S.D. Stearns, K60OIK

Conjugate Match Myths

Steve Stearns, K60OIK

Technical Fellow
Northrop Grumman Information Systems
Electromagnetic Systems Laboratory
San Jose, California
stearns@ieee.orq
k6oik@arrl.net

ARRL Pacificon Antenna Seminar, Santa Clara, CA

October 14-16, 2011


mailto:stearns@ieee.org
mailto:k6oik@arrl.net

Topics

= SWR variation on lossy lines
= Total line loss with unmatched load
= Power transfer and loss using lossy lines
= Solution for maximum power transfer through a lossy line
» Refutation of W. Maxwell's central claim in his book Reflections
= References
» Articles and books

S.D. Stearns, K60OIK ARRL Pacificon Antenna Seminar, Santa Clara, CA October 14-16, 2011



Standing Wave Ratio (SWR)
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SWR Varies Along Lossy Transmission Lines
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Definition of SWR for General (Lossy) Lines

= Cannot define SWR using voltage or current “max / min” except
for lossless lines

= A general definition of SWR that works for all lines is

1 + D—R
SWR = - _ 1T
P 1-1T}

= Forward and reverse wave amplitudes vary along the line

= SWRis maximum at the load and decreases gradually to a
minimum at the source
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Voltage and Current Standing Waves
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Impedance and SWR Along a Line
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Loss Graphs
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Forward and Reflected Power on a Lossy Line

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

Pery —» | TTANSMISSION |—> Prioa PF,Load =—F TX
PR,Tx - Llne - PR,Load a

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

= ais the power attenuation ratio or matched loss in linear units, a

real constant greater than unity, expressible in terms of the line’s
attenuation constant and scattering parameters as

([ 2al

e
a=: or
104190 for oz in dB /100 feet and | in feet

.

for o In nepers/meter and | in meters

Latin a and Greek « q = 1
should not be confused - | S |2
21
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Additional Loss Due to SWR at Load or Transmitter

= Additional loss can be expressed either in terms of the line’s
Input or output SWR

I PR 2 LY
10log,, > |2rm| 10log,, (SWRTX+12) ESWRTX 1) 2
1-a?|T, | (SWR,, +1)> —a?(SWR,, —1)

Additional Loss (dB) =

% 1_12 | 1_‘Load |2 (SWRLoad +1)2 _]-z(SWRLoad _1)2
10log,, — a|F =10log,, a

11 Load |2 (SWR Load T l) ‘- (SWR load l) :

= The next slides show the loss graph both ways
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Graph 1: “Additional Loss Due to SWR"”
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Published in German
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Additional Loss in Terms of SWR at Load

10 10 T T T T
8 SWR at Load
% 6 SE% 5 /_zo—f—
=A 157
= i §4 %  — —
5 3 # 7/ S 1 A ’//'10 L
c / R= "4 7/
‘% / ;// P ~| i =5 C// ///// ]
> 2 SWR= 7 d 5~
o /| / F e = /| A e —
o v divy \WR=4 /| P
@ / // et / / / —
1.0 — = 1+ /" / / 7 —
O o8 7 7 SWR=3 1 y AR A .4 3
o 7 / yARY.dN.4
T 06 //’ / //' v pd
ﬁ 0.5 7V "4 T | // /’/ // / / —
2 0.4 A — SWR=2 L= - / / ~
o Y/ / / 2~
5 O g / / /
: /
2 0.2 / / //
§ / // SWR=1.5 L1 / / // T
// / / 1.5
0.1 0.1 4 -~
0.2 04 06 1.0 2 3 456 810 (o1 1
Line Loss In dB When Matched Matched Loss dB

ARRL Handbook, 87t ed., Fig. 20.4, p. 20.5
ARRL Antenna Book, 21sted., Fig. 14, p. 24-10

