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Intro to Transmission Lines
(T.L.)

m Hi-frequency or Hi-power requires T.L.
= TEM waves propagate thru T.L.

= We will develop T.L. theory to see how
waves propagate thru them

Seem to be in parallel, but these V are not
equal!

® A 40-m long TL has V=15V, Z,=30+j60 Q,
Don’t worry about the
details, I'll teach you
about solving this type ;
of problems pretty soon. —

bagation constant

m Answers:

Z,=30+j60Q, I, =0.112/-634°A,
y=0.0101+ j0.02094 m™'

745/ -111°%¢7%* =0.1124 -63°

H
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Transmission Lines (TL)

Have 2 conductors
in parallel with a
uter conal A shisd dielectric separating

3 \ center conductor them

COAXIAL CABLE

braided shield

= They transmit TEM
waves inside the

lines

outer jacket

0 " dielectric
for insulation

i

Common Transmission Lines

Two-wire (ribbon)

twinlead  Flectric Field
nes) s,
y _5//(:\\7\’\5; \
{f >

Microstrip

Coaxial Stripline (Triplate)




Other TL (higher order)
[Chapter 12]

oncentric

dielectric
laveis metal ground plane
) dielectric spacing

(f) Rectangular waveguide

(g) Optical fiber (h) Coplanar waveguide

Higher Order Transmission Lines

Figure 2-4: A few examples of transverse electr

ic (TEM) and high der tr. sion lines.
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Fields inside the TL

m J/ proportional to E,

V:—jE-dl

[={H-dl
m [ proportional to H

- = - Magnetic field lines

Electric field lines

U
bg__
Coaxial line

Generator Load

Cross section

Figure 2-5: In a coaxial line, the electric field lines are in the radial direction between the inner and
outer conductors, and the magnetic field forms circles around the inner conductor.
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Distributed parameters
The parameters that characterize the TL are

given in terms of per length.
= R = ohms/meter

. wavelengths comparable to the size of

m [ = Henries/ m the circuits.
» C = Farads/m Aoz =€/ 60 =5,000km
=¢/2000,000,000 =15cm

At high frequencies we’re dealing with

= G = mhos/m Hagu

&

Common Transmission Lines
R’,L’, G’, and C’ depend on the particular transmission line
structure and the material properties. R, L, G, and C can be
calculated using fundamental EMAG techniques.

Parameter Two-Wire Line

Coaxial Line Parallel-Plate Unit
Line
R’ 1 1 ( 11 ]
a0 2m0,,0\a b
’ b
L ﬁucosh(g] il‘{_]
T 2a 27 \a
G ’ 70 jiet 27!0'(“(,
acosh(D/(Za)) In(b/a)
C’ e 2me
ucosh(D/(Za)) ln(b/a)

= e
o - M
(a) Parallel-wire representation
Az Az Az A ool
R
(b) Differential sections each Az long
R'Az LAz R'Az LAz R'Az LAz R'Az LAz
i ARt R w»——mm\?
G'Az =C'Az (I'AZQ-‘—-("AI G'Az =C'Az G'Az =C'Az
. ; ; o 7 ;
(¢) Each section is represented by an equivalent circuit
Figure 2-6: Regardless of its actual sh: M ission line is rep d by the parallel-wis il ion shown
in (a). To analyze the vol ind current ations, the line is subdivided into small differential sections (b), each of which
is then represented by an equivalent circuit (c)
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Distributed line parameters
|Usin2KVL: |

Iz,) RAz LAz I(z + Az, 1)
- -——o0
+ +
To generator Al
l— To load
V(Z+ Az, 1) o
V(z, D GAz CAz

z

N |
B

\
—_—

z+Az

+ Az, 1) — V(z, t ol(z, 1
V(z z, 1) (z )=R1(z,t)+L (z, 1)
Az ot
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Distributed parameters
» Taking the limit as Az tends to 0 leads to

