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INTRODUCTION

Resonant circuits are an important component of
almost every radio circuit, and the determination of the
properties of resonant circuits is an important measuremeat
problemn,

Circuits with distributed constants, such as tr-
ansmiésion lines, may resonate if they are properly termin-
ated, A resonant transmission lime which 1is analogous to
the familiar LRC series resonant circuit is called a reac-
tion, or absorbtion, type resonator, One which is analo=-
gous to a parallel resonant circuit is called a transmission
type resonator. The approach to the subject 1s governed by
the type of resonator under consideration.

At the high frequencies at which radiation from
open transmission lines becomes excessive, sections of com-
pletely closed waveguide are used as resomant circuits, The
Q factor, or selectivity, of these caviti es is usually very

high. The Q values of some typical cavities are listed be-

low.,

These Q values have been calculated for a reson-
ant frequency of 3000 Mc/s. The econducting surfaces of the

cavities are assumed to be pure silver., Expressions for the

Q's are found in Montgomeryl(pp 295 to 307),

vi




TABLE I

Type of Cavity Dimensions Mod e Q

Coaxial Radius of outer TEM 9720
conductor = 5 cm,

Ratio of radii =

3.6
Rectangular 3" x 13" TE, 4 | 17020
Cylindrical Diam.= 10 cn, 'I‘Ell2 21500
TH012 26100
TEOl2 38800

Open parallel wire resonmators would have theilr
applications as resonant circuits, at microwave frequencies,
if their Q's were high emmgglh. They are simply constructed
and completely ventilated. The extension of radio frequen-
ey techniques to the microwave regions has resulted in the
design of tubes which are ideally suited to the use of para-
1lel wire tuning circuits. Their ventilated property suits
them to use in any device which measures changes ian some pro-
perty of the atmosphere, which affects the Q value, For ex-
ample, a device such as the atmosphere refractometer,

The purpose of the reaearch described im this paper
was the investigation of resonance properties of open parale
lel wire sections at 3000 Mc¢/s. Previous work at McGill had

demonstrated that the radiation from such lines could be con-

siderably reduced by terminating the sections in transverse
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metallic dises, a few wavelengths in diameter, If the ter-
minations are considered as reflectors for the fields sur-
rounding the wires, it seems reasonable that dises would
intercept and reflect more of the energy than simple short-
ing bars,

The effect of the diameter of the conductors, and
their separation, upon the Q factors of the resonant sections
has been studied.

The order in which the paper is presented is given
below:

A summary of the research performed at MeGill on
the radiation resistance of parallel wire lines, which is the
precedent for the present wWwork, is given in Chapter 1.

Chs pter 2 deals with the theoretical aspects of the
proeblem. Any calculation of the Q's is complicated by the de-
termination of the energy storage and the termination losses,
These gquantities contain a ecomplicated integral., However,
this problem has been solved and is included in Appendix I as
a contribution to the theory of parallel wire lines,

A summary of the microwave techniques used for the
measurements of Q values is given in Chapter 3,

Chapter 4 is an analysis of a loep coupled (paral-
lel resonant) circuit which forms the theoretical basis of
the experimental method which was used, This method was ori-
ginated by E, D, Reed of the Bell Laboratories, His analysis

has been extended to include probe coupled (series resonant)

viii




circuits, This extension is contained in Appendix II,
A description of the experimental procedure, and
a discussion of the advantages, dis advant ages, and errors
of the method used are presented in Chapter 5.
Chapter 8 contains a description of the apparatus,
The results of the research and conclusions about
it are given in Chapter 7. Some suggestions for further re-

search are also given,
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1.

1.1

Radiation Resistance Studies at McGill,

The research described in this paper is based on

studies of the effect of radiation upon the resonance
properties of parallel wire transmission lines. This
work was carried out in the Electrical Engineering De-
partment under the direction of Dr. Chipman between
1950 and 1951 by Hoy, Carr, Boucher and Yurko? Their
research clarified the doubt existing about the value

of the radlation resistance of parallel wire transmisa

sion lines, both short-circuited and open-circuited.

Value of Radiation Resistance.

The fact that imper fect terminations led to radia-
tion of power from the line, was realized as long ago
as 1900, However, the value of the resistance which
would account for the radiation losses was a point of
controversy for the next fifty years. The results of
the work by Hoy, et al, indicate that there is no ra-
diation from the length of the line; and that the ra-
diation resistance of a line shorted at each end, by

bars of the same diameter as the conductors, 1ls given

by:

R = 120 (i’x'?-)?

rad

This was predicted by King for lines shorted at each

end and an even number of half-wavelengths long. This
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value was also found by Mannebach, Pistolkors, Sterba

and Feldman, and Whitmer for lines open circuited at
both ends., An excellent historical account of the th-
eoretical and experimental work done on the radiation

from parallel wire lines may be found in Yurko's thesis.

Reduced Radiation Resis tance,

Means for reducing the radistion resistanee and in-
ereasing the Q's of resonant sections of such lines were
proposed by Yurko, He suggested bringing the ends of a
long line together to form a tapered line, He found that
this reduced the losses due to radiation., Working at

1100 Mc/s he found that terminating the line with a tra-
nsverse, circular, conducting disc (1.4 A in diameter),
rather than the shorting bars, greatly increased the Q
of a shorted section,

In 1954, C. D, Pearsef working between 800 and 1600

Mc/8, investigated the effect of the diameter of the ter-

minations on the radietion from varlious lime lengths. He
concluded that the optimum diameter was not eritical and
lay between 2.,5A\ and 3.5A. Pearse found that the radla=-
tion resistance was reduced to 2 or 3% of the value for
lines termminated in shorting bars or open circuits, and
reported Q values of 2000 to 3500, He also found that

the radiation resistance depended to a small degree on the

length of the line,




1.3

Chipman Method.

The method used in all of these experiments was the

' 4
Chipman method, which requires a plot of the respomnse of

the resonator as a function of frequency. This was found
by coupling the exciting power to the resonator through

a small loep, so placed that only the transmission line
mode would be excited. The energy in the resonator was
detected by means of another small loop, which was con-
nected to the heater of a thermocouple, In Hoy and Carr's
work the output of the thermocouple was amplified in a |
chopper amplifier and used to drive an Esterline-Angue
moving chart recorder., Yurko describes the errors in
their work as: the non-linearity of the amplifier, the
non-rectaliniarity of the chart, the disregarding of the
finite size of the conductors, the use of improper short-
ing bars, the variable coupling losses, and the possible
excitation of the antenna, or symmetric, mode. Yurke
used the gérmocouple output to drive the pen of a Leeds
and Northrup Speedomax recording voltmeter.,

The procedure in Hoy'!s, Carr!'!s and Yurko's work was
to vary the length of the resonating section in synchron-
ism with the chart speed, to ecalibrate the horizontal
chart axis in frequency and in this way obtaln a plot of

the response curve, Boucher investigated parallel rings,

and used a mechanically tuned osclllator and fixed leng-

ths.



The Chipman method is very convenient since it

yields the Q curve directly,and is easily applied to Q and

radiation resistance measurements on parallel wire lines,

However, these disadvantages are apparant:

1) The Q measured is the loaded Q, and as sueh is

R)

3)

dependent on the enviroment in which the resonator
finds itself. That iz, it 1s depen dent on the
losses coupled into the resonator. The universal
unloaded Q may be calculated from a series of re-
sults i1f the external losses are considered censtant
as gseen by the resonator. However, varying the len-
gth of the resonator changes the degree of coupling,
and hence the loaded Q. The subsequent error would

be momt noticeable for 16w Q resonators,

The use of the resonatoer durling the experiments as
a double-ended device entalls the insertion of two
coupling loops into the fields of the resonator.

This increases the coupled losses and, hence, re-

duces the Q which 1s being measured,

The possibility of exeiting some very low Q mode in
the resonator, which would displace the zero level

of the response curve, would lead te a large error,.
This change in base level was checked during the

above experiments and found to be negligible.




4)

5)

6)

There does not exist any way of determining the
losses of the coupling system absolutely. The
effect of the coupling loop insertion was indi-
cated by the changes in the observed Q. The
losses were assumed to be constant and sméll
during the measurements becaus e it required a
large insertion of the coupling loop into the
resonator before any noticeable change occur-
red in the resonant frequency or half-power
bandwidth of the response curve, The coupling
was maintained loose so that the resonator was
not greatly distﬁrbed by external losses, nor

by the presence of the lLoep itself,

Because of the necessity for loose coupling, 1t
was experimentally impossible to critically
couple the resonator to the transmission line.
Crit ical coupling is the coupling at which the

resonator is matched to the line, i.e., the

VSWR on the input line is 1 at critical coupling.
This is the refore the most efficient position

of operation.

The experimental resonators consisted of a large
horizontal ground plane, which served as one
termination, and the experimental terminations
on the other end of the vertical transmission

line. The procedure required the variation of




the length of the line and contact was main-
tained at the ground plane by means of nickel-
plated brass spring-fingers, Also, the ter-
minating discs used by Pearse were approxis
mately three feet in diameter and were supporti-
ed from the center at the top. These condi-
tions lead to indeterminant contacts at the
bottom and the possibility of non parallelism
of the top and bottom terminations., It has
been seen in the work at the higher frequency
that such items are very important. However,
at the lower frequencies at which he worked,
the gradients of the fields involved are not so
severe compared with the physical dimensions of
the apparatus, thus minor mechanical aberra-
tions are not so important. Also, the contact
losses were most likely small compgred to the
radiation and coupling losses so that they would
not contribute significantly to the final re-
sults, These possible losses have been ignored
by the previous researchers since, in thelr me-
thod, the losses merely loaded the resonator

and were indistinguishable from coupled losses.




2.

Theoretical Considerations and the Calculation of a Q.

2.1 The definition of Q.

2.1.1 The Q factor may be defined on an energy basis as

Q= 27

total energy stored in the eslectriec
and magnetic fields of the resonant
Sys tQm 2.1

energy dissipated per cycle

It may also be expresséd in terms of the average power

lost in the resistances loading the resonator as

total energy stored in the electiie
and magnetic fields of the resonant
system Re2

average power loss

2.1.2. FPor a resonant circuit coupled to a transmission line

it is possible to define three values of Q.

