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Chapter 2 Transmission line fundamentals \

2.1 Introduction

comparison of microwave transmission lines, losses,
skin depth, ac resistance

2.2 Concepts of two-wire lines

transmission line equation, solution, characteristic impedance,
input impedance

2.3 Free space characteristic impedance

intrinsic impedance, wave impedance

2.4 Matched terminations

load match, source match, conjugated match
maximum power transfer

2.5 Propagation velocity, velocity factor, and attenuation constant
2.6 Standing waves

standing wave solution

2.7 Reflection coefficient and return loss
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2.8 Voltage standing-wave radio
2.9 Open and shorted terminators
effects of termination, equivalent circuits
2.10 Transmission line sections
N4 and N2 lines
2.11 Time-domain reflectometry
operation principle
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% 2.1 Introduction

. Parallel Wires Waveguide
1. Characteristics  coaxial line waveguide microstrip
preferred mode TEM TE10 quasi-TEM
dispersion none medium low
bandwidth high low high
loss medium low high
power capacity medium high low
physical size large large small
casy of fabrication = medium medium easy
integration with hard hard easy

other components .
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%2. Transmission line characteristics: Zo and y=0+j[3,

o = dc(conductor loss) + ad (dielectric loss) + radiation loss
3. Conductor loss depends on the metal conductivity and surface

area
"ds =1RSJ' 2ds, R =L:w/w—u
2 4 0o, \20

4. Dielectric loss depends on the dielectric loss tangent and volume

1 "
})ld - EWS

js ﬁt

B
£, —ERSJ;

—2 "
E‘ dv, &€=¢g-j&", tand =—
€

5.Skindepth _ 1 2
a WUO

copper g =5.813x10'S/m - J, =0.66um at10GHz
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% 6. AC resistance

\-

no. of \
electrons / I

Os
DC area

Carea
[0 f1,0, 1, ACreistance 1, O 1

x DC resistance

AC resistance =

Ex. No.22 wire with diameter 0.644mm, DC resistance 60.97Q/km,
0s=21.6um at 1I0MHz

DC area =11 =71%0.322° =0.3257mm”
AC area = 0.3257 -11(0.322 -0.0216) > = 0.0422mm"

AC resistance =

DC area

x DC resistance =450.6Q/km

C area
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% 2.2 Concept of two-wire lines \

two-wire lines

L R L R
d11% VW—
equivalent transmission 1
. C G
line
4115 NMVNV—
L R L R
L R L R
211} \AAY
simplified line
C G

4113 4113 ' g
lossless line _L _

C cC~— 1
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% 1 iz 1) iz+Az, 1) \
. o—pr— "\ — Y Y | ®

t RAz LA z T
— Vv(zt+Az t)

1 -
Ve Y GA z {CA -
[ L]
< Az >
distributed constants
R, L: conductor resistance, inductance/unit length (series elements)

G, C: dielectric conductance, capacitance/unit length (parallel elements)

KVL, KCLTY) time-domain transmission line, or telegrapher equation
| dV(z)

WL = pigzp) -1 A == (R WL (2)
02:t) = _Gi(z,0) - ¢ (20 T =G+ O (o)
0z 0t dz

time-harmonic form

2 2
% — yzy(z) =0, dd] (22) — y2 I(z)=0 wave equation
Z Z

—)
y = \/ (R+ jwL)(G+ jwC) =a + jB propagatim constant
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%2. Travelling wave solution

V(z)=V*(2)+V (2) =V e * +V e*

I(z)=]+(z)+1_(z)210+e_yz+Io_eyz=V" e_yZ—V" e’
ZO ZO
O 7 = R+ jwL :VO*:_VO‘ Vi)
© NG+ jwC I I < Ve
+
Viz)
* >
time-domain solution z

vzt) =V, e cos (wt = Bz + 0OV, )+ |,

e“coswt+ Bz+0V ")

iz, 1) = |I]|e™ cos (wt = Bz + O} ) +|1,
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% 3. characteristic impedance \

Vo V' (z) VO‘ __ Ve
( (Z)) ( e (Z))
input impedance
V@
Z,(2) = 1(2)

