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Topics

A Transmission line distributed parameters

A Complex characteristic impedance and propagation constant
A Attenuation constant and velocity factor

A Relation between attenuation constant and matched loss

A SWR variation on lossy lines

A Total line loss with unmatched load

A Power transfer and loss with lossy lines

A Solution for maximum power transfer through a lossy line

A Tools and references
U Software, books, articles
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Oliver Heaviside, 1850 -1925
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Heavisidebs Telegrapher s Equ

Uniform transmission line Infinitesimal segment
I(X) RAX LAXx
N\ NAN— Y .
V(X) T s GAX% E:CAXO
€ —O
‘i_V:—(R+ joL) 1 (X) dZ\Z/ =(R+ JoL)(G+ JoC)V(X)
X } — <
d| . ’
G+ jeC)V(X) & (Rt joL) G+ jwC) 1 (X)
dx ) dx®

.
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Transmission Line Solution: Waves

A Waves traveling in opposite directions

V(X) =V e* + V e

+ —_
|(X)=2¢* - 2e’*
Zo Zo
, _ Phase per
A Propagation constant unit length
y=(R+ joL)(G+ joC)=a+ |S
A Characteristic impedance
; Attenuation per
R+ J(()L unit length

Z, = _
G+ |JoC
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Characteristic Impedance Approximations

R+ JjoL
Z, = _
G+ |wC

R

= \/g X oL _ Z, niny % (COrrectiorfor low frequencis)

= . [—= X = Z, pc X (correctiorfor high frequencis)
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Transmission Line Distributed Parameters from
Physical Dimensions and Material Properties

A Parameter

R Q/m

L H/m

GS/m

CF/m
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Round Open -Wire Transmission Line (PEC in Air)

@ @
— s

A Exact characteristic impedance formula assuming §<< a

Z, = 119.917cosh1(gj

A Approximate, asymptotic formula

U Accurate only for large spacings: s/d > 3
or large impedances: Z, > several hundred

Z, _120In(2 J 276l0g, (ZSJ
d d
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Characteristic Impedance of Round Open -Wire Line

200 —
: | | | | —
180 | Approximate Formula A%
; 276 10g0(2s/d ) = 120 In(2s/d ) /7
160 1-ARRL Antenna Book — — —
- ARRL Handbook /
140 1 ~
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v 120 1 / / 119.917 cosh™(s/d)
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Myths and Bloopers

A Impedance of round open-wire line in air
U fZ,approaches83ohmsass/dappr oaches unity.o
George Murphy, VE3ERP, CQ, Nov. 2000
A Facts
U For open-wire line, Z, approaches zero as s/d approaches unity

U Inthe limit as the wires touch, the characteristic impedance is that of a
short circuit

U The confusion comes from using the asymptotic formula in a region
where it is not accurate
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Matched Loss of Common Transmission Lines
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Standing -Wave Ratio (SWR)
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Question T Do the Meters Read the Same SWR?

14

TX
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SWR
Meter

Transmission Line

SWR
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Answer

A For lossless lines:

U Forward and reverse wave amplitudes are the same everywhere along
the line

U SWR is the same everywhere along the line
U  SWRis the ratio of max to min voltage (or current) along the line

A For lossy lines

U Forward and reverse wave amplitudes vary along the line

U0 SWR is maximum at the load and decreases gradually to a minimum at
the source

U The ndmax /[ mi no0 definition of t he
max and min occur at different locations

U Best definition is

1 + /PR
SWR- - 1+|F|
T L I

P
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Voltage and Current Standing Waves
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Impedance and SWR Along a Line

b
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Standing Wave Ratio at a Resistive Load
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Three Loss Graphs
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Published in German
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Graph 3: nSWR at Antenna Vs
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Forward and Reflected Power on a Lossy Line

A Power at load end in terms of power at transmitter end of line

Py —> | TrANSMISSION |—> Pr ) oad PF,Load =—hK TX
PR,Tx - Llne - PR,Load a

I:)R,Load =a- I:)R,Tx

A ais the power attenuation ratio or matched loss in linear units, a
real constant greater than unity
attenuation constant and scattering parameters as

([ 2al

e for o in nepers/metrandl in meters
a=<{ or
1071 for r in dB /100feetandl in feet

