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SCOPES:

Passive microwave circuits design and analysis using transmission line
theory and microwave network theory.
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Introduction

*Definition
Microwave: designating or of that part of the electromagnetic spectrum between the
far infrared and some lower frequency limit: commonly regarded as extending from
300,000 to 300 megahertz. (from Webster’s dictionary)
f: 300MHz - 300GHz ===) , : 100cm - 0.1cm
el ectromagnetic spectrum

*Why use microwaves

(1) Antennagain is proportional to the electric size of the antenna.

=) f/, gan/

m=) Mminiature microwave system possible

(@ f /== available bandwidth }
e.g., TV BW=6MHz
10% BW of VHF @60MHz for 1channel
1% BW of U-band @60GHz for 100 channels
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Typical Frequencies

AM broadcast band
Short wave radio band
FM broadcast band
VHFE TV (2—4)

VHF TV (5-6)

UHF TV (7-13)

UHF TV (14-83)

US cellular telephone

European GSM cellular

GPS
Microwave ovens

US DBS
US ISM bands

US UWB radio

535—1605 kHz
3-30 MHz
88—108 MHz
54-72 MHz
76—88 MHz

1 74-216 MHz
470-890 MHz
824-849 MHz
869-894 MHz
880-915 MHz
925-960 MHz
1575.42 MHz
1227.60 MHz
2.45 GHz
11.7-12.5 GHz
902-928 MHz

Wavelength (m)

Approximate Band Designations

300 kHz to 3 MHz
3 MHz to 30 MHz
30 MHz to 300 MHz
300 MHz to 3 GHz

Medium frequency

High frequency (HF)

Very high frequency (VHF)
Ultra high frequency (UHF)

L band 1-2 GHz

S band 2—4 GHz

C band 4-8 GHz

X band 8—12 GHz
Ku band 12—-18 GHz

18-26 GHz
2640 GHz
40-60 GHz
50-75 GHz
60-90 GHz
75-110 GHz
90-140 GHz

K band
Ka band
U band
V band
E band
W band
F band

2.400-2.484 GHz
5.725-5.850 GHz

3.1-10.6 GHz

The Electromagnetic Spectrum
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(3) Line of sight propagation and not effected by cloud, fog,...
mm)> frequency reuse in satellite and terrestrial communications

(4) Radar cross section (RCS) is proportional to the target electrical size.
m===D> frequency/, RCS /"

Emmm)> radar application

(5) Molecular, atomic and nuclear resonances occur at microwave frequencies
astronomy, medical diagnostics and treatment, remote sensing and
industrial heating applications

*Biological effects and safety

non-ionized radiation mmm=)> thermal effect

| EEE standard C95.1-1991

Excessive radiation may be dangerousto brain, eye, genital, .....
mmmm)> cataract, sterility, cancer,.....
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1. Transmission Line Theory

The Lumped-Element Circuit Model for a Transmission Line
The Terminated Lossless Transmission Line

Smith Chart

Quarter-Wave Transformer

Generator and Load Mismatched

Lossy Transmission Lines
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The Lumped-Element Circuit Model for A Transmission Line

A transmission line is a distributed-parameter network, where voltages and
currents can vary in magnitude and phase over its length.

A transmission line is often schematically represented as a two-wire line,
since transmission line => TEM wave propagation

i ) . coaxial line, parallel line and stripline
+
v Lumped-Element Circuit Model:
- Az > Z R = seriesresistance per unit length (both conductors)
() L = seriesinductor per unit length (both conductors)
i1 i(z+Az, 1) G = shunt conductance per unit length
e e
—AMAN—Y M O C = shunt capacitance per unit length
+ RAZ LAz +
v(z, 1) GA? = CAz v(z+Az 1)
o o
- Az o

(b)
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From Kirchhoff's voltage and Kirchhoff's current law