They are:

The unloaded Q

Qy = ©

total energy c..02 2.8

average power loss in the resonant
circuit alone

The external Q

g =@,

- total energy eeesee

average power loss in the charac-
teristic resistance of the trans-
mission line as seen by the resonator

2.4




The loaded Q

tot al CNerLgyY eseoo 2.5

QL = %
total average power loss

The three Q's are related by the equation:

1.1 ,1
QL QU + QE 2.6

2.1.3 PFrom transmission line theory, we obtain a definition

of Q in terms of the line parameters., If we call this

QT’ then
-3
% = 2g 2.7
wheres
8 = the phase constant in
radians/metre,
a = the attenuation constant
in nepers/metre,
Sinece,
27
B ==

Q,r may also be expressed as

2 208

where

N = the wavelength on the line.
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It will be convenlent to list the values of g for

unshielded and shielded parallel c¢ylinder lines., Assum-

ing that skin effect is fully developed:

Eg s/d
md [(s/d - 1]% 2.0
120 cosh™ (s/d)
| 2 4R
By [} + LE2DT (1-4q?%]+ =2 ?[1 + o°- 1+422J
rd 4ﬁ' ' 894
2 ' 2

120 § 1n (2p {3zaolo) | LR (1.4q2)

- (1+¢®) 16p '

2.10

These expressions allow for proximity effect. The

symbols used are defined in Figure 2,1

Quantlties required for Calculation.

In order to calculate the Q value of a resonant see-

tion it is evident from the above definitions that the

tot al energy stored and the power lost in the poundaries

of the system are required, The unloaded Q will be cal-

calated for
independent

In the
between the

netic field

it is the only one which is universal, i.se,,
of all external circui£s and coupling systems.
process of resonance, the energy oscillates
electric and magnetic fields, When the mag-

is at its maximum value, the total energy is

stored in it. Hence we may calculate the total energy
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Open line,

Mo
[ ]
@]

Shielded line

Figure 2,1 Dimensions of open and shielded parallel wire
transmission lines,
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stored by evaluating the familiar integral

3 u‘}rﬁa dv
LA

when the magnetic field is at a maximum value with re-
spect to time,

To caleculate the losses in the boundaries, a know-
ledge of the curreats flowlng in them is required., It
is permissible to assume that skin effect is fully de-
veloped. Therefore, the only currents flowing will be
surface currents and numerically equal te the tangent-

ial magnetic fields ét the boundarles.

Fields of an infinitely long parallel c¢ylinder line,
Consider the electromagnetic field distribution
surrounding two, infinitely long, parallel, circular
cylinders,
Assume that equal and opposite cuments, I, flow in
the e¢ylinders. The cylinders may thean be replaced by
line currents, of value I, separated by a distance 2a,

where:
a® = (8/2)% - (4/2)2 2,11

and

8 =« the separation of the center
lines of the conductors

d = the diameter of the cylinders.
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In rectangular coordinates (Figure 2.2) the electriec

and magnetic fields of symmetrically placed cylinders are:

v
E = e X-a x+a

* eonn(o/a) [mal e Mamad s

v —

E = 0 Y _ ). X
4 cosh-l(s/d) fo-a)? + y? V%x+a)? + §?LJ
H -L B I ]

- Y
x ar 7«x+a)g + y% wqx-a)% + y%_J

S,

I B X3, x+a

y oA Vix-a)g . y? -fo+a)?-: y?

The magnetic field lines are a family of circles with
centers on the line joining the centers of the conductors.
The electiric field lines are a set of circles, orthogonal
te the first, with centers on the right bisector of thel
line joining centers of the conduc tors.

"The field components are those of the transverse e-
lectromagnetic wave (TEM) which is represented by the
static distribution propagating along the line. We shall
call this mode of propagation the transmission line mode.,
Had we considered the symmetric case in which the current
flowed the same way on both conductors, we would have ar-

rived at the field components for the so-called antenna

mode,




H lines

E lines — —— —

Figure 2,2 Electromagnetic fields of twp parallel
circylar eylinders.
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.
The total magnetic field squared is given by:

2 2 2
H' = Hx + Hy

- ($-)2 4a®_
ey [(x-ra)a, + yﬂ[(x-a)? + ya,]

2.4 Energy storage and losses in an unshielded resonant sec-
tion,

The energy consists of a sinusoidal wave which is
propagating along the line, When short cireuits are
placed at current nulls, a standing wave is produced.
Since the losses at each reflection from the shorts are
small, the amplitude of the standing wave grows with each
reflection. But, since it is the sum of many sine waves,
it is sti1ll a sine wave, At each point on the line where
a null in the standing wave occurs, the fields are dis-
torted by the finite current which flows in the line te
overcome its resistance. Thus, the standing wave is an
approxima tion to a sine wave, and may be further distort-

ed by small phase shifts at the reflections.

2.4,1 A cosinusoidal distribution of eurrent with distance

along the line is assumed. The total energy stored in the

resonator is then

E-hinjLAHQ, da 2.14
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where:

E = the total energy storsd in the
resonaztor im Joules.

P = permeadbility of air.

A = area of an infinite transverse plane
exclusive of the area covered by the
conductors.,

A = the length of the resonant section
in metres,

. H = peak magnetic field on the line.

The length of the section may be calculated accur-

ately from the resonant frequeney.

£ -

%

= % '!"’ ) 2.15

where:

n = the number of half-cgcle variations
of current along the length of the
section.

¢ = the velocity of propagation of the
energy = the velocity of light in
air.

£ = the resonant frequeamey.

2e4.2 The average conductor losses, including both con-

ductors, are
Lc = ‘é’o‘%lauccj 2.18

where: :
I = the average power lost in the

conductors in watts,

I = the peak value of the current (=
maximum value at the tonninations
with respect to time),
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R = the conductor resistance, which
©  including proximity effect is:

R = —2 (2/d) 2.17
° ma  [(s/a)? - 1]*%

R_ = the surface resistivity of the
conductors,

2.,4,5 The average termination losses, including both ter-

minations are

L, = 2RB_ 2da 2,18
At |

where:

L, = the average power loss in the
terminations in watts,

R_ = the surface resistivity of the ter-
minations in ohms/swguare.

At' = the area of the terminations ex-
elusive of the area covered by
the conductors,.

R.4.4 The radiation losses may be assumed to have a form
similar to that found by previous experimenters. That

is, we shall assume, a radliation resistance of the form

2 ,
R ,q = k" m2(s/N)° 2.19
Storer and King predicted a value of k" of 120 for lines
with both Open.and short eircuit terminations. This

value includes the effect of the teminations as rad-
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iating elements. Since an infinitely long line would
have a radiation resistance of zero, radiation from a
finite line is inseparable from the effects of the ter-
minations. The value of k" will be greatly reduced by
terminat ing the line in lafge transverse discs, It is
possible that for conductors large compared to the wave-
length the form of Brad will require further modifica-

tion due to the shielding effect of the conductors.

Summary.

Let us make the following definitions.

Let J/'Haaa -k (%— )2 2.20
’ 1r »
A
‘/f H2ds = k' (3=)2 2,21
' a’ .
A .
(S/d) = K 2022

[(s/d)® - 17"

also, Road ™ (1/27)3r 2.23

i.e, R = k"(27%s/N)2

The energy stored and losses may be expressed in

terms of these quantities as:

E = (I/27)%% phe
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2 RSK yi
d

L, = (I/27)2
= 2

L, = (1/27)2 Rskf

L, = (1/2m)2 R 2.24

R.5 Qc, the calculated Qe
From the definition of Q in terms of power the calw

culated Q, Qc’ is

Q = 22l x1077

£ 2025
c ' 2WKL]+ R
R_ [k + 2R

The values of k and k' have been found in terms of
S, d, and the termination radius‘P, as shown in Appendix
I. The evaluation of the definite integral envolves the
use of a known conformal mapping. The solution of thix
integral greatly simplifies the labour envolved for any-
one who is interested in parallel-wire lines with eircu-

lar terminations,

2.8 Shielded sections,
Shielding the resonant section by a cylindrical tube

which makes close contact with the terminations, trans-

forms the open line to a shielded-pair line, This shield-

ing contains the fields within the section and eliminates

the radiation losses,
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The obJject in investigating the shieslded line would
be to obtain results for a line 1in which the radiatioa
resis tance was zero, The comductor losses may be calcu-
lated from the expression of section 2.1.3; howsver, the
terminstion losses are indeterminant sinece the field dis-
tribution is not known. These losses are independent of
length and hence can be calculated from a series of re-
sults, taken for the same conductor diameters and spacing.

The addition of the shield forces the field distri-
butlion to change so that the boundary conditions will be
satisfied. To what degree the fields are disturbed in the
vieinity of the conductors and wi thin the half-power c¢ir-
cle, where the fields have their greatest values, is a
matter of conjecture. PFrom the values obtained for k!
(Aspendix I), it is reasonable to assume that the fields
near the outer periphery of the terminations are insigni-
ficant; and hence that the field lines are distorted in a
region where they are very small., As the diameter of the
shield increases, this modification of the field pattern
decreases. So, for a reasonably large shield, the values
of the energy stored and the terminstion losses, whieh in
this case contain the same integral, should be approxi-
mately the same as those for an open line. The complex-
ity of the fields render any exact calculation of the
losses and energy storage a formidable problem, evean num-

erically.
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It is possible that the currents which flow in the
shleld, and hence across the termination-shield contact,
cause more losses than the radiation resistance in the
unshielded case, These currents would also inerease the
termination losses. Thus whille the shielded Qq is larger
than the unshielded Q, it might not be as great as ex-
pected. The previous experimenters at McGill compared
the shielded and unshielded values of Q in order to ob-
tain the radiation resistance of the lines, Since the
shields used were comparable to a wavelength in diameter,
the effect of the shield on the fields should have been
considered, because the shield does more than Jjust eli-

minate the radiation.
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Microwave Q measuring techniques.

In the initial search for a method which was readily
adaptable to the problem at hand, two lines of approach
were possible.

The first was to extend the response curve method
used in the radiation resistance measurements; or to use
some other technique which could be extended to 3000 Me/s.

The second was to apply some microwave measurement
technique to the problem. It was decided to follow the
latter path because of the experience to be gained.

The convent lonal approach towards the determination
of the response of a resonant circuit, and hence its Q
factor, is to obtain the input impedance of the ecircuit
as a funetion of frequency. This may be done by measur-
ing the impedance directly, or by measuring the VSWR or
reflection coefficient (which are functions of impedance).

