient are expressed in logarithmic forms, they give the same
result, which is called the return loss

LRT{-’,} = —2010?:7](){“_‘(1")') — —lUlog][](Fp(f}}



Example Impedance Trans.
Normalized the parameters

; 0.674 i
€ >\
Z;=500 “x Z; =50+7250
5 ]
E, 0.674 Ei

N
iiifjf;;;; z, =1+j0.5Q

o ]

()= +jtan B (1+j05)+ jtan(27-0.67)
VY lejztan B 1+ j(1+ j0.5)tan (27 -0.67)

=1299— j0. 485



Admittance

A matching network is going to be a combination of elements

connected in series AND parallel.

Impedance is well suited when working
with series configurations. For example:

V=71 Z‘L = Zl + ZZ
Impedance is NOT well suited when working

with parallel configurations.

AV
ZL: [ £2
ZI+ZZ

For parallel loads it is befter to work with
admittance. [

Y =—
I=yv. 17z Y =Y +Y,

L
21| |24
Y Y>




Normalized Impedance

All impedances are normalized. This is usually done with respect to
the characteristic impedance of the transmission line Z,.



Smith Chart

* Smith chart is based on the polar plot of voltage reflection co-
efficient.

* |et the reflection co-efficient be expressed in terms of magnitude
and direction as =| | e®. Magnitude is plotted as radius from the
center of the chart, and the angle is measured in counter clockwise
direction from the right hand side. Hence, smith chart is based on
the polar pot of voltage reflection co-efficient.

* Reflection co-efficient is defined as the ratio of reflected voltage or
current to the incident voltage or current. Hence reflection co-
efficient can never be greater than 1. Hence, only reflection co-
efficient less than or equal to 1 can be plotted.



Polar Plot of Reflection Coefficient

The Smith chart is based on a polar plot of the voltage reflection
coefficient I'. The outer boundary correspondsto |I'| =1. The
reflection coefficient in any passive system must be|I'| < 1.

| = 1
IT| = 0.8

IT| = 0.6
— e

[T =0.4 \

III'.
Ir] = 0.2 \ 7

[Tl =48

F:|F|-ef9

|T| = radius on Smith chart

¢ = angle measured CCW from right side of chart

Smith Charts



The Si th Chart

Z=R+-jX Y=G+-iB

=0.2 4

The chart 15 normalized (Zn)
s0 that any characteristic
impedance (Zo) can be used.

Zn=R+-jX Constant R circles

/o 7o

Constant VSWR circles

Constant X circles



Reflection Coefficient form Normalized Impedance

7 -7 oz -1 ] L
=2 B oS AT —
Z,+Z, z;+1 = T
I 0 “r | Do
Lines of cons:ta_nt resistance  Lines of constant reactance Reactance Regions

v |

P Opan Crourt Short Priacd
circuit Xzi:

\ 6.0
I




S: standing-wave ratio

S s numerically equal to the value of ro at Pmax, the point at
which the SWR circle intersects the real 1" axis to the right
of the chart’s center.

e |
- _|_ l ﬁ ]. F . -
L S = ||ﬁ||max =7 + :F: (dimensionless)
min T
For T =0

r=r =5 -1 S-1
r 1 T=<—
o+ S+1



Complex Plane

I = T|e/ =T, + jT

0;,=53°

Fy =03+ 0.4 =0.5¢/%

g = —0.5— j0.2 = 0.54¢/202° 0¢ = 180°

Short-circuit
load
Open-circuit
load

Unit circle

6. = 270° or —90°



Reflection coefficient at the load

Outermost scale:

Inner scale:

wavelengths toward

generator

O; in degrees

Middle scale:

wavelengths
toward load

2-j1

P4

oty
] i

The reflection coefficient has a magnitude

2— 1.

—26.6°. Point R is an arbitrary point on the r_

Point P represents a normalized load impedance zj

Figure 2-26:

OP/OR

0 circle (which also is the |I'| = 1 circle).