Iv(z.1) _ _Ri(z.1) -1 di(z.1)
dz B ot

KVL.KCL =) HCD _ iz - o 2D
0z - ot

time-domain fransmission line. or telegrapher equation

) time-harmonic form

dl?;gf) =—(R+ jwL)I(z)

di;f_‘:) = (G + WO (2)
) wave equation
dV(z) > d*1(z)
2 _ ()=, @) _ 1z =0

2

ra

y = ﬂh."'(R + jwL)(G+ jwC) =a + j propagation constant
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* Traveling wave solutions

I'z) I(z) I (z)
V(2)=V()+V (2)=V e " +V e" - i+
s
ot V.- V=(z Viz) V (z
I)=I"(D)+I(D)=1le"+Ie"=—= ¢"——= ¢" ' )-(:u =) (2
Z-I? Z-I? - -.- - h"
R+jwL _V," V,~ }
= Z_= i =—= =—— characteri stic impedance
G+ jwC I I
where 1(z)=—7 fe T\ g
z - R+ joL
Y
time - domain solution
viz,t) =V e “"cos(wt — Gz LV] )+ |V |le““coswt + 5z LV )
i(z,t) = I |e”"*cos(wt — Gz+ LI ) + ‘IJ e’‘cos(wt+ Gz+ Z17)
where phase constant B = 2n _
A v,
phasevelocity v = = O _ i

V
input impedance £ in (z)-= (z)

1 (2)
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For Lossless Line

R+ joL

_ ‘Rand G areloss
G+ JoC

From previous drived y =/(R+ jo L)(G+ jo C) ; Z, :\/
if let Rand G are zero:

7:05+LB:J'60\/E (O£=0,B:a)\/E);Zoz\/%

from v, =2 to obtained V,, =——= |If dielectric mediumisair:v  =c

JLC

R 1R

Electronic Materials and Devices Applications Lab



The Terminated Lossless Transmission Line

Assume that an incident wave of the form V_*e5? is generated froma source at z< 0. = we have
seen that the ratio of voltage to current for such a traveling waveis Z,, characteristic impedance.

—->When the lineisterminated in an arbitrary load Z, = Z,, the ratio of voltage to current at the
load must be Z, ; a reflected wave must be excited with the appropriate amplitude to satisfy this
condition.

Sum of incident and reflected waves standing wave solution
V(iz)=V3e P 4V el
I(z)=1}e 7P 4 J[e# = I;: et _ Yo i

Thetotal voltageand current at theload arerelated by theload impedance
V(0) V. +V,
L = = n —
I(O) Vo _Vo

Z, atz=0

V(2). I(z)

==> [ = 0 — o — - [f-
V' Z +Z Z,. 3 % O_Z?

. . 0: (i L

— V(2)=V/ e +Te”| total voltageand current wavesontheline_ _ o]

v ' >
|(2)="-[e " -re] N S
Z, A transmission line terminated in a load impedance Z,.
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V(O) _, 1+T,

From ohmic'slaw:Z, =

1(0) ~° 1-T,
1 =4"% when Z, =Z,=>T,=0
0 zZ +2Z,
: — VA
For arbitrary of z:V(z) =V, (e 4 Z+1“Oe+7/ Z); 1 (2) = ZO (e 4 Z—Foe+7 Z)
O
—y Z +y Z B
Z.(2)= Vi2) Z, © 108 ; because T, = E
| (2) eV z_roe+;/z Z +Z,

e™ "X = cosh(y x) + sinh( 7 X)
sinh( y x)
cosh( ¥ x)

(z,+2,)e " “+(z,-2,)e ¢

Zin(z) = ZO
(Z,+2.)e 7 “—(z,-2,)e" ¢ |tanh(yx)=

7 _7 Z —Z,tanh(y z)
" 7% 7,2, tanh(y 2)
Z, +Z tanh(y)

==> From z=-I ,then Z_(-1) = Z,
Zo+Z, tanh(yl)

==> Zin(_l) =Z

Z, +jZytan(Bl) (Lossess transmission line=>y = jB
°Zo+jz tan(Bl) (tanh(yl)=tanh(jpl)= jtan(Bl)
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Reflection coefficient

- V(=0 _ Va_e_,}%{ =T, e 2P = ¢ AT ¢~
V(- vret - )
Voltage standing wave ratio. VSWR
A
IS

r'(-1)