13 S.D. Stearns, K60OIK ARRL Pacificon Antenna Seminar, Santa Clara, CA October 14-16, 2011

10



14

. W
Graph 2: “Total Loss ° T VTV T A
” "/ / lj 4
Due to SWR at Load I XTI A NIV /
e 7 77 i /
/ //, / |/ /A
/
) ) 8 _..--'9" ; /| ; r’/ ! ,/ ?/ ;!
= Published in ARRL Antenna , a ‘AW &7 |7
Book, 15t ed., 1988, and 16t ed., n / / T/ 7 //
. . | { A
= Published in ARRL Handbook . 7 4 f/f VAN
1981 through 1984 ¢ | At / : p
H 1 ‘)/ r ib
] / 1AWa / , QI" j"
@ 5 N A
A 5__%"' ”1.3 “’/J ‘/ y ‘:_I ,f /1
3 i I / 4 3y ’
a ! A 118 / Ji s ." ‘f
i 7 7 77
E e VA A A
- ] 4 3] | A
A A
y 4 !/
) L._.-—a,/f / /!./ / j//,” r'; 1/
: DA / /‘/ }/ // pL
N = 7 77
2 lI_..--"!"/T .f! :ﬁ'/ / / f‘F ‘e /10 Vi
| 7 E |~ ¥ / / ’
| ; ! 11//‘"' ;Jﬁ,’/? ",//'; 7
i ____?L___;,..-.-—""}' !f %V'f J,.i, }f’f’f }/12 ?
] r
UL T el V] LA
'i 7] | _._7'-'2[‘-;'—"'"7 7]
[

[
%]
L]

S.D. Stearns, K60OIK ARRL Pacificon Antenna Seminar, Santa Clara, CA

a4
VSWR AT LOAD

October 14-16, 2011



Graph 3: "SWR at Antenna vs SWR at Transmitter”
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SWR at Antenna versus SWR at Transmitter
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Graph 4: Measuring a Line’s Matched Loss via SWR
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Graph 5: Additional SWR at Load Due to SWR
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Graph 6: Additional Loss vs SWR at Transmitter
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Myths About Conjugate Matching
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Reflections

REBUEGCIIONSHII
and

Antennas

Transmission Lines and Antennas

uu.\unum

1sted., ARRL, 1990 2"d ed., WorldRadio Books, 2001 34 ed., CQ Communications, 2010

Based on a 7-part series published sporadically in QST from April 1973 through August 1976
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Myths and Bloopers

= Conjugate match _
Lossy Line
E( ; Zy=50Q 100 Q
s Len =A/2 g
al=1dB
Source

» “Consequently, the source impedance is matched to the input
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) despite the 1.0-dB attenuation in the line.”

Walter Maxwell, W2DU, Reflections II, p. A9-8, Worldradio Books,
2001. Also in Reflections lll, sec. A9A.5, CQ Communications, 2010.

= Facts

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

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

» Maxwell mistakenly believes otherwise
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Line Input Impedance versus Line Length O to )./ 2
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Questions

86 Q
Lossy Line
E. (", Z,=50Q gloog
° Len =A/2
al=1dB
Source

= The source is conjugately matched to the line’s input impedance

= But are Walt Maxwell’s claims true?
» The line’s output impedance is conjugately matched to the load
» Maximum power is delivered to the load
» All of the source’s available power is delivered to the load
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Analysis

= Determine the Thevenin equivalent source

I 86 Q : : Z. I
| . |
: Lossy Line ; I I
_ ' !
:ES N, Z,=30Q l gloog 1 E; (N : gloog
Len =A/2 I I :
: al=1dB | | : ;
[

L e e e e e e e e e — - a L - I
Source Thevenin equivalent

ET o Eopen circuit

Eopen circuit

N
_l
I

short circuit
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Thevenin Equivalent Source

= Thevenin voltage and impedance

1 -1 |
ET = Eopen circuit — ES CZOSh7I = ES CS%ShaI =—0.8298 x ES
1+ =3 tanh I 1+ —tanha|
- Z, | 50 |
e Zs+tanhyl 86 | tanh |
Z, = oot o 7, | =0 = 50|20 o = 76.62 ohms
| sort cirui 1+ =>tanhyI 1+ —tanh«l
T Z, | 5 ]
\\ J \\ J \ J
Y Y Y
General equations pl=m a /= 0.1152 Np (1 dB)

= 100 Qload is not Z, matched to 50 Q nor conjugately matched to 76.6 Q
= SWR =2 at load means 0.2 dB of additional, avoidable loss is present
= All available power is NOT delivered to the load
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Thevenin Source Impedance vs Line Length O to 1./2
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Why Walt Maxwell is Wrong About Conjugate Matching

= Walt Maxwell’s theory of transmission lines is correct only for
mathematically ideal lossless lines

= Maxwell’s theory of conjugate matching is incorrect for physical
transmission lines that have loss

= Maxwell is wrong because his reasoning is based on “axioms”
Instead of fundamental principles of circuit theory, and the
axioms are stated badly and misunderstood

= Maxwell’s Axiom 2 and Axiom 3 are untrue in general

= Maxwell’s assertions in his Appendix 9A imply that an impedance
transforms on the Smith chart by clockwise or counter-clockwise
revolution depending on which end of the transmission line the
Impedance is connected to

= Pursuing Maxwell’s concept further, transmission lines are not
symmetric, reciprocal devices and can be shown to lead to
violations of R.M. Foster’s Reactance Theorem (and so cannot be
passive 2-port devices) and violations of energy conservation

= Walt Maxwell’s understanding of lossy transmission line
behavior is poor

S.D. Stearns, K60OIK ARRL Pacificon Antenna Seminar, Santa Clara, CA October 14-16, 2011



What's Wrong with Walt Maxwell’s "Axioms” ?

