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SYNOPSIS

STATEMENT OF PURPOSE

The problem of measuring impedance is an old one,
buE;its currency is renewed every time there is an
advance into the radio-frequency spectrum. The trend
in the development of Radio sclence has been towards
higher frequencies, and particularly during the recent
war has there been a rapld advance in this direction.

The need for, and emphasis on, practical results from
wartime development and research has led to the by-pass-—
ing or at any rate incomplete solution of many problems
in the frequency range from 100 to 200 me., Because of
the dearth of information and the léck of practical
techniques to deal with measurements at these frequen-

' cies, a great part of the practical.results were obtaln-—
ed by trial and error, cut and try methods. As a result
of some of this work, it is now possible and undoubtedly
‘profitable to review this portion of the spectrum, and

to try to evolve, under less urgent conditions, some more
practical and efficient methods of measurement.

This thesis deals with the problem of developing a

device for the measurement of impedance, in the frequen-

¢y range from 100 to 200 mc.



To gain a better undefstanding of the problem, and
to set the stgge for what is to come, the first part of
the thesis will be devoted to a review of the methods
that have been used to measure impedance in the past,
and of how these methods have been modified or found
unsuitable as the frequency became higher,

The second part will cover the design and develop-—
ment of a device for impedance measurement having ade—
quate frequency, reactance and resistance ranges.

Part four will contain the experimental results of
measurements made on a number of components designed for
the frequency range from 100 to 200 me,, and a compar-—
ison of these results with those obtained by other means.

An extensive bibliography is included at the end
of the thesis. References are grouped under separate
headings indicating the general nature of the papers
listed, and within each group the articles are in chron-

ological order.



1 — Early Methods of Impedance Measurement

1-1 Current and Voltage Relations:

1-1.1 D.C. The passage of a D,C. current through a

circuit 1s impeded or resisted by a property of that
circult which 1s called resistance. If the potential
difference or voltage across the circult is E volts énd
the current flowing through the circuilt 1s I amperes,
then the resistance of the circuit R ohms, 1s according
to Ohm's Law, the quotient of the voltage divided by

the current:

- E
R=qv

1-1.2 A.C. For an A.C. current, as the frequency is

increased the potential difference across the circuit

i1s affected more and more by the magnetic field of the
current, and is no longer dependent solely upon the res—
istance., The current is opposed by a self-induced e.m.f.
e = =L g% s, where L henries is the self-inductance of the
circuit. If the current has a maximum value I,, and is
of sine wave form, then i = Iy sin wt, where w = 2nf and

f is the frequency. The potential difference across the

circuit is now given by



| T

sEe ¥
== s

E-Ri-l'L.‘.i_j.'.

at
= RI sin ot + wLI,cos wt

= RIpsin ot + wLIysin(et + ;.).
Thus the potential difference consists of two parts,
the first dependent upon the resistance R, and the
second dependent upon the self-inductance L and the
frequency.
1-1.3 Resistance, Réaétance and Impedance: If ef-
fective values of current are used, and oL = X, then
E = RI + jJXI
Now

R'I'jx-.E

i
The quantity X is the reactance of the circult, and

(R + jX) = 2 is the impedance of the circuit. The vec—
tors RI and jXI gdd vectorially to form the potential
vector IZ, or dividing by I, R and jX add vectorially
to form Z as shown in tﬁe vector diagram Fig. 1. T

. o
LR ."‘ s
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1-1.4 Phase Angle and Absolute Value: The angle {,

the phase angle of the.impedance, is given by
¢ = tan -1 5
and the absolute value of the impedance is given by
7 = ..v@§7173gr"‘
It follows from above that measurement of voltage and
current in an A.C circuit may be used to determine the
value of 2, in exactly the same way as D.C. voltages
and currents are measured to determine the value of R,
i.e., by application of Ohm's Law. This meter method
however, gives only the absolute value of the circult
impedance, and has therefore a very limited usefulness,

If the absolute value of the impedance and its phase
angle are measured by some megns, then R and X may be
determined; and if R and X are measured individually,
then Z and § may be determined from them.