T |:Vm=ﬂs
VSWR = =
v

mun

Time-average power flow
RE

1 ¢ | 1 . 1.
P()=—] 1'(:.3‘)3(:1)0’:‘:;Re[lf(:)f @)]== -

-,

o

2

(]

where P, :%’VZ— Refl—-I"e 2 4 Te?i —\F\Z}, middle two terms are purely imaginary==> A- A" =2jIm(A)

(]

which shows that the average power flow is constant at any point on the line

—>total power delivered to load is constant = incident power — reflected power

I' = 0 - maximum power is delivered to the load

I'| =1 - no power is delivered
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When the load is mismatched, not all of the available power from the generator is delivered to the
load 2 Lossiscalled returnloss (RL) and is defined in dB

—->RL = -20log |I] dB

If the load is matched to the line =2 "= 0 and the magnitude of the voltage on the line is |V(2)| =
|V, | = isa constant

If the load is mismatched > the presence of a reflected wave leads to standing waves where the
magnitude of the voltage on the line is not constant
V(@) =V, (e +IeV?)=V,"e "Y1+ Ie™?’?)

—> M@ = N, L+ 17| = vy
where I'=|[e’” => ¢=-zis the positive d measured from the load at z=0,

and 6 is the phase of the reflection cofficient
(1+|7]) when the phase term e/ =1 ;

1+ [e 2P?

Al

1+[rjel2)

V@), =N

V@) =‘V0+ (1-|T,|) when the phase term /") = -1
** Janding Wave Ratio (Voltage Slanding Wave Ratio)
As |T| increases,the ratio of V,, to V,, increases

==>VOMR (or SWR) :VSWR= M@ e :1+m A measure of mismatch of a line
V@, 1177
::>‘ ‘:VSWR—l
VOMVR +1
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RL =20 log|;| (dB)

eg., I; = 1 0.1 0
RL = 0dB 20dB codB
VSWR o 1.22 1
all incident power reflected matched load
"no return loss" "eo retrn loss"

1S VSWR < oo

matched load |1_L‘ =0 — VSWR =1
Impedance match
Zin(z)=Zo = no reflected wave I'(z)=0. VSWR=1. RL= c=dB
Pav=Pavmax: maximum power delivered to the load

This is an important result giving the input impedance of a length of
transmission line with an arbitrary load impedance-> transmission line
impedance equation

V(-0) Vgle” +re | 1+re?” Z, +jZ,tan (B1)

Z.(—0)= = 0 —1Lo = 7 Zo =40 :

1(-¢) Vile” -re”|™° 1-Te?” Z,+ jZ, tan (B1)
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Special Case of Lossless Terminated Lines
For alineisterminated inashort circuit-> 2, = 0-> ['= -1

V(). I(2)

-—- b T A
0 | Z

ZU" B V}l_ = B L= D " L D70
- | | - \\ L /7
= : . N

/
e

AN -3 A _A
4 2 4
i i
I I
i I
| I

(cy

AT

(a) Voltage, (b) current, and (c) impedance (Rin = 0 or «) variation along a
short-circuited transmission line.

V=V' (e —e™)=—j2V " sin fz = j2V . sin fI or e = sin A
IIL?-F S JB= Va+ V-:I+ I
I:Z—(e +e )=2Z—cosﬁd=22 cos S o1 BLs = cos fl

X
Z. = jZ_ tan Bl = jX  or Z_”’" = tan S/

0
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For alineisterminated inaopencircuit-> 2 = o0 -> ['=1

L V(). I(2) a& =0 \\//
Zo B Vi 4=e T
Al \ |

i |
Y LEE N

(a) Voltage, (b) current, and (c) impedance (Rin = 0 or «) variation along an open-circuited transmission line.
V=v;(e"”+e#)=2V"cosfz z<0

If
o l=—z.V =2V"cos O or =cos fl
o5 ks p
v i v I )
J=—2 (e /% —eiF)= i2—2_sin /3] or = —sin [
Zo( )=—J =2 B 27 B