= 0.45 and an angle 6, =

Tl =



Impedances, voltages, Smith Cha rt r=I;= zp-1

currents, etc. all repeat
every half wavelength

Short
(z=0)
=-1

Purely real impedances along s Purely imaginary impedances
the horizontal centre line a5 along the periphery



The Smith Chart: Nomographs

» at the bottom of Smith’s chart (left side), nomograph 1s added to
read out with a ruler the following

* (Is'ruler) above: SR, below: SWR in dB (20log,, SWR)
* (21 ruler) above: return loss in dB, —201og;, |T"|

below: power reflection coefficient [I'|> (P)
e (3" ruler) above: reflection coefficient |I'| (E or I)

FLR U e ' 1
measured as distance —— =0 w0 = —10 lﬁgm (l_ ‘ I |2)

ﬁ*c:r;rn chart’s center \"l RADIALLY SCALED PARAMETERS ‘ o
b ‘.
T £ . TOWARD LOAD —= «— TOWARD GENFRATOR Ak
3 #0040 2 10 3 | 5 2.5 2 1B 18 14 1.2 1.1 1 15 1 T ] 4 3 g 1 T __\_\ - =7
e T I T I N M N AN O T R st i P 0 N T O S Y ST Y S S TS S } '-\_".CD'\"'
1 15 T T ST &
0 2 3 i{ 5 B 10 15: s “
5

S L S L L T S A A R
e

i 8 % 10 12 14

3 14 15 16 17 18192 2.5 3 fl

e d
2 0 : &
Ve 0.5 .95 . 0.7 ! 5 md 03 0@ 0n1oa A Op
Y i L T S R A I O I 1 i i i i i i [T SR TR TR T TN T SR TN N N | B
-
CENTER %
ad i n 0% 0.4 05 6 .7 i 04 i i1 i2 13 14 15 i i7 18 10 A
‘I IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII 1
DRIGTIN \ t /

| ITf petfect maich I-|TF |T |51+

Lecture 11: The Smith Chart




Example 2-11: Smith Chart Calculations

A 50-€2 lossless transmission line of length 3.3 1s terminated
by a load impedance Zp = (25 4+ j50) Q.

ZL 25 -+ _]50 PR ML T
7L = — = = 0.5 1 T L e s
L ZD 5 0 _l_ J & ~\“\,a\ \;0 = £ 2 e :, 7]

[~ 8> Wil
’ .&“»\\
B !
2 5,
; "u“"ﬁ ‘Al' z
(a) §°¢ o8
' "
S 5o/ 2
¥ ;‘g
dmax = (0.25 — 0.135)A =0.115A
Loc_a_ltion ; [
Of | Phnin 5.
I ESIST Cl 2 l‘“(l‘l\lll.'(l't\lL[.((",lII\!’\‘!. T l 0

dmin = (0.5 — 0.135)1 = 0.365A

(b)
Zin = 0.28 — j0.40

Zin = ZinZo = (0.28 — j0.40)50 = (14 — ;20) 2

Yin

§=4.26

© ; s LOC_Z}tion
of [Vlmax




Example: Consider the characteristic impedance LI

)
ol vt gm

T e B St
of a 500 termination and the following impedances: I gt e 1 L i ’*‘“‘
.uﬁ_.\'eu-\;" -
Z1 =100 +j500 Z>=175-]1000 AT
Zs == (an open circuit) 7 =0 (a short circuit) A
Z4=]2000 Z4=1500 @
Z7 =200 Zz =184 19000
e A
Then, normalize and The points are plotted as follows: : o o
f ' A s '}—LJE ' -r;. -'.5.1. B
Zi =2+ Z>=15-)2 tHIH LD _.u{%ﬂl'kth-g; AR " T
75= 8 75=0 L Rt ;
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Zz3 =4 Z4=3
z; =1 Zg = 3.68-j18
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for Z, =50 Q, the
quarter-wavelength TL
transforms a load of

Zy=25—j25€Q
to an input impedance of
Z, =504+ j50 Q




on 3

%
a"”

e unknown distance to load s
in terms of toward generator \LA =0.1941
D. =D/24 4i/

* known load Z, /

/s A
/ SR
ZL =75+]75Q (78 s :
fi' 1 sk
* known Z L
s | FrHisEm
Zy=250 " S
| lr’ :
* measured Z;, | ikl
Zin=23-j34 Q" ¢
New position = ..\ g ‘:.l}
2A+.1%9 A= SENE
3944 >

it i
Lp= 0394/1'

,;-—-~—--—+-"";F




The Smnth Chart Reading Out SWR
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Example Impedance Trans.