WV et

0z ot

= Similarly, applying KCL to the main node gives

A _gyic
d9z Jt

i
Wave equation

= Using phasors
V(z,t) =Re[V.(2)e’*"]

I(z,1) =Re[l (2)e’™]
= The two expressions reduce to

“We (R4 joL)l, o

0z ’ s 2 _

ol o P =7 Vv =0
-2 =(G+ jwC)V, Z

a0z ) 7> =(R+joL)G+ jC)

Wave Equation for voltage

H
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§:
TL Equations

= Note that these are the wave eq. for
voltage and current inside the lines.

av. , I,
s—y*V. =0 syl =0
pE Vs pE Vs
m The propagation constant is y and the
wavelength and velocity are

y=a+pfj={(R+ joL)G + joC)
_2r —w/ —
A //3 u /ﬁ A

§:
Waves move through line

m The general solutionis A

V=Ve”™ + Ve~ —
f p-o

= In time domain is
V(z,1)=Re[V,(2)e™"']

=V'e ™ cos(wt —ﬁz) + Ve cos(wt + f2)

> Q=

§::x
Waves move through line
m For Current \
I =I"e”™ + [e" —
N <
n Similarly for time-domain, 7 z

I(z,t)=1"e"“ cos(wt — Bz) + [ e™ cos(wt + 7)
— A ]
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We will define 3 concepts:

m Characteristic impedance, Z,

m Reflection Coefficient, I'y o T
= Input Impedance, Z;, \l’m ) 2 v [
i
Input C;zle Load (Ant;rl\::c)‘

50 e [l

H

We will define 3 concepts:

m Characteristic impedance, 7,

m Reflection Coefficient, I'L F\ﬁv—o«d:)—
» Input Impedance, Z;, 6% %
Input Cable Load (Antenna)

Zo Z load

w5 G—: l .

H

Characteristic Impedance of a Line, Z,

m |Is the ratio of positively traveling voltage wave to
current wave at any point on the line
_dV(2)
Z

=(R+ joL)I(2) \

substituting
V(z)=V'e™
I)=I'e™ z
—(=yV'e ™) =(R+ joL)I'e™

P =L*=R+ij=\/R+ij
I y G+ joC

i

Characteristic Impedance, Z,

7z VY __ V. _ |R+tjoL
1 I \G+joC

Different cases of TL

Find the characteristic impedance and propagation constant for each:

m Lossless h—b | Transmission line |'>h

m Distortionless

h—b | Transmission line |'>h
m Lossy
h—’ | Transmission line |->h




i
Lossless Lines (R=0=G)

Have perfect conductors and a perfect dielectric
medium between them.

m Propagation:

a=0, y=jp, f=wVvLC

m Wavelength & Velocity:

i
Distortionless line (R/L = G/C)

Is one in which the attenuation is independent on
frequency. .
auency y=a+jp

m Propagation: ¢ =+RG S =wvLC

Propagation Constant Characteristic Inpedance

General — . [R+jaL
7=J(R+joL)(G+ joC) Z,= G jaC
(Lossy) -
Lossless

7y =0+ joVvLC

Distortionless

RC =GL }/:\/ﬁ+ja)\/f

w 1 .
U=— = =fA A== m Velocity: o 1 A
B~ JLC B “=p " Tc !
m Impedance
L L R
Z,=R ==  X,=0 "impedance X =0 Z,=R,=|Z=[=
c C G
S ummar A telephone line has R=30 Q/km, L=100 mH/km, G=0,
y and C= 20pF/km. At 1kHz, FIND: the characteristic
y=a +jﬂ Zy impedance of the line, the propagation constant, the

phase velocity.

| [s it distortionless?