Z, | _X. -1

In

— — X o1 —
j tan [l et Z, tanpl
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From consider terminated transmission lines with some special lengths

111(f) =/L.
in()=Zo’/ZL quarter-wave “transformer™

L
1:;'?34»31?._:&‘E I’?Zl—}R1=HERL erj E

N[\]

Ilmorn:l

14 |[Re=Zo|| M2% R, o _Z, _ R _ R,
VSWR = 1+|r£‘ _ F“L +Zo Z.-_: o Rl Rl_ r".Z; VSWR -
B - 1 R.<z, 2
L= T e e Y
V0. A
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Consider a transmission line of characteristic impedance Z feeding a line of
different characteristic impedance Z,;

If the load line is infinitely long, or if it is terminated in its own characteristic
Impedance, so that there are no reflections from its end, then the input impedance
seen by the feed lineis Z,, then the reflection coefficient I"is

I = Zl - Z0

Z,+7Z,
A transmissi on coefficient T
==> the voltage for z<O0 is
V(z)=V, (e? +Te"?)
where V.'is the amplitude of the incident voltage wave on the feed line
V(z)=V,/Te ?* for z>0
Equating these voltage at z=0 gives the transmision coefficient T

Z —-Z 2Z L7
T=1+T=1+2""12= 1 < N
Z,+Z, Z,+Z, "U'lﬁ—:
IL (insertion 10ss) :

IL =-10log[T| dB - i -
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Often the ration of two power levels, P, and P,, in a microwave system is expressed in
decibels (dB) as

>  10log(P,/P,) dB

—> Using power ratios in dB makes it easy to calculate power loss or gain through a series of
components. For ex. : A signal passing through a 6 dB attenuator followed by a 23 dB
amplifier will have an overall gain of 23 -6 = 17 dB.

If P,=V,?/R; and P, = V,? | R,, then the resulting power ratio in terms of voltage ratios is
2
10IogV12F‘)2 :20Iogﬁ R dB
. V: R V2
And if the load resistance are equal => 20 log(V,/V,) dB

On the other hand, the ratio of voltages across equal load resistances can also be
expressed in terms of nepers (Np)

=2 In(V,/V,) Np =2 /2] In(P,/P,)] Np since voltageis proportional to the square root of power
- 10Np= 10log €? = 8.686 dB

If a reference power level is assumed, then absolute powers can also be expressed notation
- If we let P, = 1mW, then the power P, can be expressed in dBm as

10 log (P;/AmW) dBm - a power of ImW is 0dBm, while a power of 1W is 30dBm
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Smith Chart

Developed in 1939 by P. Smith at the Bell Tel. Lab. -> impedance matching problem and
transmission line issue

It isessentially a polar plot of the voltage reflection coefficient, I

- let the reflection coefficient be expressed in magnitude and phase (polar) form as I'=|I'l€? = then the
magnitude |17 is plotted as a radius (|]7]1<1) from the center of the chart, and the angle 6 (-180° < 6 <180°) is

measured from the right-hand side of the horizontal diameter
Thereal utility of the smith chart, it can be used to convert
from reflection coefficients to normalized impedances (or
admittance)

—>When dealing with impedances on a Smith chart,
normalized quantities are generallyused 2 z=2/Z7,

- The normalization constant is usually the characteristic
impedance of the line
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If alossess line of characteristic impedance Z, is terminated with a load impedance Z; 2=
(z-1)/(z.+1) = |I1 &9; where z=Z,/Z_, - thisrelation can be solved for z intermsof 'to give 2 z =
(1+|Ne9 | (1-|11e% where Z, = [(A1+Te3P)/(1-TE€3P)]Z,,1=0

This complex equation can be reduced to two real equations by writing I”and z in terms of their real and
imaginary parts.