4. As a transmission line 1s terminated with Zo, Zin(z)=Zo.
5. Ex.2.1 RG59 cable L=370nH/m, C=67pF/m —

C
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% 2.3 Free space characteristic impedance

1. characteristic impedance of the medium n = H
(intrinsic impedance) £
/ = E,
wave impedance of the particular mode of wave w F
t
V+
characteristic impedance of transmission line £, = ]0+
. . V(z)
input impedance at a port of circuit  Z,,(z) = I(2)

2. For free space M, =41Tx107 H /m,&, =8.85x107*F /m

Z0=120mQ=377Q
3. Antenna 1s an impedance transformer for a maximum power
transfer to/from free space
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% 2.4 Matched terminations \

1

T’ Iin P ERC(I/m[ln)
Zg + 1 v, V.o
) ( Zo.B ) = —~Re] Z, (=)'
Vin M r 7L 2 Zg +Zl.n Zg + Zin
rin -P’ ® 1 2 R
Ve - _‘Vg‘ 2 2
< > 2 (R, tR,) +(X, +X,)
/. [

mn

1. Load match: Z1L=Zo no reflected wave — Zin(z)=Zo
= infinite long line with Zo

_‘ i (Z,+R ) +x,’
source match: Z,=Z,(,=0)
] ‘2 Rg

F, = _‘Vg 2
2Vl 4R, +X,)
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% 2. Conjugate match \

Z,=2, (I',#0,I' #0) U maximum power transfer

> In

a])in —_ a n —
1y, 12 1 =0, =
in,max = _‘V ‘ aRm aXm
me 20 el 4R,
Rg Xg Xin Rg

| |
||
M DCrg Rin O r=o> Rin

3. In practice, using matching circuits and lossless lines to have
Zg=71=7in=7/o (matched terminations) for maximum power
transferred from source to the load.
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% 2.5 Propagation velocity, velocity factor, and attenuatiorx

.

constant

w

. phase velocity vy, =— group velocity v, = (—’8)‘1

TEM transmission line B = w/pe = w~/LC
propagation velocity w1

B Ve e

Y —

velocity factor

Vf \/—

.Ex. 2.2, 2.3 RG-59 cable U, =4mx107"H/m,g, =8.85%x10"*F /m

v=0.67c,€, =2.25

. Physical length of transmission line

= physical length in free-space wavelength x vf

. Low-loss line, R<<wL, G<<wC

I R L
a=—(—+GZ ) B =wALC,Z =  |—
2(Z . ) B 0 C
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% 5. attenuation constant

v (2)
\V*(lm)\ = \V*(om)\e‘“
v (Om)
a=In ‘V+(1 ‘ (Neper)
) Om Im
v (Om)
=20log-——— (dB), 1Np =8.68dB
v (1m)
Maximum
Outside Operating Attenuation Attenuation  Attenuation
JAN Diameter Frequency (dB/100m) (dB/100m) (dB/100m) Velocity

Type No. (mm) (MHz) @450MHz @ 1500MHz @ 6000 MHz  Factor
RG-213/U 10.29 1000 16.4 0.659
RG-213/U
Commercial 10.29 — 9.2 19.0 48.2 0.84
RG-214/U 10.79 11,000 18.0 37.1 03.8 0.659
RG-142B/U 4,95 12,400 27.6 55.4 135 0.695
RG-393/U 9.91 11,000 16.1 32.8 79.4 0.695
RG-6/U 8.43 300 22.0 45.9 - 0.659
RG-11/U 10.29 1000 16.7 - - 0.659




/7 N\

100 \

Overall ~ Dielectric =~ Maximum C RG-180, 195, 405
Cable Impedance  Dielectric  Diameter ~ Diameter  Operating n
Type @  Maeri! () (n)  Voltage 0r RG-141, 142
I RG-187

RG-8A/U 5 P 0405 0.285 5000

RG-9B/U 50 P 0425 0.285 5000 0f

RG-55/U 54 P 0216 0.116 1900 .