Axiom 1 —-There is a conjugate match in an RF power transmission
system when the source is delivering all of its available power to the
load

» The statement would be a theorem if it were proved from first principles.
However, terms such as conjugate match and available power must be defined
first.

Axiom 2 — There is a conjugate match if the delivery of power decreases
whenever the impedance of either the source or load is changed in
either direction. This follows from the Maximum Power-transfer
Theorem

» The statement is not true. If a Thevenin voltage source impedance is real and
decreases from a conjugate matched value, the delivery of power to the load
increases not decreases.

Axiom 3 —If thereis a conjugate match at any junction in the system,
and if there are no active or ‘pseudo active’ sources within the network,
there is a conjugate match everywhere in the system. (The phasors at
any point along a transmission line are conjugates)

» The statement is not true and misstates what Everitt proved

Axiom 4 — The term ‘conjugate match’ means that if in one direction
from ajunction the impedance is R + jX, then in the opposite direction
the impedance will be R — X

» The statement defines “conjugate match” in terms of the undefined term
“junction.” The author uses “junction” when he means “port.”
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Maximum Power Transfer
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Maximum Power Transfer Theorem

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

= For agiven source voltage Eg and source impedance Zg,
maximum power is delivered to the load when the load
Impedance is the conjugate of the source impedance

= The theorem does NOT state for a given voltage E¢ and load
Impedance Z,, maximum power is delivered to the load when the
source impedance is the conjugate of the load impedance

= However, if alossless 2-port network is inserted between source
and load, then for a given voltage Eq and load impedance Z,
maximum power is delivered to the load when the network
presents conjugate impedances to the source and load

= This follows from W.L. Everitt’s theorem
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William Littell Everitt, 1900-1986

32 S.D. Stearns, K60OIK ARRL Pacificon Antenna Seminar, Santa Clara, CA October 14-16, 2011



Everitt's Conjugate Match Theorem (1932)

ZS
Lossless Lossless Lossless
Es ("\v 2-port 2-port 2-port § Z,
network network network
Source

= Consider a series of lossless 2-port networks connected in
cascade between a source and a load

= Theorem: If aconjugate match exists at any port in the cascade,
then a conjugate match exists at every port in the cascade,
including the input and output ports connected to the source and
load

= All available power is delivered to the load

= Example: Consider a transmitter, alossless coupling network,
and a transmission line. If the coupling network is conjugately
matched, then the transmission line receives all available power
from the transmitter
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Transmission Line Representations
Z, Y, ABCD, and S Parameters
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| sinh y|
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Important Secondary Parameters of 2-Ports

= Scattering matrix determinant For lossy lines

A=detS =5,S,, — 5,5, A = —e 2el+iAl)

= Rollett’s K factor ‘A‘ —e 2 <1
K :1_|511 |2 _|322 |2 +|A|2
2] 81,5 |

K =coshal >1

= Bodway’s B factors

35
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B, =1+ sy [° =|s, " =] A[ B =1-e"">0

|32=l—|511|2+|822 F—A[ 5221—6_4a|>0
= C factors

Clzsll_ASZZ C, =0

C1:SZZ_AS;1 C,=0
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Transducer Power Gain

= Maximum power delivery from a given source through a general
é—p_ort to a load is achieved by maximizing “Transducer Power
ain”

_ Powerdelivered to load
" Poweravailable fromsource
(AT P)Isul” @ IT 1)
2
|(1_ 811FS) (1_ Szer) — Sy SerLFS |
= For a general transmission line
_ (-] Pye @, [)
—2(al+] 2
‘1_9 2(al Jﬂl)rLrs‘

G

T
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Maximum Transducer Power Gain

= Question: For a given 2-port network, what is the maximum
transducer gain G+ relative to all source and load impedances?