Let 7= I+ jhandz = 1+ jx,
2 r o+ jx = [T+ L](A-1)- 1]

The real and imaginary parts of this equation can be found by multiplying the numerator and
denominator by the complex conjugate of the denominator to give

r = [1-I-FANA-1)% I
X = [2I]/[(A-I)2+ 17
> {[-[r/(L+r)]}2+ 2= [U(A+r)]%2 - resistance circles
(L-D)>+[-(Ux)]2= ()2 e reactance circles
which are seen to represent two families of the circlesin the I', and I

For ex., ther = 1circleshasitscenter at I, =05, I; = 0 -------- has a radius of 0.5, and so passes
through the center of the Smith chart

- All of the resistance circles have centers on the horizontal I; = 0 axis, and pass through the I" =1
point on the right-hand side of the chart.

The centers of all the reactance circles lie on the vertical I, =1 line (off the chart), and these circles
also pass through the I"'=1 point

Theresistance and reactance circles are orthogonal.
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Snce terms of the generalized reflection coefficient as

_l+Te? _ Z, +jZstan(BI)
" o1-re” 0 TPz 4z, tan(B1)

where I"is the reflection at the load, and | is the (positive) length of transmission line. 2 If we have
plotted the reflection coefficient |I7€? at the load, the normalized input impedance seen looking into a
length | of transmission line terminated with z_can be found by rotating the point clockwise an amount 243 |
(6 - 2B 1) =2 the radius stays the same , since the magnitude of does not change with the position along the

line
The smith chart has scales around its periphery calibrated in the electrical wavelengths, toward
and away from the “generator ” (the direction away from the load) -2 these scales are relative, so
only the difference in the wavelength between two points on the Smith chart is meaningful.

=> The scales cover a range of 0 to 0.5 wavelengths => a line of length A/2 requires a rotation
of 261 = 2z around the center of the chart, bring the point back to its original position=>
showing that the input impedance of a load seen through a A/2 lineis unchanged.

SIS
: S c

N\ ¢
Z(I) Z, @ .
J
Map rectangular plotof z = Z/Z = r+ jx on the polar plot of

T =|Me” (=T, + jT,),|T|<1,- 180" < /T <180
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EXx. A load impedance of 40+j70¢2 terminated a 100 Q transmission line that is 0.34 long. Find
the reflection coefficient at the load, the reflection coefficient at the input to the line, the input
impedance, the SWR on theline, and thereturn loss.

<Sol>
The normalized load impedanceisz = Z, / Z,= 0.4+ ) 0.7

- using a compass and the voltage and the voltage coefficient scale below the chart, the
reflection coefficient magnitude at the load can beread as |I] = 0.59 -> SAR = 3.87, and to the
return loss (RL) = 4.6dB - Now draw a radial line through the load impedance point, the read
the angle of the reflection coefficient at the load from the outer scale of the chart as 104°

On the other hand, drawing an SWR circle through the load impedance point.

Reading the reference position of the load on the
wavel engths-toward-generator (WTG) scale gives a value of
0.1064 - moving down the line 0.31 toward the generator
bring to 0.4064

>7. =27z =100(0.365—j 0.611) = 36.5—j 61.12

—> the reflection coefficient at the input still has a magnitude
of [I1= 0.59; phase = 248°
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Combined impedance-Admittance Smith Chart

The Smith chart can be used for normalized admittance in the same way that it is used for
normalized impedances - it can be used to covert between impedance and admittance

Z +jZstan(B1)
©Zo+jZ tan(Bl)
the input impedance of load z connected to a A/4 line isz, = 1/z_ which has the effect of
converting a normalized impedance to a normalized admittance. e

From Z,=Z

b7 o o o5
A A Y !
) = S T S
= S s ey o
- Oty
Ky \m &7

% D(&
K> P2
WO
™

O’
\
i o)
Ao

Since a complete revolution around the Smith chart
corresponds to a length of A /2, a A/4 /
transformation is equivalent to rotating the chart 4
by 180° ; thisis also equivalent to imaging a given / : %
impedance (or admittance) point across the center |1 o iianes st F
of the chart to obtain the corresponding |TiEels = b aC

admittance (or impedance) point.
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Ex. Smith Chart Operations Using Admittances
Aload of Z, = 100 + j 502 terminated a 50¢2 line. What are the |load admittance
and the input admittance if thelineis 0.154 long ?