0.145

Walk away from load 0.674

Since the Smith chart
repeats every 0.5/,

is the

same as traversing 0.17 4.

traversing 0.6741

Here we start at 0.145 on

the Smith chart.

We traverse around the

chart to
0.145+0.17 = 0.315.



Example Impedance Trans.
Determine input impedance

0.674 |

"3
-~

G
Z, z, =1+ 05 D$

.

Reflection at the load will be
the same regardless of the
length of line.

Therefore the VSWR will the
same.

The input impedance must
lie on the same VSWR plane.

z, *1.3-j05

Z,=2Zyz, ~(50 Q)(1.3-j0.5)=|65-25Q




constant R-circle — L or C 1n series

() A>B:il+ 05+ jr=1+j2— X = j15Z, = joL — L= 2%
3]
:add an L in series
1 1
2) B—A:1+j2+ jx=1+j05— jX=-jl.52, =———>C=
(2) Jrr =l j05 = X =132, == 150z,
:add a C 1n series
5
or B—>A:1+j1-jAx=1+j05— jJAX = j1.5Z, =jmﬂL—:-.ﬁL:1 Z,
@
o . 152,
: reduce extra jAX = j1.5Z (or reduce series L by AL = )
@
(3)  CoD:1-j05+ jr=l- 2= X =—]1.5Z, =—— > C=—1
T e e T e T T 50z,
radd a C in series
Y : B _ 1.5Z
(4) D-oC:il-j2+jx=1-j05—=jX¥=j15Z =jol - L=——-2
®
:add an L in series
or D—-C:l-jl-jAx=1-j05— jAX=-j1.5Z = —-AC= 1
JoAC 1.50Z,
reduce extra jAX = —j1.5Z (or reduce series C by AC = : )

L5aZ,




constant G-circle — L or C 1 shunt

157,
(1) 4> B:1-j2+ jb=1-j0.5— jB=j1.5T, = joC — C =2
(0]
radd a C 1n shunt
or A—>B:1-j2-jAb=1-j0.5—> jAB=—j1.51, = —AL= 1
JOAL 1501,
: reduce shunt jJAB =—j1.57 (or reduce shunt L by AL = SoT )
Sof
) BoA:l-j05+jb=1-j2— jh=—jl5=—
JOL
radd an L i shunt
1
(3)  C—oD:l+j2+jb=1+j05— jb=—jl.5=——
JoL
radd an L n shunt
. _ . _ _ . 151
or CoD:1+j2-jAb=1+j0.5—> jAB = j1.57, = joAC - AC =
©®
. : - L5Y
reduce shunt jAB = j1.5Y (or reduce shunt C by AC =—)
©

(4)  DoC:1+j05+jb=1+2— jb=jl5= joC

-add a C mn shunt




Impedance/Admittance Conversion

The Smith chart is just a plot of complex numbers. These could
be admittance as well as impedance.

To determine admittance from impedance (or the other way
around)...

1. Plot the impedance point on the Smith chart.

2. Draw a circle centered on the Smith chart that passes
through the point (i.e. constant VSWR).

3. Draw a line from the impedance point, through the center,
and to the other side of the circle.

4. The intersection at the other side is the admittance.



J
1.5+ j0.9

-
Z
y

z=02+;04




Therefore| we have » = 0.3, x = 1.2 (check this result with the

S m ith Ch a rt SOI Uti o n analytic solution). Then for a frequency at /= 500 MHz,

we have

b 7
C=—""=0.92pF I =220 _38 8uH
2nfZ 2

0

Q
.,
b
Q

¢ 2,=200-j100Q, Z,=100¢,
£,=500MHz.

Plot =, =2-j1
Draw SWR and y =1 circles

Convert z; toy;
Add shunt susceptance to y;
Convert yto:

®* & ¢ & O o

Add series reactance

D.M. Pozar, Microwave Engineering, 2nd Edition, Example 5.1, p.p. 254, John Wiley & Sons, 1998



Smith Chart Solution

0
e,
e

[

¢ 7,=200-100Q, Z,=100,
£.=500MHz.