Complete treatments of impedance and quantities relat-
ed to it may be found in any text-book on Electricity,
Electrical Engineering or Electrical Measurements. The
above condensation is based on parts of Chapter 1 of
"Radio-Frequency Measurements'", by L. Hartshorn, John

Wiley and Sons Inec.,, New York,



1-2 Bridge Methods:

1-2.1 Origin of Bridge Principle Accurate measure-

ments of D,C. resistance are usually made by means of the
Wheatstone bridge, and it was this principle that was
first applied to the measurement of A.C. resistance and
Inductance. The bridge principle was introduced by

S.H. Christielin 1833, and in 1843 Sir Charles Wheatstons
applied the idea to the measurement of resistances.
Wheatstone'!s resistance balance had a limited range due
to the fact that the ratio arms were fizxed and equal,

but in 1848 Werner von Siemens5

increased the range of
the balance by giving the ratlo arms values in any de-
sired ratio. Maxwell,® in 1865, adapted the bridge for
the measurement of inductance, using a ballistic gal-
vanometer. Similar methods were also used for the méas—
urement of capacitance,

The invention of the telephone by Alexander Graham Bell
in 1875, provided , sensitive detector of alternating
currents which greatly increased the utility of the
induction balance. The modern A.C. bridge, however, is
largely due to Max Wien5, who, in 1891, developed the . -
principles which are in use to-day. Since that time, of

course, considerable improvements in technique have been

made; but the fundamental ideas remain the same,



1-2.2 Simple Theory of Bridges: Most A.C. bridges

are variations of the fundamental form shown in Fig.2.
The four arms or current—-vaths have impedances zlggj y
z, /[ Qé s Zz/ gé s 2y / ﬁ# respectively.

An A.C, source 1s connected to the two opposite

junctions A and B, and a suitable detector of this A.C.
is connected to the two other junctions C and D. In
various bridges the impedances take different forms,
being simple resistances, induetances, or capacitances,

or combinations of them in one or more of the arms.

B

To balgnce the bridge, adjustments are made to the

magnitudes and phase angles of the four Impedances, until
the two points C and D ‘are at the same potential, as in-
dicated by zero current through the detector., The con-

ditions for balance of the bridge are

Zo 74

- i B B A,



1-2.3 Radio-Frequency Applications: While bridges of

this general type giﬁe good accuracy at audio frequencies
thelr application to radio—-frequency measurements is def-
initely limited. For high-frequency work, the two ratio—-
arms Zz and Z, are usually two exactly similar impedsmes,
The bridge 1is fhen symmetrical, and stray curreﬁts or
e.m.fs, which are also symmetrical will not affect the
balance. _

Almost all radio-frequency bridges are based on the

pioneer work of G.A. Campbell,ll’lo3

and generally they
can be grouped under four main types:

() The capacitance~conductance bridge,

(b) The inductance-resistance bridge,

(c) The Schering bridge,

(d) The resonance bridge.
The details of these bridges are available in any book
on radio frequency measurements, and it will not be
necessary to describe them here. Suffice it to say that
the capacitance~conductance bridge is generally preferred
over the inductance-resistance type, and the Schering
bridge over both.

1-2.4 Limitations Due to Nature of Comvonents: The

limitations which are imposed on bridge measurements at

radio frequencies arise out of several factors. The first



i{s the nature of the quantities to be measured them-
selves, as well as the nature of the components which
make up the bridge. Whereas at audio frequencles we
may say that a component is a resistance, or a cgpac-
itance, or an inductance; it is not possible to be so
definite when dealing with high rgdio frequencies. A
resistor may be predominantly resistive at a particu-
lar frequency, but it has always associated with it
an inductance due to leads, etc., and a distributed
capacity shunting it. The higher the frequency the
more predominant these effects become, until at some
frequency the character of the component may change com—
pletely, and instead of a resistance, we have effec-—
tively, a capacitance,

1-2.5 Limitations of Standards: Bridge measue—

ments are essentially comparisons of the unknown to
a standard component, and necessarily presuppose the
the existance of such standards., Although radio-
frequency standards can be and have been built, their
construction is very difficult and costly, and at fre-
quencies above 60 mc. they are virtually unheard of.
Adr dielectric condensers are possibly the most
reliable standards at radio frequencies, but even they

are subject to troublesome errors vwhich greatly restrict



thelr usefulness., The construction of loss-free con-
densers and thelr proper calibration at high frequen—
cles 1s rendered difficult by the inductance of bind-
ing-posts and leads, the effect of eddy currents in the
condenser plates, redistribution of the dielectric
field resulting in increased losses in the stacking
and insulating supports, as well as possible changes
in the properties of the dielectric material itself,