<0l>
Normalized load impedanceisz = 2+ j 1 -2 plotted the z and SWRcircle

—>Conversion to admittance can be accomplished with a A/4 rotation of z (or drawing a
straight line through z,_and the center of the chart to intersect the SAR circle) ; The chart
can now be considered as an admittance chart, and the input impedance can be rotating
0.151 fromy,.

Plotting zL on the impedances scales and reading the admittance scales at this same give
y, = 0.4—] 0.2 => the actual load admittance is then

Y =y, Y=y, /Z,= 0.008— 0.004 S

Then , on the WTG scale, the load admittance is seen to have a reference position of 0.214
A. Moving 0.1514 -2 0.3644

—=A radial line at this point on the WTG scale intersects the SWR circle at an admittance
of y=0.61+) 0.66

— = actual input admittanceisthen Y =0.0122 +j 0.0132 S
MR 1 A2
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Slotted Line

A dlotted line is a transmission line configuration (usually waveguide or coax) that allows the
sampling of the electrical field amplitude of a standing wave on a terminated line. - with this
device the SWR and the distance of the first voltage minimum from the load can be measured,
and from this data the load impedance can be determined - due to the load impedance is in
general a complex number (with two degrees of freedom), two distinct quantities must be
measured with the slotted line to uniquely deter mine thisimpedance

- Measured impedance

Sotted Line (previous) = Vector Network Analyzer (now)

Assume that, for a certain terminated line, we have measured the SWR on the line
and | ., the distance from the load to the first voltage minimum on the line. The
load impedance Z, can be determined as follows.

| = (SWR-1)/(SWR+1) ; a voltage minimum occurs when €(@-28) = -1 when @is
the phase angle of the reflection coefficient, I"= |I' €¢

=> 0= n+ 281, wherel . is the distance from the load to the first voltage
minimum An X-band waveguide dotted line.

Snce the voltage minimums repeat every A/2, where A is the wavelength on the line,
and multiple of /2 can be added to |, without changing the result in 0 = 7 + 2
|, DECAUSE this just amounts to adding 26nA/2 = 2z n to 6, which not change I
- the complex reflection coefficient I”at the load can be find by SWRand |,

To find the load impedance form I"with | = 0: Z = Z [(1+1)/(1-1)]
Mk 1 A2
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The Quarter-Wave Transformer

The quarter-wave transformer is a useful and practical circuit for impedance matching and also
provides a simple transmission line circuit that further illustrates the properties of standing waves
on a mismatched line.

For Impedance Viewpoint

These two components are connected with a lossless piece of transmission line of characteristic
impedance Z, and length A/4 = It isdesired to match the load to the Z,, line, by using the A/4 piece
of line, and so makeI" = 0 looking into the A/4 matching section.

= 7 =7 RL + Jé tanzﬁ => to evaluate thisfor Al = (2nL) (M/4) = n/2
jR tan
= wecan d|V|d1e the numerator and denominator by tan Sl and take the limit as gl = n/2 to get
Z.=2°1 R,

In order for I' = 0, we must have Z,,, = Z, which yields the characteristic impedance Z, as

ZR the geometric mean of the load and source impedances

"%4—,\/4—»
When the length of the matching sectionis A/ 4, , , ]
or an odd multiple (2n+1) of A/ 4 long, ' F> | '
so that a perfect match may be achieved at one frequency, H ?
but mismatch will occur at other frequencies. Zin
MR 1 A2
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Ex. Consider a load resistance R = 100€2, to be matched to a 50Q2 line with a quarter-
wave transformer. Find the characteristic impedance of the matching section and plot the
magnitude of the reflection coefficient versus normalized frequency, f/f,, where f, is the
frequency at which the line is A/4 long.

<Sol>

z, = +/(50)100) = 70.71Q

The reflection coefficient magnitude is given as
Z -7,
Z +Z,
where the input impedance Z, is a function of frequency
The frequency dependence in comes from the B¢ term,which can be written in terms of f/f, as

M:(z_ﬂ](ﬁj:{zﬂf JL v, }: i g
AN4a) v, \4f, ) 2f,

0.3

=

For higher frequenciesthe line looks electrically longer,
and for lower frequenciesit looks shorter.