Plot z; =2-j1

Draw SWR and y =1 circles
Convert z; toy;

Add shunt susceptance to y,
Convert yto:z

®* & & - & o

Add series reactance

D.M. Pozar, Microwave Engineering, 2nd Edition, Example 5.1, p.p. 254, John Wiley & Sons, 1998
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Matching Networks

T'he purpose of the matching network is to eliminate
reflections at terminals M M’ for waves incident from the
source. Even though multiple reflections may occur between
AA" and MM’, only a forward traveling wave exists on the
feedline.

Feedline M A

+
V’,ﬁ,@ 20 Lin =

Matching
network

()
Generator Load



Examples of Matching Networks

Feedline M

A/4 transformer A

Zo  Lin—» Zo2 ,
LS

(a) In-series A/4 transformer inserted at A4’

Z(d)
Feedline M| A4 I d |4
?B e
2ol Lip m— Zo2 — Zo1 I_Zd
%, 2 4

(b) In-series A/4 transformer inserted at d = d,,x Or d = dpin

v(dy)
Feedline ﬂ.ff £
Z Z == Z I:zZI
M d) 14’
& O

(¢) In-parallel insertion of capacitor at distance d,

Feedline

wv(dh)
M

ZO Zin—'*

M?

(o AN

v [

|4’
ra
e

(d) In-parallel insertion of inductor at distance d»

vs(l1)
Feedline | Ml ‘I‘A
NN
M? 4?

(e) In-parallel insertion of a short-circuited stub



Lumped-Element Matching

Choose d and Ys to achieve a match at MM’

Feedline l Feedline
Yo Yo I YLl —
\ Shunt element Load
(a) Transmission-line circuit (b) Equivalent circuit
Figure 2-34: Inserting a reactive element with admittance Y at M M’ modifies Y4 to Y;,.
Vin = &d + j(ba + bs). (2.140)
Yin = Yq + Y5

To achieve a matched condition at M M’, it is necessary that
Yinh = (Gq + jBq) + j B vin = 1 + jO, which translates into two specific conditions,

: amel
— G4+ j(Bg+ Bo). namely

gd I (real-part condition), (2.141a)

by = —bg (Imaginary-part condition). (2.141b)
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Smith Chart Example 1

69.5Q + j67.50

I7 =0.5£45°
50Q2

Z; =500(1.39 + j1.35)

Given:
ZO
What is Z,?



Smith Chart Example 2

P X IS i
Given: /}fgmg\\\
Zy =15Q-j250 p/”fg\;”?%‘ 3 qz-r ,,
Zy =500 €SN
What is [}?
150 j250)
ZL —
50Q2
~0.3-j0.5

I, =0.6£-123°




Smith Chart Example 3

' : Z1 =509+ j500 e Ry |
! s; ~— ¢
L @ e

Zo =500 [:j
O O

O
N
; 23
What is Z,,at 50 MHz? /@’
500+ j50Q Wil
2, = o7 2
500 o1 6
=1.0+il.0 il
zi§\g
I = 0.445.264° |15

)
%F

T

B =y T g PRI s i P \)j‘f‘k\

I= fir=50-10°-6.78-10°1=03394 7\
3., =180°

I, = 0.4452180°

Z,, =500(0.38 + j0.0)=19Q

Peryod: T=1/f=20 x 10 sec
Hattin uzunlugu: t=6.78 x 10 sec verildiginde
kA y1 bulmak icin k nin belirlenmesi gerekir. k=t/T =0.339 bulunur.



Kaynaklar

* https://www.ece.ucsb.edu/~long/ecel45a/ampdesign.pdf

* Amplifiers, Prof. Tzong-Lin Wu. EMC Laboratory. Department of Electrical
Engineering. National Taiwan University


https://www.ece.ucsb.edu/~long/ece145a/ampdesign.pdf
https://www.ece.ucsb.edu/~long/ece145a/ampdesign.pdf

These slides were gathered from the presentations published on the internet. |
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acknowledgment) in my set of slides.
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