Latin aand Greek « o= 1
should not be confused B |S2
1
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Input & Output Reflection Coefficients and SWRs

25

A Relation between reflection coefficients at both ends of line

P P
|F|_0ad |2 _ R,Load 2 " R/TX _ a2 |rin |2

=a
PF ,Load I:)F TX

A Bound on input reflection coefficient

1
|FLoad |<1 — |Fin |<5

A Reflection coefficients in terms of SWRs at both ends of line

SWR, -1 SWR ., —1
— |FLoad |:

T |= and
SWR, +1 SWR_ ., +1

N
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Input SWR in Terms of SWR at Load

A General relation

a—1
SW +| ——
_(a+)SWR,, +(a-1) ot [a+1]

- (@-DSWR.+(a+D) 1, guR (a—l]
“a+1

WR,

A Bound on input SWR

1<SWR_, <o = 1<SWR <271 _cothyl

a—1
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Maximum Input SWR

100 T e I I I T T T T T TT]
N
\, a+1l 1 1
. NC MaxSWR, = = -
= AN anh _
= 8.686 -
: A\ A
o \ I I R I I I T T T
- \\ Easy way to determine a
© N\ (1) Terminate the line with an open or short,
xr 1 N (2) Measure the SWR at the input end,
(% N (3) Look up the matched loss on this graph
c AN
> AN
E
& \\
= ‘\\
N
1 \
0.1 1 10 100

Matched Loss dB
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Output SWR at Load in Terms of Input SWR

A General relation

a—1
~ (@a+1)SWR,-(a-1) SWRX_[MJ

SWhRoag = 1) SW 1) 1
_(a_ ) Rx_l_(a_l' ) 1_SWRX(8‘_ )
a+1
A For
1< SWR. < 21 cothe|
a—1
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SWR at Antenna versus SWR at Transmitter
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Additional SWR at Load Due to Mismatch and Line Loss

30

A Additional SWR as a difference
(SWRX)Z -1
(a+1) SWR.

a-1

SV\/Road B SWRX =

A Additional SWR as aratio

1 1 (a—lj
SWR..4 SWR, j\a+1l

SWRe 1o SWRX(Z ﬂ
_I_

A For

1< SWR <21 _ cothy |

a-1
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Additional SWR at Load Due to SWR

Additional SWR at Antenna

31
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Power Loss
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Losses Are Due to Reflection and Dissipation

) Pry —> —> Pr;
| 2Port [ 2522

“—dB — MLdB T DLdB

Lossless networks Reflectionless networks
DL, =0 ML, =0
”—dB — MLdB ”—dB — DLdB
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Reflection Loss of a Terminated Line vs Input SWR

7 L
6 //
i Return Loss //

5 + —
~ | \\ ~
04 | \. ~ RL=-10log,,|T [
o | >/ ML =10log, (1~ | T [?)
o 3
— \

N / \\\

Aismatch Loss T
1 i //
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Myths and Bloopers

A Return loss

U AReturn Loss 1s 20 times the refl
Kurt N. Sterba, WorldRadio, Jan, 2007
U AReturn Loss is not a commonly us
Brice Wightman, VE3EDR, VA2BW, WorldRadio, May 2007
U AReturn Loss 1s 20 times the reci
Kurt N. Sterba, WorldRadio, June 2007
A Facts

U Return loss is more common than SWR in professional RF design
papers, but its misuse is of concern

I T.S. Bird, nDefiniti on |EEBmMANtendas sands
Propagation Magazine, vol. 51, no. 2, pp. 166-167, Apr. 2009

I Ed Wet herhold (W3NQN), @3 evol. B4, no. L
9, pp. 45-47, Sept. 2010

I Gary Breed (K9AY), AReturn LSgls,sq
High Frequency Electronics, vol. 9, no. 9, p. 80, Sept. 2010
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Derivation of Transmission Line Total Loss

36

TotalLoss(dB) =10log,, PP—'”

S.D. Stearns, K60OIK

out

P..—P
_ 10|0910 F,TX R, TX
F,Load PR,Load
P / 1_ ER,TX
_ 10'0910 F,Tx F,Tx
PF,Load 1— PR,Load
I:)F,Load Y,
— | 1P
=10log,,a al '”|2
- | % Load |
-1 |
=10log,,a + 10lo 0
J10 J10 T, B
1|1, [
=al (dB) + 10lo L
o 00 [Ty P
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Additional Loss Due to SWR at Load or Transmitter