The magnitude of the reflection coefficient is plotted versusf / f,
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The Multiple Reflection Viewpoint

I" = overall, or total, reflection coefficient of a wave incident on the A/4 transformer
I'; = partial reflection coefficient of a wave incident on aload Z,, from the Z, line
I, = partial reflection coefficient of a wave incident on aload Z, from the Z, line
I'; = partial reflection coefficient of awaveincident on aload R, , fromthe Z, line
T, = partial transmission coefficient of awave from the Z, line into the Z, line

T, = partial transmission coefficient of awave from the Z, line into the Z, line

I = (Zl'zo) / (Zl+zo)

[,=(20-2) 1 (Z5tZy) =-T

I'3=(R-Z) 1 (R+Zy) -~

T,=22,1(Z,+Z,)

T2 = 220/ (Zl+zo) )
Clearly, this process continues with an infinite number of bouncing waves, oo g B &
And the total reflection coefficient is the sum of all of these partial

reflections. Since each round trip path up and down the A/4 transformer

Section results in a 180° phase shift, the total reflection coefficient
can be expressed as e
=T, -TT,[,+ T2 -TT,I: A
=L = bl Ly =L+ mr;rg—ﬁ?:,::%
: =D
n .
=1, _T1T2F3Z (_ F2r3) :
n=0
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when|[,| <1 and |[,| <1, theinfinte seriescan be using the geometric seriesresult that

B TLLI,  [+LL =T TI
1+15,15 1+1.,15
The number of thisexpression can besimplifiedto give
(Zl — Zo )2 4leo
2 + 2
(Zl+zo) (Zl+zo)

— (Zl_zo)(RL + Zl)_(RL _Zl)(zl+ Zo) _ 2(212 _ZORL)

(Zl+zo)(RL +Zl) (Zl+Zo)(RL +Zl)

whichisseen to vanishif wechooseZ, =.,/Z R

=T,

I,-T,([2+TT,)=I,-T, -T,-T,

Then I iszero, and thelineis matched
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Generator and Load Mismatches

In general, both generator and load may present mismatched impedances to the transmission line. We
will study this case, and also see that the condition for the maximum power transfer from the generator
to the load, in some situations, require a standing wave on line.

= Figure shows a transmission line circuit with arbitrary generator and load impedance, Z, and Z,, which may be
complex. = transmission line is assumed lossless with a length | and characteristic impedance Z, => Due to
mismatched - multiple reflections can occur on the line - problem of the quarter-wave transformer

The input impedance looking into the terminated transmission line from the generator end is

Z, =7

1+T,e?”  _ Z,+jzZ, tan Bl
°1-T,e?”  "°Z +jz, tan
whereT’, isthereflection coefficient of theload T, = ? _?’
,+

(0]

The voltageon thelinecan bewritten asV (z) =V, (e + e/
and wecan findV," from the voltageat the generator end of theline, wherez=-/¢

Z . .
= V(-/)=V n___v* (e +1 e
( ) g Zin +Zg [} ( 14 )
Z 1
=> V' =V 0 . .
° 0Z,+Z, (e'ﬁ” +De"ﬂ/‘) 4%’
- i
v S
Z,+Z, 1-T,r,e?") ZyB
whereT; isthereflection coefficient seen looking into the generator
| >
=>SWR = 14T} - 0 Z
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The power deliveredto theloadis

) 1 . 1 9 1 _ 1 2‘ Zin ‘2 1

NowletZ, =R +jX,adZ =R, + jX|

o Ly R,
=P M RAR Tk

Load Matched to Line

=>27Z=2,21,=0and SMR= 1=> theinputimpedanceisZ,, = Z,
=> the power delivered to theload is P=%’VQ\2 7 Z")
Generator Matched to Loaded Line

The load impedance Z, and/or the transmission line parameters ¢, Z, are chosen to make the
input impedance Z;, = Z,,, so that the generator is matched to the load presented by the terminated
transmission line => the overall reflection coefficient, I', iszero => I'=(4-Z,) | (£,+Z,) = 0