Standard inductances also suffer from many 1ills at
high radio frequencies. The effects of self-capa-
citance, eddy currents iﬁ the wires, losses in the
formers and coil supports, skin and proximity effects,
all tend to make the calibration of the inductance
somewhat uncertain, Inductances are consequently
seldom used as standards, except at low frequencies,

In 1928, Zickner'® described "A bridge for the
measurement of inductance and capacity." The state
of development of radio-frequency bridge measurements
is indicated in the following quotation from his paper:

"Although sufficiently exact measurements of capa-
city can be performed without difficulty with the dd
of the convenient capacity bridge which 1s generally used,
there has not hitherto been available a corresponding

arrangement for the measurement of indudance.™

10



1-2.6 Stray Capacities and Shielding: Other factors

which limit the application of A.C. bridges to radio-
frequency measurements are the stray capacities from one
component to another and to ground. These capacities
result in stray displacement currents which create one
of the main problems we have to contend with at high
frequencies. To a large extent this difficulty can be
o?ercome by electrostatic shidding.

The shidded bridge was first described in 1904, by
G.A. Campbell.ll Each component is encased in a sep-
arate metallic box, which is grounded or connected to
some point on the system., Shielded transformers screen
the source and detector from each other and from the
rest of the bridge. The electrostatic shields change
the distribution of the stray capacities, making them
independent of the movements of the observer, and ar-
ranging them in such a way that they do not distrub
the point of balance.

The exﬁent to which this had been successfully ap—
plied by 1929, may be gauged by a statement sppearing
in a paper entitled "Shielding in high frequency meas—

nléd

urements, where 1t is stated that a properly designed

shielded bridge should be effective at 2,000 kilocycles.

11



12

1-2,7 Freauency Limit: In more recent times, bridges

have been designed and built for limited applications up
to frequencles of 60 me, One such bridge is described

by D.B. Sinclair,8

It 1s a modification of the Schering
bridge, and measures both resistance and reactance in
terms of Incremental values of capacitance. The bridge
1s suitable for the measurement of low impedances, and
reads resistance directly in ohms from zero to one thou-—
sand, regardless of frequency. The reactance range is
zero to five thousand ohms at a frequency of 1 mec.,, and
varies inversely with the frequency.

In this artlcle some of the reasons for the unsatis—
factory performance of conventional bridge circuits at
ultra-high frequencies are discussed, and the difficulty
of obtalning transformers having adequate shielding is
noted. Sinclair states that: "As 1In other types of
high-frequency measurement equipment, the limitations
imposed upon the bridge with respect to frequency range

arise from the residual parameters in the circuit elements

and in the wiring."



1-3 Bridged-T and Twin-T Methods:

1-3.1 Bridge and T-Network Equivalence A short dis—

cussion of bridged-T and parallel-T methods at this point
may be out of place chronologically, but is included
here, because of the similarity between bridge networks
and T networks, both being capable of balance for a null
indication, Bartlett,lg in 1927, first developed the
equivalence relationships between symmetrical lattice or
bridge networks and bridged-T networks.,

1-3,.2 Application to Radio~Frequency Measurements The

application of T— networks to radio-frequency measurements
was developed by Tuttle,lsin 1940, He pointed out sev-
eral advantages of the bridged-T and parallel-T networks
over conventional bridges. The existence of a common
grounded terminal between the generator and the detector
is particularly advantageous, as no Wagner ground or
shielded transformer 1s necessary. For the same reason
many of the stray capacities are balanced, and thus have
little effect on the null point. Several other advan—-
tages of this type of circuit are mentioned by Pavlasek.22
Due to tﬁe fact that the instrument is a null device,

accurate radio—frequency voltmeters required in certain

resonance methods, are not necessary., Similarly, the

13



output voltage stability requirements of the generator
are not very stringent, These features of curse apply
equally to the bridge methods mentioned previously.

1-3.3 Disadvantages Against these advantages, however

must be noted the fact that when the circuit is balanced
for the frequency of measurement, iﬁ is out of balance |
for harmonics. The source must therefore by very free
from harmonics, or a selective detector must be used,
Other difficulties lie in the residual series resistance
and inductance of the condensers, end in the fact thi
there must be sufficient capacity range to tune any coil
that i1s mesasured.