A summary of some of the microwave technigues which
have been used to measure Q factors will demonstrate the
convenience and usefulness of the reflected power method
that has been used.

Measurements on resonant circuits fall into two
c¢lasses: point by point determination of the character-
istic under investigation as a function of frequency; and
panoramic displays of the characteristis., The relative
merits of the two general methods are noted during the

summary.




3.1

2

Some of the methods outlined are applicable to tra-
nsmission type resonators and others %o reaction resona-
tors. For application of any of these msthods it is ad-

vised thet the reference bes consulted,

Method A

This method, which is contained in King's book,5
utilizes the variation of the VSWR on the input line in
the vieinity of resonance,

For application to this method the input impedance

of the resonant c¢ircuit, as seen from the line, is ex-

pressed as

B4

Zin = 32 {R‘ + jR'QO(%r#)

The coupling losses have been neglected. The quantities

are as shown in the transformer equivalent circuit,

) .
R é%R'é? é§ :éhx”
o & g% ;:
1:n " |

Figure 3.1 Equivalent eireuit of a probe coupled resona-

tor.
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The half power points of the response curve are the
points at which the resistive part of the impedance is
#qual to the reactive part, The frequency dif ference from
resonance of these points are designated as + Af, and the
Q's are defined as the ratio of the appropriate 2Af to
the resonant frequency.

On the circle transmission line ehart (Smith chart),
the locus of the impedance of a resonant circuit is a cir-
cle. If the coupling losses are neglected this locus
passes through the infinity point of the chart. If the
resonator is overcoupled the impedance locus contains the
cent er (1,0) point of the chart., If it is undercoupled
it does not contain this point.

The VSWR!'s corresponding to resonance (Af=0), LrAf,
£2Af, and £iAf; are the intersections of the impedance
locus with the lines x=0, x=r, x=1 and x=r+l, respectively.
x and r are the normalized components of the impedance.
.These intersections are the frequencies at which the re-
active part of the input lmpedance is equal to the resist-
ance appropriate to the definitions of Qy, QE’ and QL'

After £ and the VSWR at resonance (So) have been
found, graphs are used to find SL’ the VSWR at AfL. Thus,
tuning the frequgncy until the VSWR is SL yields AfL and

QL may be calculated from the expression,
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and QE and QU fronm,

S = SE under coupled

° QU
Xy
S° = 3 over coupled
E
and,
U Y K

If the coupling losses are significant, the impe-
dance locus does not pass through the infinity point and
the above method does not hold, However, a technique

for handling such cases is described in the reference,

Method B

This second method is suggested by Hamilton? et al,
for the cold testing of oscillator cavities, It requires
a plot of the VSWR,as a function of frequency,in the vi-
einity of resonance; and a knowledge of the VSWR at re-
sonance So’ and of f resonance, Sl’ It is also necessary
to know the degree of coupling.

The reflection coefficient of the circuit is express-

ed as,

i~

(sl-l)?(so-sl)29?+ (54-1)2
r = o . ot

(5,41)2s, -5, )ak+ (5,+1)2




RS

where:
5 = 20, 2L overcoupled (s )1)
QE f° p o
l-S S
S = 3—:9§l 8 undercoupled (Sd<1)
0 l

By use of the relation

l+r

St = ler

it is possible to plot B! versus So with S1 as a para-
meter, if 3 is assigned a definite value (such as 1).
Knowing S° and S1 from the experimental data, a value
of S' may be found at which Af may be measured, cor-
responding to 3 = 1., Then QE and Qo may be calculated

from the relations,
e overcoupled

%£ - —2l undercoupled
°

and

s1 is always considered to be less than l.
This method includes the finite coupling losses by
allowing the VSWR off resonance, Sl: to be less than in-

finite,
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Method C.

This method is known as the decrement method and
is described by King? It is suitable for the measurew
ment of very high Q's only. (of the order of 104).

It is based on the fundamental definition of Q,

as expressed by the decay constant of an excited re-

sonator,

v

Vl e 2Q (ta tl)
whers; Vz and Yl are the amplitudes of the voltage a=
cross the circuit at times t, and t_ , respectively. The

2 1l
amplitude ratio and time delay may be measured by an

oscilloscope with a fast triggered sweep and a variable

delay.

Comparison.

Methods A and B are point to point methods and me-
thod C is a single frequency method. Methods A and B
are best suited to the measurement of relatively low Q's.

The disadvantages of a method which involves the
me asurement of standing wave ratios are these:

In a microwave system VSWR is usually measured by
means of a probe inserted into the transmission line
through a slot, The »robe is placed at a position of

maximum field on the line and the SWR meter adjusted to
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its index; the probe is then moved to a position of
minimum field and the SWR read. The meter usually re-
quires a modulated signal,

In order to obtain a smooth curve of VSWR versus
frequency, it is necessary to take readings very close
together, espe cially for high Q circuits. This places
a strict condition on the frequency stability of the
signal source and it s modulation characteristic, If
many resonators are to be tested the number of indivi-
dual measurements becomes prohibi tivs,

Also, unless an attenuation substitution method
is used to measure the SWR the methods depend on the
square law characteristics of the detectors.

The panoramic, or sweep frequency methods, are more
suited to the determinat ion of resonator characteristics
because an oscillographic display of the response, as a
funetion of frequency, may be obtained by sweeping the
oscilloscope with the source modulation., The swsep fre-
quency methods have the advantage of not depending on
the frequency stability of the apparatus, and eliminat-
ing the many single frequency measurement s needed to pro=
duce the same curve,

These methods depend on the type of resonator which

is being studied, In the study of transmission resona-

tors the response of the test plece is usually compared
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to the response of some reference cirecuit, The refer-
ence circuit may act as a frequency marker, in which
case the power through the test plece must be known so
that the half power points can be determined., Or, the
response curves may be made coincident and the unknown
Q found by comparison to a calibrated reference circuit.
In the study of reaction type resonators the reflection
coefficient of the device is measured by comparing the

ineident and reflected powers as a function of freqguency.

Method D.

This is the Sproull and Lindervmethod for comparing
the response curves of two transmission type resonant
circuits. The apparatus shown in Figure 3.2 may be op-
erated in several ways. One is to subtract the respon-
ges in the mixer circuit., Then, if the reference ampli-
tude is one-half of the test amplitud e when the refer-
ence dip touches the zero level the wavemeter 1s oscil-
lating at a half power point. It is also possible to
calibrate the display by using the reference dip as a
frequency marker.,

The conditions onm the apparatus are these:

1. The coupling must be very loose so that the Q will
not be seriously affected by external losses, This
is necessitated by the fact that the loaded Q is

mneasured,
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Figure 3,2 Apparatus - Sproull & Linder,
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Figure 3,3 Apparatus - LeCaine,
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2. The erystal detector must be a square law device,

3 The bandwidth of the coupling system must be greater
than that of the test piece.

4, The amplifier must be linear, if the display is to
be calibrated.

Se Ther e must be no amplitude modulation of the source,

since the response curve would be formed partially

by this amplitude modulat ion,

8. The frequency modulation of the source must be

linear,

Method E.

Lecainoaof the NRC has modified the Sproull and
Linder method. He has introduced a superhetrodyne clra
cuit in which the response of the test piecs is compared
to the response of an IF resonant circuit whose Q is
known and variable, as in Figure 3.3, The responses are
displayed on alternate sweeps of a CRO,

When the response curves are made coincident by
varying the IF circuit, the frequency dif ferences at the
half power points are identical and + he unknown Q may be

calculated from the expression:

SEE.fRF
“r frp
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This method was applied to the measurement of Q's
between 5000 and 15,000, with an error estimated to be
+3%.

The advantages of the Lecalne method over that of
Sproull and Linder are these:

1. This method eliminates reading the half-power fre-
quency dif ference from the face of the ORT,

2. The superhetrodyne detection system is very sensi-

tive, hence the coupling can be very weak.

3. The response law of the crystals used as mixers is
more reliable than that of the ¢rystals used as

detectors,

4, All components other than the mixers are common to

both channels, hence reducing the need for linearity

in the circuit,

Method F.

Montgomeryldescribes elaborate apparatus which has
been developed at the M., I.T., Radiati on Laboratory for
the measurement of cavity Q's.

One is a system employlng an FM discriminator with

tunabls IF amplifiers which places pips at the half

power points of a respomse curve, The half power level
is not too accurately found by this method.
He also describes apparatus called a cavity Q com-

parator which operates on the Sproull and Linder ldea.
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The above methods all yield the loaded 3 value and
require very light coupling in order to obtain an ap-
proximation to the true Q, There is nothing in the pro-
cedures except for the reducﬁion in the Q which indicates

the actual degree of coupling or the coupling losses.
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Theory of Measurements,

The method which was used in the experiments will
now be described? It is first necessary to know the
form of the reflection coefficient of a resonant cir-

ecuit as a function of frequency.

The equivalent circuit of a resonant section and the
variation of input impedénce and reflection coefficient
with frequency.

A resonant section of transmission line which is
magnetically (loop or iris) coupled to a transmission
line may be represented by an equivalent circuit, the
coupling system being represent ed by an ideal transfor-

mer with external losses,

Resonator Coupling Circuit  Transmission Line
® o
i RY
1R O T
-9| 00—
K:1l :
23 Z4n

FPigure 4.1 The equivalent circuit of a single ended re

sonator.

The input impedance of the cavity alone Zl may be ﬁritton
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as
Zl = 1 1 401
%. + 3(wC-25)
if we define
1
w% LC 4,2
and
- (&)HE
M= (g) 4.4
then, in the vieinity of resonance,
Zl- 1 4.5
% + JM 2l
[
and the input impedance as seen from the transmission
line is
1
Z, =R + ———ye 4.6
i 1 Ao *
o ¢ Na’(é- 2 JM z'o:)

where Bc = the coupling system resistance.

Normalizing the input impedance with respect to the char-

acteristic impedsnce Bo of the transmission line we ob-
tain,

1

+ —§- 4.7

L8] Aw
Re T ¢+ janoN? a:)

N
S
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now, off resonance the resonator impedance becomes very

small and we may express Zin as

2, B -
il 4.8
© 1~

similarly, at resonance where Aw = 0,

ﬁin E; R N2 4.9
o .