G|\/|Ax = Mmax GT

IIs|and | |
::321:[K—\/K2—1]
812

= For a general transmission line, we can show
_ 1 1
GMAX —p 2cal _ =
a matchedloss

= How do we get this maximum gain (minimum loss)?
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Shepard Roberts

= S. Roberts, “Conjugate-lmage Impedances,” Proc. IRE, April 1946.
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Simultaneous Equations for Maximum Power Transfer

= First solved by S. Roberts (1946) using Z or Y parameters

F =1, =S + SlZSZlFL — S, —AlLL
1=s,I 1=8,I4
F: — rOU'[ o 822 + SlZSerS _ 522 — AFS
1=-s, I 1=s,l

Simultaneous Conjugate Match Equations
= Solution using S parameters is in modern books on amplifier

design
» G.D. Vendelin, 1982
C. Bowick, 1982

W. Hayward, 1994
G. Gonzalez, 1997
D.M. Pozar, 1999

VV YV VYV

R.E. Collin, 2M ed., 1992

» R. Ludwig and P. Brechtko, 2000
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The Solution for Maximum Power Transfer

= Solution for transmission line is evident by inspection

*

[f=e"" T = [|I|=e™ || = |I|<|T]

*

[[=e""L = |[|=e™|I5| = |I|<|]

Unique solution

= The solution specifies a pair of lossless match networks at both
transmission line ports

= Together, the networks give a “simultaneous conjugate match”

= But, they do this by implementing double Z, matchs
» Input network transforms source impedance to Z,
» Output network transforms load impedance to Z,
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Maximum Power Transfer Through a 2-Port

41

= General case

Zs

= If the 2-portis a transmission line with real characteristic
Impedance Z,, then the max power solution requires that

ZT :Zin :ZO :Zout :ZLeff

S.D. Stearns, K60OIK

Lossless
Input
Matching
Network

Lossy
2-Port
Network

ZLeff —

<~ Zout

ZLeff — Zout
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Output
Matching
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Comments

= A single conjugate match network at source or load does NOT
result in maximum power transfer through a physical
transmission line, in refutation of Walt Maxwell !

= Power transfer to a load through a lossy line is maximized by
simultaneous conjugate matching at both ends

» Maximizes “transducer power gain” of the transmission line
» Technique is well known in solid-state RF amplifier design

= Maximum power transfer requires two match networks, one at
each transmission line end which, for real (non-reactive)
characteristic impedance Z,, are ordinary Z, match networks

» Input network transforms source impedance to Z,

» Output network transforms load impedance to Z,

» SWR on the line = unity = no reflected wave = no additional loss
= The output network half of the solution should be used

= The input network should not be used with a solid-state amplifier
unless the amplifier is unconditionally stable as it can move the
load impedance on the transistors outside the stable region of
operation
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Comments on the Single-End Conjugate Match

= The Maximum Power Transfer Theorem is about power delivery to 1-port
Impedances, not about power delivery through 2-port devices

= Single-end conjugate matching at either end of a general lossy line does
NOT maximize power transfer from source to load in general

» Does NOT give maximum power transfer from source to load through an
intervening 2-port, e.g. a line, except in special cases

» A conjugate match at the input does NOT imply a conjugate match at the output
(load) and vice versa, except in special cases

= Conjugate matching at the load permits reflected waves on the line
» Total loss = Matched loss + Additional loss due to SWR
» Maximum power is not delivered because Total Loss is not minimum

= Conjugate matching at the source can damage solid-state amplifiers

» Conjugate match network between amplifier and transmission line interferes with
the amplifier's own coupling network and can make the amplifier unstable unless
the design is “unconditionally” stable

» Transistor gain can be unwittingly altered to exceed maximum stable gain
(MSG), causing operation outside of the stable region on Smith chart
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Late-Breaking News from antenneX, October 2011

44

= NEW METHOD OF MEASURING Ry5 DISPROVES HFTPA CONJUGATE

MATCH CLAIM: Part |
By Dave Gordon-Smith, G3UUR

This article describes a new technique for measuring the output
impedance of HF tuned power amplifiers, which differs radically from
methods previously described in the course of the HFTPA conjugate
match debate. It measures only dissipative resistance and the results
show quite conclusively that not only is the real part of the output
iImpedance dissipative, but it is also substantially less than the value of
the load when adjusted for maximum power.

This method is straightforward and the interpretation of the results only
requires simple RLC theory. It clears up a major stumbling block in this
long-running debate about the nature of the output impedance of HF
tuned power amplifiers. Previously described techniques are reviewed
in the light of this new evidence and the results of the reverse SWR
(RPG) and load-variation methods are shown to be due to the directional
nature of tube operation and the existence of an optimum-load
mechanism, which is governed by the sensitivity of the plate current to
plate voltage variations. This explains how a peak in output can occur
without a conjugate match.
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The End

This presentation will be archived at
http://www.fars.k6ya.org
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