2 2
+Xg

—> However, a standing wave on the line since I", may not be zero

; . _E 2 Rg
The power delivered to the load is P_Zyvg\ AR+ XD

TP Im

Zg + * | po= / Re(V I
) V; C ZO.B ) in _? €0V indin /
""\a T, I 7L I e
i -l_b - int
T -

:—[ - -
Vg ! Jr&+&r+m@+my
Z:‘H
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Conjugate Matching

Assuming that the generator seriesimpedance, Z,, is fixed, we may vary the input impedance Z;, until we achieve

the maximum power delivered to the load.
=> Knowing Z,, = easy to find Z, via an impedance transformation along the line

To maximum P, we differentiate with respect to the real and imaginary parts of Z_

oP 1 -2R (R, + Rg)

Z -0 =0

5Rn _)(Rn+Rg)2+(xin+xg)2+[(Rn+Rg)2+(xin+xg)2]2

or, RZ—R2+(X,,+X,f =0

0P mFR(XerX)

X R+ R P (X + X Ff

or, X,o(Xi+ X, )=0

solving ssimulatenously for R, and X,, gives

Ro =Ry, Xin==%q (I #0, I, #0) = maximum power transfer
o, Z,=Z, i |

This condition is known as conjugate matching, and resultsin maximum power transfer to theload, for a fixed generator impedance

The power deliveredis Rg Xg Xin

Re
7

P:}’v ‘ZL A | ~
29 4Rg @ rm)G;r %R.n = I'= UD % Rin
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Lossy Transmission Lines

In practice, all transmission lines have loss due to finite conductivity and/or lossy dielectric. 2 we
will study the effect of loss on transmission line behavior and show how the attenuation constant can
be calculated.

For low loss line= R<<wL G<<wC
The general experssion for he complex propagation constant

7 =R+ joL)G+ iwC)=\/(ij)(ij)(l+ szj(lJr ijj
wa/ﬁ\/ ( I ] o

oL ©oC) w?LC
with RG << 0*LC
G
JIC 1 (_+_j
=l ) oL oC

If weweretoignorethe(R/w/ +Glw/ ) and using Taylor seriesexpression
. i(R G 1 R\F \F 1( R
~ joJLC|1-=| —+— ||, sothat ¢ == —+G,|= |==| =—+GZ,
r=le { Z(a)L a)Cﬂ “ 2[ L \Vc) 2lz,
B =wVLC

R+ joL _
G+ joC
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. distm'tiﬂnles‘.s line RC=L.G

‘L"Fl

’(.’ 1 Al
o= R,|]— :constant f = wy LC — v, = :constant A =—: constant
L JLC

L, =4l
('

* perturbation method
low-loss line (assume ["(z)=0) where P, isthe power at the z=0 plane

P(z)=Pe~* — power loss/length P, = P 20P( z)
oz

_ P(z) P(z=0)
2P(z) 2P

i

g 4
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The Terminated Lossy Line
V(z)=V,|e”+Te”|

1(2) :—[e " Feﬂ] wherel" isthereflection coefficient of theload and

V" istheincident voltageamplitudereferenceat z=0
=T (1)=Te?Pe? =Te?® thereflection coefficient at adistance/ from theload
Theinput impedanceZ,, at adistance ¢ from theload

2 V(1) 5 Z +Z tanhy!
" oN(-¢) °Z,+Z tanhy
= the power delivered to theinput of theterminated lineat z=-/ as

o, ~Lrevi-n(- -

27,
The power actually delivered to theloadis

+]2

[ 200 —2aﬂ

}EZQZ

= 2Relv(0)1"(0) =L -(-IrT)
° . . V(z). I(z
Thedifferencein thee powerscorresponds to the power lostin theline 0 (0. 12) o—
L2 A :> Zo. o, B Z
Poe = PR =2 1)1 0 o]
o | | -
= Thefirst term accountsfor the power lossof theincident wave, — 0 .

whilethe second term accountsfor the power lossof thereflected wave
note: that both termsincrease as a increases
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