Recalling the familiar definition of the reflection co-

efficient, r,

eT—. 4010

RO

ry= - 4,11
L
R

since the coupling resistance Rc is much less than the
characteristic impedance RO; ry will usually be approxi-

mately equal to -1,




The reflection coefficient at resonance r, is,

R
R
( =2 ) -1
R 2
o RN
R
R
Ro _ RON%

from these expressions we obtain

and

- 22 T3

R

(]

R N?

)’liro

lawar
o

2(r°- rl?

(1 - ) =)
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4.12

4,13

4.14

4.15

and hence can write the normalized input impedance as

hf“

Ro

1

.

- l-r

(1 - ro)(l -r)

Aoy

I+ jeum N2

2(r° - rl) W,

4,18

The value of the unloaded Qo may be expressed in terms

of our defined quantities as,

0 " waR = MR

4,17
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Similarly, the external QE is
Q = uaou% 4.18

where RON? is the external loading as seen by the resona=-
tor,
The degree of coupling may be expressed in terms of

Qo and QE as follows:

if QO = QE the resonator is eritically ecoupled and
rOIO.

if Qo'( Qg the resonator is under coupled and r  1is
negative.

if Q, > QE the resonator is overcoupled and r, is
positive.

we may rewrite equation 4.15 as
Q 2(r° - rl)

'Q'- = — 4019
E (1 - ro)(l - rl)

we may also rewrite equation 4,18 for the normalized in-

put impedance as,

Z 1+r 2(r -r,)
in 1, ) 1
= 4,20
R 1-r, (1-ro)(1-rl) + 382(r°-r1)
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where
20w . QOfF
SﬂQE—w—o-Qﬁ}:—- 4.21

We now express the reflection coefficient as a

funetion of frequency in terms of ros 1o and 8§,

1+r1 . 2(1‘° - rl) B -1
l-r (ler )(1-ry) + 382(r_=-r,)

R | LM SOU. - T SO 4,22
1+r1 2(1’0 - rl) + 1

1 -rl*' (l-ro)(l-rlf J“jﬁf(?::;IT

However, the quantity we are interested in,and are
able to measure,is the square of the reflection coeffi-
cient, which is the ratlio of reflected power to incident
4r 2 (1-9---:.'1)282 + r° (ler )4

(2 = — v 4.23
4(r°-r1), 5= + (l-rl)

This expression forms the basis of the measurement
of Q by reflected power,

It is interesting to notice the similarity between
the expression Just derived and the one derived in the
"Cold test" method discussed in reference 6, The latter
is in terms of VSWR, but reduces to equation 4.23 when
VSWR is expressed in terms of the reflection coefficient,
The VSWR method is a point to point method and reguires

a different approach to the final result for over and
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under coupled cases, Whereas the reflected power method
only requireg reading a different portion of a graph for

the two cases, as will be seen.

Theory of procedure,

If a dis play of reflected power versus freguency can

2‘ Y !‘lr and

f° may be read from it direetly. If the degree of coupl-

be experimentally obtained, the values of lr°

ing is known, the sign of r, is determined, Then a fam-
ily of curves may be plotted from equation 4.23 with QE
as the.parameter and the one which coincides with the ex-
perimental display yields the correct value of QE' This
would be an accurate method of determining QE’ but very
lengthy, It is more practical to plot equation 4.25 for
a fixed value of B and with r, as the paramster, as in
Figure 4.2, Then, having obtalned the values of r s

Irlrl, and f° from the display a value, rllg, of ,r,2 at

which § = a known value may be found from the graph and
ANw measured at this power level. QE may then be found
from equation 4.21, where 2Aw is the total bandwidth of
the reflected power curve at the specified power level,

Qo may be calculated from equation 4.19.

The value of 8 which was most convenient for deter-

mination of 2Aw, was determined by the degrese of coupling.
For highly over coupled cases 3 = ¥ was a proper value;

for under coupled cases 8 = 2 was a good value., The
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greater the value of 8, the more closely lrllg approach-

es lrllg and the greater 2Aw becomes,

4,3 Determination of degree of coupling.

With reference to equation 4.9 and Figure 4.3, the
degree of coupling may be ascertained by an investiga-
tion of the positions of the minima in the standing wave
pattern on the input line. The reference points are the
positionsof the minima off resonance. The loop coupled
resonator off resonaﬁce is equivalent to a short. If
the resonator is under coupled, then at resonance QE:>Q0,

80 R°N?>‘R, and Z; < 1. Hence, the minima occur at the

Ro

same points on the line as off resonance. If the reson-
ator is overcoupled, then at resonance Qz<Q,, so R°N2,< R,

Z
. and EEE > 1. Hence, the minima are shifted by % from

°
their positions off resonance.

The of f-resonance positions of the minima are shift-
ed slightly by the inductive loading of the loop, but the

indication of the degree of coupling is very definite,e=-

ven close to criticecal coupling.
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Expe riment al procedurs.

From the discussion just completed, it is seen that
if a method for measuring the reflection coefficient of
the resonator as a function of frequency could be devised,
its Q value could be determined,

There are at least two ways in which this can be ag-
complished. The first method is an alternate to the one
used; and, since it has some advantages, might be consi-

dered for any further investigations in this field.

Alternat e me thod.

If two directional couplers were placed "back-to-
back" and the input connected to the main arm on one end
and the resonator on the other end, then the voltage in
the first coupler would be a measure of the incident power
and the voltage in the secomd a measure of the reflected
power, The reflection coefficient would be the ratio of
the two outputs, suitably corrected for line losses and
the decoupling in the couplers, The outputs (if from
square law devices) would be proportional to the magni-
tude squared of the reflection coefficient, which is in-
dependent of the position of the termination in the wave-
guide, thus the phase shifts due to unequal path lengths
could be ignored. If some circult were available which

would yleld the quotient of the two outputs, then a meter
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connected to this circuit could be calibrated to read
directly in reflection coefficient. Such instruments
are made commercially for frequeney ranges other than
the S band and are known as reflectometers,

A reflectometer of this type has the advantage
over the method described below of involving components
which are relatively insensitive to small frequency
changes and require no matching devices in order to

operate properly.

Procedure,

The method I have chosen is one originsted by E.D.
Reed of the Bell Telephone Laboratories? This method is
based on the facet that the output of a mat ched hybrid
Junction -~ a magic tee - depends only on the reflection
coefficient of the termination on the test arm, if the
other wide arm is terminated in a matched load., A sam-
ple of the incident power is taken from the input line
through a directional coupler, The incident and reflect-
ed powers are dlsplayed on alternate sweeps of a CRO, The
power levels are made comparable through the use of var-
iable attenuztors and an initial condition set which is
inherent in the apparatus,

The apparatus is shown schematically in Figure 5,1

and is described in the following chapter.
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The step by step procedure involved in the meas-

urement of the Q of a resonant section was this:

1. The experimental section, mounted on a waveguide
to coax adapter, was placed on the test arm of the

tee,

2. The resonant frequency of the section was deter-
mined and marked by tuning the frequency meter to
the resonant ffoquency. This was done while the
source was being frequency-swept in order to mini-
mize the hunting required to find the resonant fre-
quency. The sweep was then turned off and the

source operated on CW.

3. The test sectlon was then replaced by a moveable
short. The output of the tee was connected to a
pvoltmeter and the slide-screw tuner adjusted un-
til the reading of the fvoltmeter became independ-
ent of the position of the short. 1In this way the
tae was matched? The source was returned to sweep
operation and the power levels of the two channels
as indicated on the oscilloscope were made coinei-
dent by means of the variable attenuators in the

channels,

4. The short was then replaced by the test section.

* See Appendix IV,
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The degree of coupling to the resonant section was
then determined by observing the position of the
minima in the test arm (i.e., on the input line to
the resonator) when the source was operated CW at
resonance and then far removed from resonance, Far
removed from resonance was that point closest te
resonance at which the resonator had no noticeable
effect on the reflected power,

Irllg and Irolg were then measured in terms of the
micrometer setting of the precision attenuator, and
recorded on a data form. These quantities were then

found in decibels from the calibration curve of the

abttenuat or,

From a conversion graph ry and r  werse found as al-
gebraic ratios, The sign of r, being assigned ac-

cording to the degree of coupling.

The value of 'r'lg was then determined from the plot
of equation 4.23, If this resulted in the determin-
ation of 2Af at an inconvenient power levelllr'lé

was calculated for a more suitable value of 8. The

attenustor setting corresponding to |r‘|? was found

from the calibration curve.

The bandwidth 2Af was determined by reading the fre-
quency meter dial settings for the points of inter-

section between the incident and reflected power
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traces., These points were designated as f, above

1

resonance and f2 below. The dial setting for fo
was also observed and these quantities entered om

the data sheet,

10, The appropriate corrections for temperature and
calibration were made to the readings and the val-

ues of fl, £, and fo determined to two decimal

2
places by the use of extended calibration curves.

11. Qx’ QE’ and Qo were then calculated.

Figure 5.2 shows a typical display. Step 6 is shown in
Figures 5.3, 5.4 and step 9 in Pigure 5.5, Plate 5.6

is a sample data form.,

Although the steps listed above appear lengthy, mahy of
them are the result of key components of the apparatus
having calibration curves, rather than direct reading

dials.