Essentiglly, the circult elements themselves impose the
high-frequency 1imit of this type of circuit. 4An instru—-
ment of this type, capable of measurements up to 30 mec.

is described by Sinclair,l?

14



1-4 Resonance Methods:

1-4,1 Simplicity At high radio frequencies, the

exact distribution of current is difficult to determine
due to stray e.m.fs., and stray displacement currats.
Because of thisg, it is desireable to keep the measuring
circuit as simple, and with as few meshes as possible.
The earliest and simplest ecircuit for radio-frequency
measurements, the resonant circuit, is still very much
in use at the present time, Its main vikrtue is in its
simplicity, and in this respect it is more satisfactory
than bridge methods., There i1s only one circulating
current, which, having its maximum value at resonance,
causes stray displacement currents to become insignifi-
cant by comparison. Moullin,gvin his book on radio-
freguency measurements, has this to say:

"There 1s much to be said for breaking away boldly
from the methods of low frequencies: let us seek to per-—
fect resonance methods which lend themselves to high
frequencies rather than attempt to adapt methods which
were developed to suit very different conditions.™

1-4,2 Detection of Resonance The general circuit

arrangement used in making most resonance measurements

is shown balow.

OSCILLATOR E ¢ | VTUM

cre




Resonance may be detected by observing current vari-
ations by means of a suitable thermo-ammeter, or by
observing voltage chsnges across the condenser by
means of a vacuum-tube voltmeter having negligible
input losses. The conditions for resonance are slight-
ly different in each case, but when R is very small
compared to wL "the condition of resonance is practi-
cally the same whether it 1s obtained by variation of
capacitance, inductance or frequency and whether it is
observed as current or voltage."lo3

Most megsurements involve the tuning of C, L, or o
until the current in the circuit is a maximum, or the
voltage across the condenser is a maximum, and the cir-
cult is then said to be resonant.

It i1s also possible to detect current resonance in
the measuring circuit by observations msde on the oscil-
lator plate current, and this has the advantage that it
does not require the connection of instruments to the
resonant circuit.zv’ao'

1-4,3 Methods in Use The various resonance methods

of making impedance measurements at radio frequencies
 may be divided into five main classifications:
l. Simple substitution of one component for another,

2. Resistance variation,

16



3. Reactance variation,
4, Frequency variation,
5. Voltage step—up or Q-meter method,

1-4,4 Substitution In measuring resistance by sub-

stitition method, the circult is first tuned to reson-—
ance with the unknown resistance in the circuit, the
current flowing being noted. The component being tested
is then replaced by a known variable resistance, and the
circult retuned to resonance at the same frequency. The
current previously noted is again obtained by varying
the resistance until it has the necessary value, this
being the value of the unknown resistance.

Capacitance may be measured in a manner similar %o
that described above. The capacitance to be measured is
placed in parallel with a calibrated variable condenser
which is used to tune the circuit to resonance. The
unknown capacity is then disconnected, and the calibrated
condenser varied until the circuit is again resonant.

The change in cgpacity of the calibrated condenser gives
the value of the unknown capacitance. This method may
also be used to determine the value of induotances,25
and in this case the change in.capacitance of the var-

iable condenser will be in the opposite sense to that

above,

~t



1-4,5 Resistance Variation The resistance-variation

method, also known as the added-resistance method and he
change of resistance method, was originally described by
R. Lindemann9 in 1909, The simplest application of this
method consists of inserting a known variable resistance
in the resonant circult, and adjusting its value until the
current is halved. Since the current at resonance is
equal to the applied voltage divided by the circuilt re-
slstance, the resistance required to halve the current

is equal to the inherent resistance of the circuit.

144.6 Reactance Variation The reactance—-variation

method, 21so known as the distuning method and the
capacity-variation method, was first described by V, 7
Bjerknes® in 1895. It was not until 1907, however, that
von Traubenberg and Monasch8 adapted it for use with
continuous oscillations, In this method, after the cir-
cult has been tuned for resonance, either by Observing
the current or the voltage across the cndenser, the cap—
acitance of the circuit is changed until the current or
voltage has decreased to 0,707 of the resonant value.
This results in two values of capacitance C, and Co)

one on either side of the value C, required for reson-—
ance. The apparent serles resistance of the clircuit is

then given by c. - ¢
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1-4,7 Frequency Variation In the frequency-variation

method, the response at resonance is noted. The frequen-
cy of the oscillator is then decreased to a value f; at
which the response has dropped to 0,707 of its resonant
value, The frequency is then increased to a value fy
above the resonant frequency, at which the response is
also 0,707 of its maximum value., This method gives the
actual series resistance of the curcuit