RG-58/U 50 P 0195 0116 90 o go'\“

RG-59/U 75 P 0.242 0.146 B0 & B

RG-141U 50 T 0.190 0.116 9o 8 L $@-\“

RG-142U 50 T 0.206 0.116 o g f 4

RG-174/U 50 - 0.100 0.060 sow oz A4S

RG-1781U 50 T 0075 0036 50 g RG-55. 223
RG-I80U 95 T 0137 0103 U B

RG-ISU 75 T 0110 0060 0 2| RG-402
RG-188/U 50 — 0.110 0.060 — 1p RG-8,213, 214
RG-195/U 95 T 0.155 0.102 1500 n S RGY

RG-213U 50 P 0405 0.285 5000 sk %

RG-214/U 50 P 0425 0.285 5000 -
RG-223U 50 P 0216 0.116 1900 -
RG-401 50 T 0.250 0.208 — 0k
RG-402 50 T 0.141 0.118 -
RG-405 50 T 0.087 0.066 - 0.1 I AT [ | 1adiiu
£ P, Polysihylene, T: Tefon 001 002003005 01 020305 1 23 5 10

Frequency (GHz)
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% 2.6 Standing waves \

lossless line Zo
Zo — 1()

@

Source

match \ [s=0 )F(Z) DFL 7L
@ @

) 0 z
1. Standing wave solution: incident wave + reflected wave
Viz)=VS e ' +V eF

- jpz - i[5z V+ - jpz V_ i[5z
](Z) — ]0+€ JB +]Oejﬁ —_0° Bz _ "o eJB
2

Z
P.(z)= % [ v(z0)i(z, 1) = %Re[V(z)I*(z)] = % . (t-Irf)

constant incident wave reflected wave
2-16 Mok 1 %i?{iéi%
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/ 2. Standing wave pattern

N
/]

Lal

L] LR AL EER TR ]

TV
\

[} =]

Resuliant

Gl | i H

Standing Wave Envelope

Incident Wave —
Refleciod Wave —ee—

N/ 2
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% 2.7 Reflection coeftficient and return loss \

1. Reflection coefficient
Vo) _Vv e ”
Vea)y Ve

o

=I,e

NOE

—Jj2Bl — e—jﬁlrLe—jﬁl

0 < |F| <1 for a passive load
|F| >1 for an active load

2.=|r|jdr=ptdr
| I (/)| =| 'L | remains the same anywhere along a lossless line.

3. Input impedance 7 (7 = rih) ., Z,+jz,tan f
" I1(]) °Z + jZ, tan BI

4 Zin <> T _ 1+T(2) ACEA
=% rey TP ez,

| " >1 - Re{Zin} <0, negative resistance for an active load
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% 5. Ex. 2.4 RL.=100Q, Ro=50Q - [ =1/3

Ex. 2.5 RL=25Q, Ro=50Q - ' =-1/3=1/3 J180°
Ex. 2.6 Z1=40-j2025Q, Zo=50Q - [ =0.24 [1-103.6°
6. Power reflection coefficient p 2, transmitted power 1- p 2

7. V° P
RL =-20log|l",| (dB) = -201log g ~10log p

eg, I, = 1 0.1 0
RL = 0dB 20dB codB
VSWR 00 1.22 1
all incident power reflected matched load
worst load "no return loss" "oo return loss"

8. Ex. 2.7 p=1/3 - power reflection coefficient 1/9
Ex. 2.8 incident power 30mW, reflected power 1uW
— RL =-10log(1/30000) = 44.8dB
Ex. 2.9 p=0.2 - RL=-20log(0.2) =14dB

~
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% 2.8 Voltage standing-wave ratio Befection

YTEWER Feturm Laoss (]
1. Voltage standing-wave ratio, VSWR 101 s6.06 0.0050
1+ Bee] 36,60 00148
vswr = Ve 2 140 e pues
- - 108 £ e | D.O2e]
Ve 1=, o ma 0053
1:{?‘ 273 0.043]
— . s 0075
|r |_ VSWR 1 Hl 25.65 L0521
Ll e i ooELL
VSWR + 1 ]:]-4 2365 S5
1.15 23.1Z OUOsSTE
1.2 2.8 Dl
I(matched ) < VSWR < oo(|[ | =1) 125 s0s 01111
1.30 LTS5 O 304
-
- oy oy
2.0 [ .33
2.Ex.2.11p=0.2 - VSWR=1.5 30 saz1 0.50
Ex.2.12 VSWR=3 - p=0.5 o0 ey e
30 oL RS L o )
3. VSWR = Rmax/Zo= Zo/Rmin . a7 0.933
kg Saa i
e VIV PP m uE 8
e Tz, R EE
min - - o —_— - .
= VSWR x Z,

4. Ex.2.14 VSWR=4, Zo=50Q - Zmax= 200 Q, Zmin= 12.5 Q
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% 5. Impedance match

.