The method has all of the advanb ages that a sweep

frequency method has over a point-to-point method plus

some decided advant ages over othe r sweep frequency me-

thods.
The chief advantage of the system is that the ef-

feet of coupling changes are visible, predictable, and
measurable, Coupling has emerged during the measure-

ment s as the prime factor determining convenience and
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accuracy. The value as well as the sign of r, are de~
pendent on the amount of coupling and so the depth of
the response curve of the resonator is dependent on
coupling. The variation of T, with coupling gives an
indication of the degree of coupling and the amount of
coupling.,

Another advantage of the method is the absence of
any amplifiers other than the oscilloscope, which 1is
common to both channels. As long as the crystal de-
tectors are identical, there are no other components
which have to be mat ched, The system is independent of
any amplitude modulation of the source because of the
lack of amplifiers. The modu lastion need not be linear
since the frequency axis of the display does not have
to be calibrated,

The accuracy of the method is depend ent on the
matching of the tee and the likeness of the detectors.
It also depends on the variation of the gomponents with
frequency, although the frequency variation for any one
test 1s so small that 1t does not affect the accuracy.
The tee has to remain matched over this small frequency
dif ference, however, The match of the tee depends both
on the frequency sensitivity of the tee and the slide

screw tuner. It can only be assumed that this match

holds for the frequency range of any one test.
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INPUT 1L/ e=slorelles illosc e "'ﬂ

Figure 5.2 A typical oscillographic display. The hori-

100 300

zonbal prace is the incident power, the small dip
in it the wavemeter indication., The wider response

curve is the reflected power,

Figure 5.3
|rl|2 - Incident trace coincident with reflected

trace off resonance,
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Figure 5.4 'rola - Incident trace coincident with reflected

trace at résonance, Zero power level shown,

Figure 5.5 1Incident power trace in position for bandwidth

measurement,




Figure 6.3

A typical data form,

Date: Jume 24,1956. -
Test:
d=1/4" ; s=1/2"; =g
-
PRECISION | %
ITEM ATT. IB REFLT COEFF E
SETTING o
: : [/}
b of 2 r.= - [
|71 03 0. 325 1¥ ~ 0, 960 OVERCOUPLED »
fr'olz 458 7. 50 r,=# 0, 420 TEMPERATURE = 25, &' G
,r'|2 300 3, 86 ‘
A-r) | Q-1r) | @r)A=r) |(r, -1)e |20, -1y)] 2T =)
I | : o A | o Yo ) LA o 1 .
: (l-r 1__) (1—1‘0) £
1,960 | o, 580 1, 137 1, 380 2, 760 | Q=3, 427
t
: ITEM £, £, £
! (%))
Disl setting D 3, 0306 3, 0242 3., 0274 ®
Temp. correctiomn K + 0, 0001 + 0, 000% + 0, 0001
RY=D4K 3, 0307 . 3, 0243 3, 0275
Dev. correction d + 0, 0001 + 0, 0001 + 0, 0001
Corrected settimg R 3, 0308 3. 0244 3. 0276 -
(R=R'4d) —
fint ' 2047, 40 2950, 12 2948, 76
. of | | -
Hum., correction 1 + 160 - | - .
- Af . . -
£= i+ 955 : .
20f 2, 72 4 X&f = 2948, 76
(2af) ' **  has been esleulated fer
Q 2, 427 =1, '
. Hemidity eserrections have been
Q= Ox-Qp 2651
noglected,
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The detectors must have the same input-output char-
acteristics or the difference in power betwesen reflected
and incident channels, as indicated by the position of
the traces, will be caused in part by the detectors ra-
ther than the resonator. The crystal matching is des-
eribed in the following chapter, If the tee is well and
truly matched then the only possible source of error in
the apparatus is the detectors, An error of approximate-
ly 0.5%, eaused by the humidity of the air in the fre-
quency meter, has been allowed,

The disadvantages of the Reed method which became
apparent durihg the tests were in the most part the fault
of the apparatus used. In the first place, the hybrid
Junetion requires matched generator and load to operate
as a magliec tee, and this mateching is very frequency sen-
sitive and adds a great deal of labour to the tests, It
would be ideal for fixed frequency operation. However,
in these tests the resonant frequencies of the various
gections were not identical and hence the matching had
to be done for each new section, Secondly, the display
on the face of the 'scope is the power versus reflector
voltage characteristic of the klystron and is of the fam-
iliar klystron mode shape., The tuning range of the 2K4l
is very limited and hence the edges of the response curve
often reached the edges of the klystron mode., This would
not have occurred 1f the resonators had had Q's two or

three times as large as they did. When the response cur-
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ve was very wide it made the determination of ) diffi-

cult., r., was usually found by detuning the resonator

1l
by placing a block of brass near the coupling loop, so

that the currents flowing through the loep would be the

couPling system currents only. , third disadvantage was
the many steps involved in obtaining a final result. As
mentioned above, this could have been eliminated by us-

ing equipment which was calibrated directly rather than

through curves,

Aside from the above mentioned disadvantages, the method
used is convenient and shows the processes involved very

graphically.
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8.1

3

Apparatus.

Apparatus in general,

The apparatus in general consists of a source of
10 cm energy, a waveguide transmission system, detect-
ors, a switching SPDT relay and an oscilloscope. The
source and oscilloscope are swept by a 120 cycle saw-
tooth wave, such that the switch inputs are displayed
on alternate sweeps, and each is representative of the
same portion of the source characteristic. (Figure 5.1)

The energy is fed from the source through a var-
iable attenuator to a directional coupler. The low le-
vel output of the coupler is passed through a variable
attenuator, a calibrated attenuator, and a frequency
meter to a crystal detector, The signal from this de-
tector is applied to one side of the switching relay.
The high level output of the directlional coupler is fed
through a 10db pad and a slide screw tuner to the H arm
of a hybrid tee., One side arm of the tee is terminated
in a flat load and the test piece is placed on the other,
The output of the E arm of the tee is passed through a
variable attenuator to a crystal detector. This signal
is applied to the other side of the switching relay. The

cent er contact of the relay is connected to the wvertical

amplifier of the oscilloscope,
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6.2 The Apparatus in Particular.

8.2.1 The signal source used was a 2K41 reflex klystron, This
klystron is also known as the 417A, The 2K4l haw a ﬁini-
mum power output of 250 milliwatts within the published
frequency range of 2660 to 3310 Mc/s. In practice it
was found that the klystron operated well beyond these
limits.

The klystron was operated under the following condi-
tions:

Beam voltage seesssssesrs =1000 volis

Reflector voltage eecccosnrss =59 to -800 volis

Grid ?oltage essvssssese =350 volis

Beam cur rent eesssssnsss 40 to 50 milliamps

The klystron could have been operated at a higher
beam voltags if more power were desired. However, the
electronic tuning bandwidth of the 2K41 is very limited
and decreases as the beam woltage is increased. It was
also found to have severe electronic tuning hysteresis.
The tuning bandwidth is of the order of 5 to 10 Me/s un-
der the above operating conditions,

The klystron was mounted on a small Hammond chassis
and was alr cooled by a fan mounted on the same chassis.
The modulation coupling condens ers were also mounted on
this chassis. (Figure 6.1)

A typical mode is shﬁwn in Pigure 8.14, The voltage
increases negatively to the right. The multiple-transit

effect is shown by the steps,
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Figure 6,1 2K4l Klystron and fan,

Figure 8,14 Typical mode of R2K41l Klystron. Pout vs. Reflector,
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The klystron power supply (Pigure 6.3) was a home-
made version of the PRD 801 Universal Klystron Power
Supply, built in the Department some years ago. It is
capable of delivering approximately 80 milliamperes of
carrent from -300 to -3500 volts, with appropriate re-
flector voltages. It has grid voltages available from
+40 volts to -200 volts. Sinece this supply had no mo-
dulation source, it was necessary to construct a sweep
generator. Bsecause of the tuning hystaresié of the kly-
stron, the sweep had to be a sawbooth waveform which
would vary the reflector voltage in one direction only.
The frequency of the sweep had to be 120 cps since it
had to occur once whilé the switching relay.ﬁas in each
position, i.?., it had to sweep once for each half cyecle
of the 80 cycle-relay drive, In order to obtain a fre-
quency range sufficiently larger than the bandwidth of
the resonant sections it was necessary to sweep almost
the entire mode of the klystron. This required a sweep
voltage amplitude of about 100 volts,

To insure that the sweep frequency was exactly half
of the switching frequency, the sweep was synchroniged
to the line wvoltage. This was accomplished b& applying
the pulses from an inverted and clipped full-wave-recti-
fied line signal to the grid of the 884 thyratron which
acted as the sweep generator, The sweep generator is

shown in Figure 6.4. The phase shift introduced between




Figure 6,2 °“Klystron Power Supply

Figure 8,3 60 cycle Switching Relay , showing BNC

connechtors,
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Schematic circuit diagram.

View of assembled chassis,

Figure 6,4 Synchronized,saw-tooth sweep generator.
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the sweep and the switching caused the switching trans-
ient to appear away from the edges of the display on the
oscilloscope, This transient is shown on the left side
of the display in Figure 6.1A.

The switching relay was a Stevens-Arnold DC-=AC
chopper (type C-12, 60 cycle). The chopper was driven
by the 6.3 volt side of a Hammond 1128X680 transformer,
An off-on switch was placed in the line side of the
transformer, The inputs and the output of the switch
were made through BNC (type UG 290/U) connectors. The
relay was mounted on a chassis and all 80 cps leads were

shielded to minimize stray pickup. (Figure 6.3)

Be263 The waveguide circuitry was composed of standard
Hewlett Packard S band component s, except for the slide
screw btuner., Vieﬁs of the apparatus are shown in Fig-
ures 8.5 to 8.8, The S band waveguide is 3" x 13" out.
slde dimensions and has a suggested bandwidth of 2.8 te
3.95 KM¢/s. It is electroplated on the inner surfaces
with a high conduetivity bright alloy. Connections are
masde between sections by means of flat flanges, type
UG-53/U., The transitions between coax and waveguide are
made through S281A waveguide-to-coaxial adapters; the
coaxial fitting is N type. The klystron was connected
to the waveguide through a short length of RG 8/U coax-

ial cable, fitted with N type connectors,




82

The wvariable attenuators are of the flap type. They
have an attenuation range of 0 to 20 db and calibration
curves are supplied. An interesting feature is that the
flap enters the guide linearly rather than pivoting in.
This tends to minimize the SWR, The precision,calibrated,
attenuator has a range of attenuation of § to 20 db, how-
ever, the calibration extends for only 10 db, The re-
sistive material is deposited on a card which is moved
laterally across the guide by the action of a micrometer
soerew, The micrometer is graduated in inches and to ob-
tain the attenuation in decibels it is neceséary to refer
1o a calibration curve. Since the device is frequency
sensitive the calibratién is good only at that frequency
at which it was done. The particular attenuator used was
calibrated at 3000 Mc/s., The calibration accuracy is 0.3
db.

The directional coupler (S752D) has 20 db attenua-
tion between the main and side arms, It is of the multi-
hole type.