1-4.8 Q Meter Accordingly to the commonly used defini-

tion, the symbol Q designates the ratio of reactance to
resistance of a coil, condenser, or other two terminal
circuit element. Thus

Q:(&L_n 1
R wCR

Q 1s a figure of merit for a reactance, and generally
the higher the Q of the reactive elements the better the
circuit performance obtaineao

The Q meter is an instrument designed to measure the
Q of reactive circuit eleménts directly, and indirectly,
by calculation, the reactance and resistance of these
elements., The circuit consists of a variable-frequency

oscillator which delivers a meagsured controllable cur-

19



rent to o known fixed small resistance. The small resis-—
tance is In series with either a standard inductance or
an unknown inductance connected in place of the standard.
fhe resistance and inductance in series have connected
across them a calibrated condenser and a high impedance
vacuum—~tube voltmeter in parallel, It is assumed that
the small fixed resistance can be neglected by compar-—
ison to the other resistances in the circuit, or if nec-
essary corrected for.

The oscillator current floQing through the knowﬁ re—
sistanée causes a known voltage to be introduced in
serles with the inductance and the variable capacitance,
the resistance of the latber being negligible.‘ When the
circuit is tuned to resonance by varying either the
frequency or the condenser setting, the capacitive react-
ance will balance the inductive reactance and the current
will be

I = E
R
where E isg the lnown voltage introduced, and R is the ef-
fective circuit resistance, 1.e. the resistance of the
inductance coil. The voltage E, across the condenser is
meaéured by means of the voltmeter, and 1is

Ec = I
wC

'~
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Thus the ratio of Ec/ﬁ » eand at resonance

wCR
1 = wl
wC
therefore E, = oL = Q .

"E R
If E is made one volt; the voltmeter across C reads the
Q directly. Since the capacitance C can be read off the
callbrated condenser, the reactance 1 = wL can be
calculated for the known frequency o;cmeasurement. From
a knowledge of the reactance and the Q of the coil, its
resistance R can be obtained from R =wlL .

This method of impedance measuremen% is subject to
the same limitations as other resonance methods. These
limitations are discussed in the next few pages. The
best commercial instruments of this type have an ac—
curacy of plus or minus 100/O up to 100 me./sec., which
decreases with incressing frequency.

1-4,9 Duals of Reslstance and Reactance Variation

Methods The resistance varistion and reactance-variation
methods described are best suited for the measurement of

small impedances, and determine the effective series re-—

sistance of series tuned circults., Sinclair in 1938,37

i

described two methods which he called the "duals" of those

alrendy mentioned. These new methods are called the



susceptance~variation method, and the conductance-vari-
atlon method respectively, and are essentially for deter-—
mining the effective parallel conductence of a parallel-
tuned circuit.

The susceptance—variation method requires two readings
of voltage across the circuit (parallel resonance), and the
other at some other value of capacitance.. The second
point in all theée measurements is conveniently made’ that
at which the response has fallen to 0,707 of its resonant
value, as this simplifies the calculations.

The conductance;variation method requires, in addition
to the calibrated variable condenser, a conductance stand—
ard, Two readings of voltage at parallel resonance are
taken: one with the standard conductance inAparallel with
the circuit, and one with it disconnected., Since relable
high-resistance standards are difficult to obtain, this

method 1s largely of theoretical value only,

1-4.10 Resonant Impedance One other method, described
by Iinuma%8’31 is to be noted at this point. A tuned cir-

cult consisting of a capacitance and an inductance is con-
nected in parallel with the negative resistance of a screen-—
grid tube operating as a dynatron. The grid bias of the
tube is varied until the negative resistance of the dynatron

is just equ,l to the resonant impedance of the tuned circuit
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at which polnt oscillations begin. The negative resisg-
tance can be determined from the static characteristics
of the screen—grid tube, and the resonant impedance
accordingly determined., Iinuma used this arrangement

at frequencies up to 30 mec. in 1931, and suggested that
higher frequencies might be reached by using two or more
tubes in parallel,

1-4,11 Necessary Conditions and Precautions In sum~

ming up this discussion, it must be noted that resonance
methods require certain precautions to be taken, but have
no serious drawbacks sufficient to outweigh the advan-
tageousness and the simplicity of such methods, assuming
that suitable circuit components are available.