AAddi ti onal | oss can be expressed
Input or output SWR

. 2 2 I \Y
10l0g,, |2rin| _100og,, (SWR, +12) (ZSW% 1) 2
1-a2|T,, | (SWR, +1)% —a%(SWR, —1)

Additional Loss(dB) =

1 1
1- ? I T ioag |2 (SWR 44 +1)2 a ? (SWR__, _1)2
1009, =1 =10log,

1! Load |2 (SWRoad + 1) ‘- (SWRoad - 1) ’

A The next slides show the loss graph both ways
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Additional Loss in Terms of SWR at Load

10 10 T T T T
8 SWR at Load
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e 06 pd / y.anv.ay e
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ARRL Handbook, 87t ed., Fig. 20.4, p. 20.5
ARRL Antenna Book, 21sted., Fig. 14, p. 24-10

38 S.D. Stearns, K60OIK ARRL Pacificon Antenna Seminar, San Ramon, CA October 15-17, 2010

10



Additional Loss in Terms of SWR at Transmitter

8 I 8
7 u 7 [
56 56 /
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Maximum Power Transfer

With Surprise Ending !

40 S.D. Stearns, K60OIK ARRL Pacificon Antenna Seminar, San Ramon, CA October 15-17, 2010



Myths and Bloopers

, : 86 Q
A Conjugate match _
Lossy Line
E( ; Zy=50€Q 100 Q
s Len =A/2 g
ML =1dB
Source
U AConsequently, the source i mpedan

impedance of the line, and the output impedance of the line is matched

to its 100-ohm load. ... Thus the output of the line ... is delivering to the
load all of the power that is available at the line output. Ergo, there is a
conjugate match by definition between the source and the line input and
between the output impedance of the line and the load impedance
(Axioms 1 and 2) despitethe 1.0-d B att enuation i n t
Walter Maxwell, W2DU, Reflections II, p. A9-8, Worldradio Books,

2001. Also in Reflections 111, sec. A9A.5, CQ Communications, 2010.

A Facts

U Circuit analysis reveals that the load is not conjugately matched to the
line, only the source is conjugately matched

U A single-end conjugate match (at source or load) does not deliver
maximum power to the load if the line is lossy

U Maxwell mistakenly believes otherwise
41 S.D. Stearns, K60OIK ARRL Pacificon Antenna Seminar, San Ramon, CA October 15-17, 2010



Analysis

A Determine the Thevenin equivalent source

I 86 Q : : Z. I
| . |
: Lossy Line ; I I
_ ' |
:ES AV Zo=50Q | | gloog 1 E; (N : gloog
Len =A/2 I I :
: ML=1dB | | : ;
[
L e e e e e e e e — - - o L e I
Source Thevenin equivalent
ET o Eopen circuit
Eopen circuit

N
_|
I

short circuit
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Thevenin Equivalent Source

A Thevenin voltage and impedance

ET = Eopencircuit = ES
E o
__ —opencircuit
short circuit

|\

1
coslyl

1+ ZStanh;/I
Z

0

‘s + tanhy |
ZO

1+ ZStanhyl
Z

0

J/

General equations

Y

-1
- E, ‘;%S’m' = —0.8298 E,
1+ —tanhal
| 50
86+tanhozl
-50 5086 — 76.620hms
1+ —tanhal
50
" J y,
g Y
Substituting: gl=n and al=1dB

A 100 Q load is not Z, matched to 50 Q nor conjugately matched to 76.6 Q
A SWR =2 at load means 0.2 dB of additional, avoidable loss is present
A All available power is NOT delivered to the load
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Maximum Power Transfer Theorem

Zg Zs
Lossless
Es ("\/ § Z Es ("\y 2-port g Z
network
Source Source

A For a given source, the load impedance that maximizes the
power taken from the source is the conjugate of the source
iImpedance

A Note, the theorem does NOT state that if the load impedance is
given, then the source impedance that results in maximum power
delivery to the load is the conjugate of the load impedance

A However, if a lossless 2-port network is inserted between source
and load, then for a given load impedance, the load gets
maximum power when the network presents conjugate
iImpedances to the source and load
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William Littell Everitt, 1900 -1986
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