The hybrid tee (S845A) is a matched four arm junction,
There are no matching posts nor irses in the tee, which
is the usual method of matching hybrid Jjunetions. The
catalogue description of the component deseribes it as

being matched by careful choice of dimensions. In prac-
tice it was found necessary to mat ch the input arm by

means of a slide-screw tuner, This tuner consisted of a
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Figure 6.5 Apparatus - showing original
Waveguide circuitry - no tuner, slotted line, o® isolating

lengths. Coupling system as origindlly used,

Figure 646 Final Equipment Layout -

vicinity of magic tee,
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Figure 8,7 Close-up of Resonator - connected to

apparatug,

Figure 6,8 Frequency meter and Switching Relay.
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6-32 screw inserted into a length of guide through a
slot milled in a broad face. The position and inser-
tion depth of the screw could be varied, and hence most
suscept ances obtained, When the other arms of the tee
were terminated in mis-matched component s, modes other
than the TElo were excited in these arms and coupled to
the input arm. Since the tuner was effective in match-
ing only the dominant mode it was found to be necessary
to decouple the components on the other arms from the
tee, by lengths of waveguide., In this way the spurious
modes caused by the mis-matches were attenuated to a
negligible value before reaching the tee, The variable
flap attenuator on the E arm of the tee was decoupled
with a 12" length of straight waveguide. The reference
side &rn of the tee was termihated in a low power non-
reflective termination (S910A), The test piece was de-
coupled with a S8L0A slotted section. Since the deter-
mination of the degree of coupling depends on a know-

ledge of the SWR on the input line to the test plece,the

insertion of the slotted section served both purposes,
This is an addition to the squipment used by Reed, and

a very convenient one, since the degree of coupling could
be readily determined at any time., The output of the

444A untuned probe on-the slotted section was indicated

on a Leeds and Northrup 2420B galvanometer.
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The moveable (S920A) short used to match the tee
consiéted of a screw driven silvered plate which made
contact with the walls of the guide through spring fing-
ers, Its loss is reported to be less than 0,01 db in
excess of a silver plated soldered short, even after
25,000 tuning cycles, When the tee was being matched,
the output of the E arm was measured on a Weston 322
pvoltmeter, as indicated by the symbol BAL on Figure 5,1,

The output of the incident power channel was fed
through a waveguide to coax adapter, through a length of
RG 8/U to a coaxial tee, The Sperry 291A Microline fre-
quency meter was connected directly to the side arm of
this tee, It waw operated as an absorption cavity and
hence its resonance was indle ated by a drop in the powv-
er level in the main channel, The straight -through side

of the tee was connected o a crystal detector.

8.2.4 The detectors were IN23 crystals mounted in PRD
613M crystal mounts. These mounts are coaxial and have
an N type fitting on the RF side and a BNC fitting on
the DC side. As has been mentlioned previously, the ac-
curacy of the measurements depends on the crystals being
identical. That is, their output versus input charascter-
istics should be the same over the range of input power
used., This response can be readily checked when the short
is in position on the hybrid tee. After the tee is mat-

ched and the short still in place, the output of the tes
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is dependent only on the input. So, if the incident and
reflected traces are made coincident on the scope by ad-
Justing AT 2 and AT 8 and the input power wvaried by at-
tenuator 1, the reéponse of the two crystals may be com-
pared by observing their output levels on the scope. If
the traces remain coincident, as AT 1 is varied, then

the crystals may be considered identical., Several cry-
stals were compared in this manner until a pair whose
regponses were the same was found. The crystals were
paired by first measuring the ir parameters with a cry-
stal checker, so as to eliminate crystals which were ra-
dically dif ferent. The pair finally chosen agreed with-
in 0.1 db., Originally H-P crystal detectors were used.
These detectors employed coaxial INR68 crystals, modified
to fit the mounts. One of these crys tals failed, and
since they are rare compared to the common IN23's and
must be ordered from the manufacturer, the PRD mounts
were substituted. Also, in order to find a matched pair,
many crystals were tried and the IN268's were in too short
a supply to find a matched pair.,

The exper imental resonators were mounted on the co=-
axlal fitting of a wavegulde to coax adapter placed on
the end of the slotted sectlion., Originally, they had
been coupled to the adapter through a short length of
coaxlial cable but this was done away with through a proc-

ess of evolution. The original coupling system is illus-




8.3

68

trated in Figure 6.5, and the final one in Figures 6.8

and 6.7.

Experiment al resonant sections,

The sections of parallel wire transmission line
whose Q's were measured consisted of the parallel cyl-
indrical conductors, the terminations, and a coupling
circuit., The resonators are shown in Figures 6,9, 6.10

and 6,11,

8.3.,1 Conductors.,

The conductors were constructed from lengths of pure
8ilver tubing, the ends of which were pressed fitted with
brass plugs. These plugs were soldered within the tubing;
and drilled and tapped to take 4-40 screws, The ends of
the conductors were turned slightly concave so that only
the outer edge made contact with the termination, This
was to insure that the dimensions of the conductors would
be known at the point of contact and to make the mechani-
cal contact as good as possible. The absolute length of
the conductors was not specified critically. However,the
two conductors of any one pai} were machlined to within
one thousand of an inch of each other. Conductors of the

following dimensions were made:

TABLE II
d Y4
3 _", 4n, 8", and 8",
5/18 2", 41, g#, and 8",
0.54 2", 4", and 6",
3/186 x 5/8 2" and 44,
rect.
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Termination
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Conductors
Termination
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Coupling circuit
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Figure 6,9 Exploded cross section of experimental resonant
section., Full size except as indicated.
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Figure 6,10 Assembled Resonator,

Figure 6,11 Components of Resonator.,
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"Other conductors were tried as the situation warranted.

6.3.,2 Terminations.
The terminations were 8" diameter, circular discs,

cut from 1/8th inch brass stoeck. Originally, the ter-
)
minations had consist®d of a single pair of 8B discs,

with slots milled in them to allow for different con-
ductor gpacings. It was felt that these slots would
interfer with the fields at Fhe terminations, since in_
many cases they would lie within the half-power circle._
And so they were replaced by four pairs of terminations,
sach pair to serve as the terminatlons for a different
conductor spacing. Two holes were drilled in each dise
to pass the_4-40 screws with which the conductors were
held secure. Allowance Was_made for conductor separa-
tions of 3", 1", 13" and 2", The edges of the disecs were
turned in a lathe to make the dises truly round but the
faces were left as-is, The conducting surfaces of the
terminat ions wgre silverplated to a depth greater than
the skin depth in silver at 3000 Mc/s,

The termination on the coupling end of the resona-
tor had four 6-52 tapped holes symmetrically placed about
the center to receive the coupling circuit. This disc
has a one-~eighth diameter hole at its center to_allow in-

sertion of the coupling loop into the resonator. A 0.059%

diameter hole was drilled as near as possible to the ecen-
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ter hole, and on the line jJjoining the centers of the con-
ductors, to receivs one end of the coupling loop. These

details are shown in Figure 6,1l1l.

6.5.5 Coupling Circuit,

The coupling circuit consisted of the outer conduc-
tor of a UG 21B, N-type coaxial cable conneétor and a
circular brass block. The connector is in twe pieces.
“WIr'he longer pliece has the N type fitting at one end and
the other end is threaded to screw onto the shorter piecs.
The shortgr piece of the cable connector is soldered into
the block., A piece of silver tubing is press-fitted into
the center of the longer piece and when the connector is
screwed together_this tubing protrudes beyond the end of
the block about 0,003", The protruding tubing insures a
tight contact between the coupling system and the termin-
ation. The block is held to the back of the termination
disc by means of four 6-32 screws, which mate with the
holes in the termination, These screws penetrate the ter-
mination so that, when tight, their ends are flush with
the conducting surface of the termination. The brass
block has been heavily silver plated. A " wide slot has
been milled in the surface of the block to provide clear-
ance for the heads of the screws which hold the conduct-

ors in place., These construction details are shown quite
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well in Figure 6.1l where the coupling circuit is la-
bled "ADAPTER", When the coupling circuit is connect-
ed to the assembled resonator the whole structure is
connected directly to the female N type fitting of a
waveguide to coax adapter, which is then_placed in po-
sition at the end of the slotted section.

The coupling loop was made of 0,060" silver rod.
A suitable length, pointed at one end to fit the center
conductor of the fitting on the adapter and hooked at
the other to form the loop, was placed ip position after
the block was affixed to the termination. The end of
the loop was pressed into the 0.059" hole in the ter-
mination and, hence, a good mechanical joint made at the
" surface of the termination., The degrge of coupling was
changed by varying the loop insertion.,

The coupling system described above evolved from
a more complex one. The original coupling consisted of
the same block fitted with a female N type receptacle,
The coupling loop passed from the cent er conductor of
this receptacle through the center hole in the termina-
tion, returned, and was soldered to the block. The re-
sonator was then connected to the waveguide-to-coax a-
dapter by means of a short length of RG 8/U coaxial
cable., The degree of coupling was varied by rotating

the loop with respect to the plane of the conductors,

This led to fregquent breakages in loops and ampiguity in
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the coupling, i.e., it was often hard totell whether or
not the coupling was to the transmission line mode and
whe ther the coupling was loop or probe coupling. I

was by varying the length of the connecting coaxial line
that the effect of the hybrid tee mis-match was seen to
be important, since the zero level set depended on the
length between the tee and the short, and hence the im-
pedance seen by the tee, A GR sexless connector was
fitted to the end of a piece of RG 8Y4U having an N type
at the other end and a GR shorting element used when

setting the zero level,
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Results and GConclusions.

Results,

The results of some fifty tests were considered

valid., Approximately sevent y others were inValidated_

by apparatus mis-matches, The invalid tests, however,

were of the same magnitude as the final results and

indiecate that the final results are corrgct.

1.

Re

Three sets of results are present ed.

The first set of results constitutes the bulk of
the measurements. These tests demonstrate the Q
values obtainable with the exper imental resonant
sections,

The Q factor has been plotted as a function of
lgngth fqr three conductor diame ters in Figures
7.1, 7.2, and 7.5, |

Using these results and Equation 2.25, 7alues of

R have been calculated for each case. R

rad rad

has then been plotted on a log-=log graph as a
function of (%)21?. This plot (Figure 7.4) is a
straight line with 5 slope of 1, indicating that

S\2
R ,q Veries directly as (N),é{

The second set of results was taken %o illustra@e
the effect of conductor losses on the Q factors,

Values were found for brass conductors, 4" in
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length, at separations of %", 1", and 13". These

conductors were then silverplated, and theQts re-

measured.