S(;uti_on: R+ jol
* NG+ joC

y= (R+ju1L)(G +jtz)C)

i

We will define 3 concepts:

m Characteristic impedance, Z,

m Reflection Coefficient, ', y
= Input Impedance, Z;,

Cable Load (Antenna)
Zo Z load

o [l

Input

i

We will define 3 concepts:

m Characteristic impedance, Z,

m Reflection Coefficient, I', o 4

= Input Impedance, Z;,

Cable Load (Antenna)
Zo Z load

e s

Input
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Reflection coefficient at the load, I';

Load is usually taken at
z=0
and generator at z=-/

V()=Ve"+Ve™

+
V re 2-5: In a coaxial line, the electric field lines are in thd

outer conductors, and the magnetic field forms circles aroun
+( -7 +7z
V.(2)=V"(e7 +T,e7)

H

For a Lossless TL terminated with a load

Then, V(z)= V+(€_}C +FLe+}C)
Similarly, 1(z)= V_(ef:c T e*”)
s 7 L
The impedance anywhere along the line is given by
V.
2()=YE_;

Iz °
The impedance at the load end, Z, is given by
(1+1,)

Z(1=0)=2,=2
(=0=2,=2,;7

H

Terminated, Lossless TL

Solving for I'y o Z,-7,

Y Z,+2,

Conclusion: The reflection coefficient is a function of the load
impedance and the characteristic impedance.

Recall for the lossless case,

y=0+jB= jw\/ﬁ
|V,(z) =V*(e’”” +Le” ‘

Then

Ve, _
1.(z)= Z_(e-fﬁz .

0

i
Definition: Matched line

= Means that Z,=7;

m Therefore there are
no reflection!

=0

Z, -7
FL: i )
Z,+Z,

IJER/Vhat happens when you connect
the wrong TL to a speaker?

81

Terminated, Lossless TL

Using convention the coordinate
system,z = -/, at input.

Rewriting the expressions for voltage and current, we have
V(-h=v'(e” +T,e")

-
1= (e T, ")

Rearranging, V(-l)= V*e”/”(lﬂ",e’:’/”)

-
1= Z—e"/”(l ~Le)




Voltage anywhere on the Line

Recall, >

V(i)=V"* (ejﬁ[ + I‘Le"m)

V. =V(-])

in

V, =V(0)

Input voltage= sending end,

Load Voltage = receiving end

Vil=Al4)=V" (ejﬂ/z + (0)8_”/2) Voltage quaterwave from
matchedload

i
We will define 3 concepts:

m Characteristic impedance, Z,

m Reflection Coefficient, 'L "

= Input Impedance, Z, C’% w vt ﬁ

o

| Cable Load (Antenna)
e Zo Z load

Zm.—)_,ﬁ

w
Impedance (Lossless line)

The impedance anywhere along the line is given by

Iy T t-re”

The reflection coefficient at any point along the line:

L()=T,e " =|,|e/" ™!

()=

Then, the impedance can be written as.

s 20
After some algebra, an alternative expression for the impedance is
given by

; given by
Z)=2,=2, w Z0)=2, =2, (2, +2, tanh 1)
(2,+jz, tan Bl) (,+2, tanh 1)
Conclusion: The load impedance is “transformed” as we move away

§::
Impedance (Lossy line)

The impedance anywhere along the line is given by
vy _, (+re™

iy Q-re
The reflection coefficient can be modified as follows

T(/)=T,e*" =T, (e ")

Then, the impedance can be written as

(1+r@)
Z(h=2
=% (ra)

After some algebra, an alternative expression for the impedance is

from the load.

Conclusion: in lossy lines, we end up with the hyperbolic tangent.

IJEEPExampIe: Matched Case

A TL has V=10 V., Z,=50Q If the line is matched to the load and the
generator, find: the input impedance Z,,, the sending-end Voltage V;,

Iin
P
T = T
, Hyﬂ ZL
n Gl R
m Answerseg ‘" > Z,+Z,
< {7} >
Z, + jZ, tan pl
Z,-7,-7, =7Z,=50Q 7, = zw -z
(2, + jz, tan Bl)

r=0
VoltageDivider |y

I:E'E':Example: Matched Case

A /8 long TL has V=5 < 30°, Z,=50Q) If the line is matched to the load,
find: the input impedance Z;,, the sending-end Voltage V;,, the propagation
constant .