Zin(z) = Zo — no reflected wave I'(z)=0, VSWR=1, RL= dB

Pav = Pav,max: maximum power delivered to the load

Relative Amplitude for Constant Incident Voltage

1.8

1.4

1.0

2.0 - 7 N
oy \ N
- [vawr =50\ / \
16 f——3- / \
: 1/ \\ \
TV TN 17 N
/ 1 [\ /4 A\
N T2 T TSN
'/} i/ Y N
l VSWR = 1.0 /
AN
Dl \\
~d / Nt I
A/ \
AV \ :
/ \ /
L L1 1 '/

Relative Position Along Line-Wavelengths
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1.Open circuit termination

B, Zo

3N4 N2 N4

/ 2.9 Open and shorted terminations

O.C.
=1

Viov®

IZ, /-2jV} %“

\ Xin / Zo

R

‘\I"V

I

2-22

Voltage Waves

: Reflection In Phase

A

N

3 yL

NS
A S

T
NS

A/
N4

—+ Movement of Incident Wave
<— Movement of Reflected Wave

Receiving End

i )8

R Y

Current Waves \

Reflection Out of Phase

- Receiving End




% Derivation for the plots in 2-22 and 2-24 \

open — circuited transmission line

V=V'(e/F+e/)=2V"cosfz z<0

vl ==z,V =2V"cos Bl or —— =cos fi]
| AN - vV vV 1
[=—2 (e —e/P)==j225in Bz = j2—2sin Bl or = —sinpl
ZO( )=-J Z Pz= Z B v p
Zin = ZO = ] in or Xin = _1
jtan Bl Z, tanpl
similarly, for short — circuited transmission line
V=r'(e"-eP)=-j2V"sinBz=j2V" sin Bl or — d —=sin
AN . v vV 1
[=—(e " +eP)=2-2cos Bz =2—cos Bl or — =cos (I
Z, ( ) Z, P Z, 2 2V, P

X,
Z, = jZ, tan Bl = jX, or Z—’” = tan S/
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% 2.Short circuit termination

B, Zo

S.C.T'L=-1

A 3N4 N2

N4

ViIjav:

1Z,/2V"

N

D
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No Losses

3. Effects of various
termination on standing
waves

With Losses

Open

Short

R>Z,

R<Z,

225 Btk 1 ARt &




/ 2.10 Transmission line sections N

1. quarter-wave “transformer”
or impedance inverter
Z,+ jZ tan Bl

Zin(l):Zo . ; i '
Z, + jZ, tan BI w

I=N/4, Zin(l)=Zo°/ZL at fo
2. Ex. 2.15 Find Zo and length of
a A/4 line (€r=2.25) to match a

100Q to a 50Q line @500MHz. g %
ZO = \/50 x100 =70.7Q (h) " THigh R Looks Like Low K ot gt
A v C .
| = — = = -
4 4f  4f. e _“‘ : )
3x10" l‘ P =
- % 1. g
4 %500 x10° x+/2.25 T

[':] L':pan:inr Looks Like Induciance and Vice Versa

=10cm
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K 4. Half-wavelength line /[=A/2,

Zin(/)=ZL at fo

(N o '
\ . ek 1 A2 R %




% 2.11 Time-domain reflectometry (TDR) \

I
| ,
(a) —— ol — - o () S e - -
Transmission Line : f : \
T 1 |
i i
Open-circuited Line Short-circuited Line
Pulse Generator | Y Input Zy
I
|
[
(©)-— -
Oscilloscope !
1
I I

Z; Capacitive Z; Inductive

1. Time of the reflection — defect position
reflected signal — types of defect

2. Fast rise time of step pulse is required to identify the multiple
faults

Homework #2 (due 2 weeks)

Chap.2: problems 1-16
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