TABLE III
s Q
Brass Silver
Calc. | Emp, | Dev. Calc. | Emp, | Dev,
13w 985 908 -8% 1065 §42 -11%
in 1420 1318 -7% 1630 1404 | -149%
A" 1810 | 1618 | -10% 2515 | 2258 | -10%

The calculated values were obtained from Figure I.3

used in conjunction with equation 2.25.

The empirical results are consistently lower than

the calculated values, indicating that the radiation

is dependent on the physical condition of the conduc-

tor surfaces. The silver tubing used during the

first tests was smooth surfaced, whereas the brass

rod used in these tesis was comparatively rough. The

silverplating was unpolished and very rough.

The third set of results replaced the tests
shielded line, and were intended as a check

method., They were made on a right cirecular

osclllatipg_ln the TM012

used by K.J.Keeping and is deseribed in his

thesis (MeGil1,1952).

mode., This cavity was

on the

on the

cavity,

Ph.D.
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It is a precision device, tunable, and 10,419 ems,
in diameter. It is mgde of two cup-like sections
which mate_(presumably) at a current node on the
side walls, AThe conducting surfaces are heavily
silverplated.

Results were obtained fqr both loop and probe
coupling to this cavity., To loop couple to the

™ mode is a problem, It requires an off-

012
center loop and it was found that even with a loop
of maximum dimensions (one half wavelength by the
radius) the coupling was inefficient. Coupling %o
other modes was evidenced by the observation of
zpsondnzedliother than the TM012 resonance. The
derivation of Appendix II was necessitated by this
poor coupling., Therefore, the results of the loep
coupled tests are included for contrast only. They
include some results taken before the apparatus
reached its final stage of sophistication,

The results, since they did not agree with the cal-
culated value (Table I) were checked by the "Cold

Test" method. The resonance curve obtained during

this test is shown in Figure 7.5.
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The results may be tabulated:

Brobe Loop VSWR.-
10612 9178 10390
10802 10545
10590 13386
10767 13040
11535
12434
11427
Average 10692 11649 10390

Notice the small variations in the values of

the probe coupled resulis as compared to the loop coupled

results,

The deviation between the probe-coupled and VSWR results is

less than 2%.
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7.2 Gonclusions.

1.

3.

4.

The first conclusion that may be made is that the
method is satisfactory and convenient, However,
its greatest value lies in the graphic way it ile
lustrates the processes imvolved - the coupling,

loading, and resonance, of the resonator.

The results are consistent and the error is estima-
ted at £3%. A great deal of this error is intro-
duced by the many graphs which must be read to ob-
tain a final result, It is fortunate that a large
deviation on one graph often resulted in a negli-
gible error on the next graph. This way the errors

tended to cancel rather than accumulate,

The agreement between the Reed method and the VSWR

me asurement s on the TMQ cavity is indeed gratify-

12
ing., The discrepancy between the empirical and the
calculated result could be attributed to improper

dinensioning of the cavity; i.e., the Jjoint between

the sections might not occur at a cuwrrent null, and

hence introduce an unexpected loss into the cavity.

The highest Q's were obtained with small conductors

at small separation, of suf ficient length to overcome

the termination losses.
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If the diameter of the conductors is made small
the conductor losses become prohibitive, the termin-
ation and radiation losses increase, However, the
energy storage also increases and the Q increases
slightly.

If the separation is reduced the termination
and radiation losses deersase, as does the energy
storage. The decrease in radiation losseg tends to
increase Q as the separation 1s decreased. It may
be concluded that the maximum Q obtainable with the
parallel wire line is a bounded quantity and that
increasing the termination diame ter indofinitely
would not improve the Q factor greatly.

The crossing on Figure 7.2 at a length of 2" is
due to the energy storage decreasing faster (as s
decreases) than the losses, At longer lengths the

length factor overcomes this phenomenon,

At lengths. greater than those at which the ter-
mination losses have become negligible, the Q tends
to level off since both energy storage and losses

are then proportional to length.

The effect of the contact resistance bhetween

conductors and terminations has been neglected.

Contrary to former findings, but in collaboration of

Pearse's hint, the radiation resistance has been
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fqun@ to vary with length. The;e are three factors
which might contribute to this variation,

First, the radiation resistance is possibly de-
pendent on the surface condition of the conductors.
It seems reasonable that small discontinuities on
the surfaces would tend to disperse the waves tra-
velling along the conduc tors and result in a net
outward flow of power. If the se discontinuities
were uniformly distribut ed with length, then this
would account for the direct variation with length.

Second, the measurement s are taken perforce
when the section is an even number of half wave-
lengths long, and each increase in length adds a=-
nothe r null £a the siahding wave pattern, The in-
clusion of another null in the pattern would in-
crease the field distortion on the line, and hence
the radiation.

Third, if the section were not geometrically
precise, the variations in the characteristic impe~
dance of the line due to variations in the separa-
tion or diameters of the conduc tor s, would cause
radiation. The power in the line would be diffused,
and hence radiated, upon reflection by terminations
which were not exactly parallel or at right angles

to the plane containing the conduetors. The rough-

ness of the conducting surfaces of the terminations

would also contribute to the radiation.
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RECOMMENDATIONS.

As I have already stated in the Conclusions,I feel
that the Q value of the parallel wire resonant sections is a
bounded quantity,and th&t it nmight be extended further by a
more judicious choice of dimensions;however,the question of
the Q‘s themselves has been thoroughly investigated.

I feel that any further research in this field sheunld
be directed towards the inclusion of the resonators in some
cirecuity,so that their usefulness might be more fully demonsta-
ted.

If the measurements are continued I would advise that
the magic tee be mached in the conventional manner (post and
iris) before it is used. The components required to test such
a match are now available in the Depariment,

Some sketchy results were obtained during the ex-
perimentation for oconductors of rectangular cross section. These
results were low and inconclusive,but the possibility that
higher Q values might be obtained with conductors of other
than circular cross section has not been fully investigated.

In any further research I think that g different
measurement technique might be used. A great deal of automa-
tion could be intro duced into the present_method in order bo

reduce the required steps in the procedure., Perhaps the Lecaine
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comparison method might be adapted to use with single ended
resonators, The combination of basic computer circuitry with
microwave techniques, in some device which would yield re-

sults automatically, has a great many possibilities,
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APPENDIX I

Evaluation of ﬁlada.

Both the expression for the stored energy and the
temination losses contain the int egral of the magnetic
field squared over some area. The expression for the
transmitted power also contains th;s integral. Thus it
is imperative that it be evaluzted.

The value of the total integral, k, may be derived

from the following identity:

(-]
3 = 9 LTI 2426

If we substitute for these quantities we obtain

k = 47 cosh™> (s/d)

It is possible to evaluate k! by numerical integra-
tion, The reason for the numerical integration is that
the integral cannot be simply evalus ted over the circular
ares of the terminations, The field lines and the cir-
cular boundary of the terminations are not cempatible in
the co-ordinate system used. The possibility of transfo-

rming the fields to a system in which the field lines be-
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came the axes, viz: biaxial coordinat es, was investi-
gated.lo Although this frame of reference would faci-
litate any other integration, it 1is of no use in the
present problem. The formidable task of integrating
the fields numerically by subdividing the area of the
termination,Acalculating an appropriate value for each
area element, and summing the individual areas was per-
formed at least once. It was felt that the effort in-
volved did not warrant a calculation of the losses for
all conductor diameters and spacings. Typical values
of the magnetic fie;d found during the calculations are
shown in Figure I,1.

An effort was made to find a conformal mapping inm
which the area of integration transformed to an area
over which the integral could be easily evaluated., It
was in this manner thaﬁ a more elegant solution of the
problem was dis covered,

A conformal mapping which transformed the area of
the tennination exclusive of the area covered by the
terminations, into the region between two concentric
circles was found in the dictionary compiled by Kober.ll
The area outside of the termination was transformed inte
a non-concentric circle within the two others,

The procedure invo lved in_theuse of a conformal

ma pping technique is to: first, express the integrand in

terms of the new coordinates; second, transform the ares
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Conductor diemeter = 0,25", Separstion = 0,50",
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element; and third, find the new limits of integration,

As a preliminary step, transpose the axes in the
original reference frame so that the center of one conducter
lies at the erigin,and the line Joining the centers lies a-

long the x-axis. In this z-plane:

2
48’
H® = (1/27)2 : 2,28
ﬁ;-(%s+a)]?+y?}{[x-(§g-a)]?+y%}
The conformal transformation is then
nR
1 z-m
W= < a-n ? 2429
vwhere w=au+ iv,
and m and n are the roots of the following equations,
mn = r&
' 2630
(s=m)(s=n) = r?
r is the radius of the conductors,
Now, solving for m and n,
m= 38 + &

and, s am+n

The transformation may be separated into real and
imaginary parts to yield u and v in terms of x and y, and

vice versa,



'an (x~n)(x-m) + y°

U B w———

T (x-n)? + §
v = nky y(m-n)
T (x-m)? 4 §R

X = nGav2 + (1-6u)§m-m0u}

c%v2 + (1-Cu)®

- Cv(m-n) 2.32
c2v2 4+ (1-Cu)?

where

.nB,

If we substitute for x and y in Eq. 2.28, we find

the form of H® in the Ww=-plane,

2y2 4, (1-Cu)? |
B2 = (1/2r)2 —Sr—* (1- 2,33
c2{m-n) [ﬁa + v2)

The area element s in the two planes are related by

the formula}z

du dv = J dx dy .34

where J is the Jacobian of the transdformation,

7 91
2 Q2
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When the partial derivatives are evaluated it && found

that
du  Bv Bu 8v;
i 3y apd»@hat v - 5% as should be so for an
analytic funection.
and, nk 2 2192 '
J = ( 1)2 LLVa + (l-Gu) J 2.35
r (m_n)a

Therefore, the surfacé integral of H2 in the w-plane

2 - 2 du dv
vj(; du dv (1/2%) J//:—;z:;z— 2.36

Making the substitutions,

au=r cosb
v=0r sine
du dv = r dr 46

the integral in polar coordimates in the w-plane is

(1/2r)2 | 4xdf 2,57

This is a surprisingly simple integral, It is cer-

tainly not obvious or expected, The integral is separa-
ble, which is a great simplification in any integration.
The remsinder of the problem is to determine the limits

of integration.,
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To determine the limits of ip@egration, it is sim-
plest to find what loci the boundaries in the z-plane
become in the w-plane. Figure I.2 shows the transforma-
tion graphically. Corresponding points, circles and
lines are shown. The explicit mapping egpressions for
several points are given in Appendix III.