T V() =V* (e 4T )
[>T +
~ Zi
: L
Q) Ve 7 i -7,
= 7 = L z,+2,
< {7} >
m Answers: ., (Z/. +JZ,tan /;1)
Z,=2, =2Z,=50Q " (2,+ jZ, tan Bl)

r=0
V,=5£30"=V| =V (e +(0)e

| [va=2r9)=5230 (7 s @)

Solve  for: V*=5/30° |V = 5430"("'7/4) = 5475"'
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Exercise 1: Not Matched

A 2cm lossless TL has V;=10 ¢°*%, Z,=60 Q, Z,=50 Q and Z,=100Q,
2=10cm . Find: the input impedance Z;,, the sending-end Voltage V;,,

7 =74,
V(P -ipl r,==t—
V)=V (e +Ie ) 27,7,
m Use this equation at load and at input, find v+ (2, +jZ,tan Bl)

Z.-2

m Find V;, I _l,, *(2,+ jzZ,1an pl)
. . \% S(e’m) V. =39.9494 =155+ j63Q
m Find Z,, (atinput)

H

Exercise 2: using formulas

® A 2cm lossless TL has V=10 Vi, Z,=60 Q, Z;=100+j80 Q and Z,=409,
2=10cm . find: the input impedance Z,, the sending-end Voltage V,,

((100+j80)+j401an2?”J
Z,, =Z(2cm)=40
40+j<100+j80)tan2”5)

Voltage Divider:

Z,=122-j21.17Q

Z,+2Z

in

V'Zm
V, =—*"=330£-0.766rad
2

The Complete Smith Chart
Black Magic Design

Smith
Chart

Example 3: Not matched to load
A generator with 10Vs and Ry=50, is connected to a
75Q load thru a 0.8), 50Q-lossless line.

= Find V, |z,=50Q@ 7, =75 1=284]
r-ZZl o _ o, z, -z, G2, s | js7s0
Z,+2, . =0. (2, + jz, tan i)
Nvo-ve(ererem)
o n
7 Zo
PowerDivider O 178
V,=,
V' =5.0064126rad
V,=V(=0)

I:E'E':Exercise 11.3: Matched Case

A 40-m long TL has V=15 Vs, Z,=30+j60 Q, and V;=5¢74" V .. If the
line is matched to the load and the generator, find: the input impedance Z;,,
the sending-end current /;, and Voltage V;,, the propagation constant y.

Iin
.
> T
Zo=30+j60 7
Vi r=atjp ’
Q" "
m Answers: L0 i

Z, =30+;60Q, I,=0.112L-63.4°4,
V., =1520°V,., 7=0.0101+,0.02094 m™
7.45/-111°¢7* =0.112£ - 63°
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Power

m The average input power at a distance / from the load is given
by
1 *
e =S R O1 ()]

® which can be reduced to

42

.= li-rr)

m The first term is the incident power and the second is the
reflected power. Maximum power is delivered to load if '=0

I=E|EPSWR or VSWR or s

Whenever there is a reflected wave, a standing wave will form out of
the combination of incident and reflected waves.

The (Voltage) Standing Wave Ratio - SWR (or VSWR) is defined as

20
18
16
= Dmax] e
] x 12

Z 10

1+ i
1_‘FL‘ :

[Pmax| _

v

min

s=SWR=

min

%001 02 03 04 035 06 07 08 09 1
|

H

Summary

= Input Impedance 7
" (2, + jZ, tan )

y (2, + jz,tan Bl)

m Reflection Coef

FL - ZL _Zo

Z, +Z,
| SWR _1+|rL|
‘|FL|

H

Three (3) common Cases of
line-load combinations:

m Shorted Line (Z,=0)