It can be seen that the limits for the evaluation
of k are,

n
r = Rz(le) to B,

=0 to 21 2.38

The limits on the integration over the circle re-

presenting the area exterior to the terminations are not

ag gimple because the circle has its center at the point
¢, rather than the origin. Let the radius of the circle

be b, By a suitable transposition,

r cos ¥ = u-e
r sin'V = v

the integral becomes,

r=b 'V-W
I =2f rdr_d¥ 2,39
: r=0 =0 r2+c®+2re cosy
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and
1 ca-b2
c2

I = 47 cosh”

substituting the values of ¢ and b from Appendix III,

. .
I = 47 cosh™t -T{%«—1§; 2.40

-2

2
I = 27 |n 92 ra_

7

})2_a2
Integrating equation 2,37 over the limits of 2,38 and thus

evaluating k,
N _ :
k = 47 cosh ~(s/d) 2.41
which agrees with the value of k obtained from the iden-

tity given earlier,

Thus,

k! = 4'Ir[cosh-l(8/d) - cosh™t ?2/‘«)4_&4 ] ' 2;42

(m;n) \- B=8 ¢ransfornms

2
to the line u=0. 1In other words the area within the cir-

Notice that the circle |z -

cle becomes one-half of the area of integration, and so
one half of'the power in the f ield is transmitted within
this eirecle. This circle has its center nidway between
the conductors and has a radius = a, It is now evident
why Sogthworthlsspeaks of this circle as the half-power

circle. As far as I know he is the only one who has ever
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intimated in print that he has successfully integrated
the f;elds of avparallel-wire line without approx;ma-
tions. I believe that the value of k' has been evalua-
Lted here for the first time.

Since PX3, in most cases k= k'; and most of the
field is contained within the terminations. The inte-
grand depends on Ha, however, and sincece the fields are
small away from the conductors the losses would be much
smaller, PFrom the numerical integration with %" con-
ductors 3" apart the terminations contained about 96%
of the field.

The termination losses as a function of (5),_w;th
(g) as a parameter, have been plotted in Figure I.3.
The upper limit of the graph is the line

—— = 2 cO8h

Lt =1 /(s
TR (d)

8
and the lower limit has been taken as the locus of the

points for which
fﬂr(s + d)

i.e, the tgrmination covering the complete area of the
conductors,

This graph may be used to find k or k! by reading
the horizontal axis as g; or %% and finding its w lue
for the proper intersection of = with %, or 2003h‘1(%)

with %, respectively.
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APPENDIX IIX

The variation of the reflection coefficient of a

probe coupled resonator with frequency.

A probe ocoupled resonator may be represented by the

following equivalent transformer circuit,

|

L

n{l

Which,as seen by the resonator,is

and a&s seen by the transmission line 1is

‘R R T
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The input impedance of the resonator,as seen by

the transmission line,may be expressed as

Z, = —1 1T.1

cn§ - "%Tc' 1.2
N = %’- I1.3
Mo = @ = 65@ II.’

and assuming that 0= the input impedance,normaliszed
with respect to the charasteristic impedance of the trans-

mission line,is:

Zin - lﬂ 11.5
R R 1l ' ¢
ns + 3 2M  Aw
n?Ro R Ro mb

Recalling the definitions of Q,we see from the eq~

uivalent circuit diagrams that,

o M

QO = T - R » II.6
o L
© M

Qg = - 11.7
nan n2R
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Equation I1.5 may now be expressed as

Zin ' 1l
o 9 4
R

8 ngRo + 3 2QE %g
, o

The input impedance off resonance,where the rese

onator impedance is very high,becomes

Zin Rs
(-] (+]

and at resonance,where M = O,becomes:

Zin 1
° 0 , .0
Rs R

From the definition of the reflection coefficient

(3]

in
ﬁ—— -1
r =R
11,11
Zin
- 1l .
°
we find that the reflection coefficient off rosonance,rl,is
Rs
E -1
o
ry ® I1.12

o™
+
]
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Because the coupling losses ars small compared to the char-
acteristic impedance of the line,we must take Rs)> Ro' Thus,

ry is approximately equal to +1 in most cases.

The reflection coefficient at resonaneo,ro,is
1

R npR_ 1
=2 + Qo
. Rs g
r = — 1 .l * II.13
R n?R.
E. "R
8
Rearranging,
R l+0r
=7 1, II.14
o I |
B, naRo 1-r,
e 2 --—-—0' 1B owemanspe——— Y II.ls
Rs R 1+ T,
and n®R 2(r,-r)
F = (Tor (e ) I1.16
o 1l
Prom equations II,.8 and II.7
Qg R (1+r ) (1+r;)
-mets T3 = 7
Z(r- -t 11,1
Qo neﬁo 1 e

In the critically coupled case Qy = Qo,and equation

R
I1.15 yields T, =0 since '1'1'2« 1l.
3
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In the undercoupled case, QE:>Q° » and r, is pos-
itive,
In the overcoupled case, QE‘<Qo sand T, is‘pegative.
1% may be seen from equation II.17 that a large
yalug oﬁun 99rpg§popd§ tQ pverqoup}ing,and phgt g.smalg_vglue

to undercoupling., From equation II,10 it may beeseen that,

N ’

ﬁiE <1 for overcoupling,
°
and that Zi
E_E » 1 for undercoupling.,
°

1&15 indicqte&-g shift in_§h9 VSWR pattern on the input line
of Qo.degrgos as thg cavity goes off resonance if_it is over-
coupled,and no shift if it is undercoupled,since the detuned

resonator is equivalent to an open circuit. ( Zi£’°°)°

In order to obtain an expression for the reflection
coefficient analogous to that for a leoep coupled resonator,we

define _ :
0 = QE 3%@ ’ II.18
o

then equation II.8 becomes

1

(3]

in _ '
R, l-rl 2 (r,-r ) II.19

T, + (1+r§)91+rl) i“%ZS%fJinI'
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Using equation 11,11, we may express the reflection coeffi-
cient as

r (1+r.)2 + 3r.28(r,=-r_) -
o 1 A1 o 11,20

r = — .
(L+ry)? + 328(ry-r,)

and its modulus squared as

2 2(r -y )252
T, (lfrl) + 4rli(r1 ro) 3

(1+r,)% + 4(r -r )282

|2 -

II.21
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APPENDIX III

Explicit expressions for the cenformal transform-

atien
we P zm
r Z=n
% plane w plane
nR
Point 0,0 Point - -—l-,O
T
2
n“R
m+n , @ _:;l-,o
"r, o *Rl’o
+1‘, 0 -31,0
aR
1
=0 - 50
mn+n-r, O .§ Rl,O
n
m+n+r, 0 = Rl,O
2ymn M-n
0, ir Rl ey ’Rl n+n
0,-ir Ld Rlﬁ
By 2/ER+ap m-n
n+n ,-ir n Rl n+én ’"m R1 n+n
nen ,: . nR g -(n-n}a nﬁ !ﬂ 2
2 f r 462+ (n- n)"e r 4’02+(m-n)2




107

g2 plane w plane
me £ 2 £ 2Py _ap2-(mon)2
2 ' Nz r 4f%+(n-n)?+2J§fKn-n)
. 2{20(m-n)
= 4§?+(m-n)?+2f§§Km-n)
men _f ¢+ f 2Ry _49%-(n-n)2
B L ry r 4f?+(m-n)%-2J§f(m-n)
. 22 P(m-n)
- 4f?+(n-n)?-2(§f(m-n)
n+n 2 + (m-n
= ~fs0 5 - (a-n) * °
men 0 2 =« (m-n 0
2 f ’ 2 + (m-n) ?
Circle 131 = r Circle |w| = B,
|z = (m+n)|= » jwl = ﬁ'Rl = B,
s - @ j,_flq%m«ﬁ
2 r 4f?-(n-n)%
- 2B __4p(nen)

Tage-(a-n)?

See footnote on

next page.
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Zz plane w plane
Line X = m+m Circle
e WV Bl R
2 am r 2m
R R
- 1 msaf 1 B-n
x=0 " “r 2 ’ r 2
# power circle, Line,
m+nl men '
‘z -3 " 2 us=90
Minimum value of ,O,
R R
minf, men 1(1.2) | = ~2(1.B
s - z‘ z * T “"'"2"(1*.), z (1)

Footnote,

The walues

nRk

o m ol 4P2 + (n-m)?
To4pE - (am)
b = fl‘n 4—.P(m-n)
r

(n=m)?

4,9% -

of ¢ and b as shown on Figure I.,2 are
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APPENDIX IV

The purpose of this appendix is to demonstrate
qualitative;y that the matched condition of a magic tee
may be indicated by the use of a movable short circuit term-
ination,

_ A pagic tee,whep terminated by matched generator
and dotector,has'this property: if power id delivered to the
H arm of the tg&,and one side arm is termingted:in a matched
load,then the voltage in the E arm is directly porportional
to the reflection coefficient of the termination on the other
side arm. o - ‘ 4

' The reflection cqefricient,kll, of the termination,
ztl’ on this side arm is defined as

e - lm = %o
117 T, 72

0
where Zo is the characteristic impedance of the transmission
line forming the side arm of the tee.

1f Z,r.1 is a movable short eircuit,then ZTl - -jzotanax.

Bx is the electrical distance ;rom the short to the reference

plane at which ZTl is measured.

Therefore:

~jZ§ tahpx - 2,
11 -gzo tanfx + Z0

k
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- (1- tan®px) + j2tanpx
or 1 " 1 + tan®px

‘The power flowing in the E arm is porportlonal
to ,kll\ ,which is the guantity measured by a square-law

detector,so

(1-tan®px)? f_4tan25x

k‘aﬂ
‘ 11 (1+tan®gx)?

i'e" 'kll|2 = 1l

_ Since this is an identity independent of the value
of px , and henece the position of the short , it may be seen
that the outputAqf a matched magic tee is independent of the
position of a movable short connected to one side arm,provid-

ing the other side arm is matched,
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