Z,=0+jZ,tanpl = jb I, =1, s=o
» Open-circuited Line (Z;=c)
Zl.”:—jZoCOtﬁl rL:L § =00
= Matched Line (7, = Z,)
Zin :Z() l—‘L :0’ SII

§:
Standing Waves —Short (Z,=0)
Z,=jZ,tanpl,

I[[=-1, s=wx

Voltage maxima
m So substituting in 7(z)
V(z)=V'[e" +(-De ]
V(z)=V"(2jsinfl)

Vel

<

-z Y EVEEY

in(/)

ZSiH[Z—HI)‘
A

*Voltage minima occurs at same
place that impedance has a

Vz)=V"
‘ - ‘ ’ ‘ minimum on the line

i3
Standing Waves —Open(Z;=x)

Z,=-jZ,cotpl, I, =+1, s=o
V(2)=V'[e" +(+De ]
So substituting in
" VTS
Voltage minima V@)
V(2)|=|V*|[2cos(BI)| !
V(z)|=|v* 2005(27”1) <

A A2 M4 |




§::x
Standing Waves —Matched (Z; = Z,)

Z,=2Z,, T,=0, s=1

m So substituting in 7(z)
V()= V[ +(0)e ] IVl
V(z)=V*e™
V()|=v* e””|
V|-

A

.
A Y EVEE

V+

i
Java applets

= http://www.amanogawa.com/transmission.

html
m http://physics.usask.ca/~hirose/ep225/

m http://www.educatorscorner.com/index.cdi
?CONTENT [D=2483

H
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i
Smith Chart

m Commonly used as graphical
representation of a TL.

m Used in hi-tech equipment for design and
testing of microwave circuits

m 1 turn (360°) around the SC = to A/2

i

Network Analyzer

10


http://www.amanogawa.com/transmission.html
http://physics.usask.ca/~hirose/ep225/
http://www.educatorscorner.com/index.cgi?CONTENT_ID=2483

. P (E0)] (1+T,
Smith Chart =% Tra) AR
m Use the reflection coefficient real and imaginary parts .

I'=[£6, =T, + T, = (2,-2,)
" (z+2)
and define the normalized Z;:

)
)

Ir z; +1

H

Now relating to z =r +jx
m After some algebra, we obtain two egs.
(1“ _L)z +2 =[L]2 Circles of r
" l+r YL+

> 1F [1T
[T, -1] +[I‘,—;] =[;] Circles of x

= Similar to general equation of a circle of
radius a, center at (h,k)

(x-h)’+(y-k) =a’

§:
Examples of circles of r and x

coner= (i sio=[1 -] conter=( B[ 1]
AN 1N
NI

Circles of r Circles of x

i

Examples of circles of r/and

Center :(L, Radius = L L 3
I+r 1+r

Circles of r Circles of x

i
Find SWR on the SC

m Numerically s =7 on the +axis of I'; in the SC
Proof:

= 2.~ =(whenz=r)=r—_1
z, +1 r+1

.~ S-1

butthen I'=T +,0=—-

s+1

11



o §::a
Moving on the TL on the SmithC One-turn on the Smith Chart

m A lossless TL is represented as

a circle of constant radius, |1"|’ ®m One turn (360°) around the SC = to A/2 because in the
formula below, if you substitute length for half-
wavelength, the phase changes by 2z, which is one
turn.

or constant s

T(l)=T,e ' [T, |e/e " L
L L

()=T,e*"!

m Moving along the line from the
load toward the generator, the
phase decrease, therefore, in
the SC equals to moves
clockwisely.

)
1)
Y/

\ 1.7

{1/

“v ""A
.
W

{)

N
»

m Find the point in the SC where I'=+1,-1,, -/, 0, 0.5
m What is r and x for each case?

i W
Fun facts : Admittance in the SC Vmax and Vin on the SmithC

m The admittance, y=Y,/¥, where Y,=1/Z,, can be

m The I, +axis, where r> 0 corresponds to Viax
found by moving % turn (A/4) on the TL circle

m The I\ -axis, where r < 0 corresponds to Viin

2 (A
2B1=2—| = =7
pi-2(3)
s-0=Zi_ L V'(1+Te¥) 14Te” 14T’ 14T
Z, z,,V‘Z(l_re:w) 1-Te¥”  1-Te¥°  1-T) Vnax
’ (Maximum
N .
z(l:/l/4):l+re :l+r( l):i impedance)
1-Te’” 1-T(-1) 14T
V' _Tp2f
,</~o)*(/) 2 0-T¢") | pen yp
i Y,) v*(1+re*”) 14T’ 14T

i

Exercise: using S.C.

® A 2cm lossless TL has V=10 V., Z,~60 Q, Z;=100+j80 Q and Z,=40Q,
A=10cm . find: the input impedance Z,,, the sending-end Voltage V,,
Iin
T

Zo
s
nQ ” v
2= >

z, =4—0»’=2_5+>,2 =22 I, =0.622/23.5
|l"(2£m) =0.622£— 120"|

m Loadisat.2179. @ S.C. Voltage Divider:
m Move .2} and arrive to .4179%

m Read

V.Z
V, =—*"-=332/-0.775rad
Z,+Z,

g
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Exercise: cont....using S.C.

® A 2cm lossless TL has V=10 V., Z,~60 Q, Z;=100+j80 Q and Z,=40Q,
A=10cm . find: the input impedance Z,, the sending-end Voltage V,,

Iin
=
»T T
z

< 12.cm] >
2, =25+)2 [, =0.622/23.5°

m Distance from the load (.21792) to the nearest minimum & max

m Move to horizontal axis toward the generator and arrive to .51
(Vmax) and to .25 for the Vyin

m Distance to min=.5-.2179=.282

m Distance to 2% voltage maximum is .282) +.254=.482 See drawing

H

Exercise : using formulas

® A 2cm lossless TL has V=10 Vi, Z,=60 Q, Z;=100+j80 Q and Z,=409,
2=10cm . find: the input impedance Z,, the sending-end Voltage V,,

Z,-Z

| e R R
(100+j80)+j401an?”) Lz,

Z, =Z(2cm) =40 Y]
(40+ 000+ j80)tan 27 )| [Fem)=T,e™

Z,=122-j21.17Q =I,2£-144" =0.62/-120.6"

Voltage Divider:

V Zm
vV, =—*"-=330£-0.766rad
Z,+Z

in e

H

Another example:

® A 26cm lossless TL is connected to load Z;=36-j44 Q and Z,=1009,
A=10cm . find: the input impedance Z;,

Iin
P
T T
2
Q) "~ v

26cm|

[.=36—j4d [1.=264=5(51+.14] [r,=054z-127°]

m Loadis at 427, @ S.C.
= Move .12 and arrive to .5271 (=.0271)
m Read |z, =-31+/.16

[z, =31+ j169]

Distance to first Vmax:

[1...=054—4272=00284]
[i.. =0.0282+ 252 =278/

i

Exercise 11.4

m A 70 Q lossless line has s =1.6 and at the load 6,/=300°. If the
line is 0.6\ long, obtain I', Z;, Z;, and the distance of the first
minimum voltage from the load.

m Answer I, =0.232300° s-1

z, =1.15— .48 s+1

Z,=27,z,=80.5- j33.6Q

The load is located at:{33384] z, =0.68— /.25

Move to .4338 A and draw line from Z,=47.6-/175Q

center to this place, then read where it crosses you TL circle.

Distance to V,,, in this case, Ly, =.5h-.3338 A= ~1/6

oo o oo cpenaree Fof

13



T
Java Applet : Smith Chart

m  http://education.tm.agilent.com/index.cgi?CONTENT_ID=5

i
The end of INEL 4151

m Material extra for (INEL 4155)

14