The osclllator frequency and output voltage must be
stable and as far as possible independent of the resist—
ance and reactance of the oscillating circuit under meas-
urement. This usually requires the generator to be well
shielded and capable of considerable power output.

The source must generally be free from harmonics,
although in certain cases their effect is negligible, as
long as the circuit under measurement is not complex.

The ccupling of the resonant circuit to the oscillator
must be very weak in order that variations of impedance

wlll not be reflected back into the source, and cause

23
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changes in the frequency and the amplitude of the output.

Similarly the detector or indicating device must be
loosely coupled to the circuit, or have an effect which is
negligible or can be easily calculated and accounted for.
It must also be capable of being accurately calibrated at
the required frequency.

1-4,12 Limitations A certalin difficulty is experi-

enced in determining the exact response at resonance, due
to the small slope of the resonance curve near its peak;
but this should not cause any great trouble when the Q of
the circult 1s reasonably high. There will, however, be
certain deviations from the simple circult due to stray
capacitles which cannot be balanced out as they are in
certain null methods.

The resistance—variation method has obvious drawbacks,
and becomes "inconveniently difficult at frequencies above
10 met36 1n thié connection, however, and in the case of the

conductance-variation method, the use of thermistors,lzg’

133’134’135’m1ght be effective in increasing the frequency
range.

In the reactance-variation method the results obtained
must be corrected for the distributed capacity of the coil

and the resistance of the thermocouple meter, and vwhenever

possible, the stray circuit capacities, The tuning conden-



ser must be accurately'calibrated, and shunted by a
vernlier condenser,

The frequency-variation method is probably the simp-
lest and most accurate at ultra-high frequencies, and it
requires no correction for the distributed capacity of
the coil being measured, However the effects of con-—
necting leads and binding posts become increasingly
great at high frequencies due to their large physical
dimensions with respect to the wavelength.

In most of these methods the total circuit resistance
is measured, the condenser losses being considered negli-
Bible. While this 1is true at low frequencies, it can
lead to serious errors at ultra-high frequencies, How-
ever, in certaln cases, condenser losses can be evaluated
using condensers designed so that their losses are inde—

pendent of the capacity.25
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1-5 Summary

All that has been written so far has been included to
form a historical background of impedance measurement, as
well as to point out the direction that measurements at
ultra-high frequenciles must take. The main difficulties
have been with components which, because they are "lumped",
demand, for satisfactory.Operation, that their physical
size be small in comparison to the wave-length at which
they are used., This is necessary in order that the cur-—
rent be uniform throughout their length. As the wave—
lengths at high frequencies are relatively small (3 meters
at 100 me,), it 1s increasingly difficult to satisfy this
condition with lumped-constant circuits. The use of cir-
cults with distributed constants is therefore indicated,
and it 1s to a’'consideration of these éircuits that the
next part of this thesis will be largely devoted.

A fitting summation for this chapter on early methods
of impedance megsurement is supplied by,Nergaard?l

"Workers in the ..... field of ultra-chort waveS......

have found that the devices and techniques which served

eeeseesalt longer wavelengths have failed to give re-

liable results at the shorter wavelengths,



2 = TRANSMISSION LINE METHODS OF IMPEDANCE ME ASUREMENT

2 = 1 Review of Methods Used

2-1,1 Early Uses of Lines: In the freauency range from

100 to several thousand megacycles, measurement on trans-—
migssion lines has become the standard method of determin-
ing impedance, Although many variations of this method
are known to—-day, in most cases the apparatus consists of:
(a) a transmission line, either parsllel or coaxial,

near or at one end of which the unknown impedance
is connected,
(b) a signal generator or source of ultra-high-frequency

e.m.f. to vhich the line is loosely coupled, and
(c) a detector to determine current or voltage ampli-

tudes on the line.
Most of the developments of this method from its
beginnings over 50 years ago, have taken place in the

95 ttributes the

last ten to fifteen years. Chipman
first userof transmission lines for radio—-frequency
measurements to Drudev, who in 1897 used the properties

of lines as the basis for measurements of dielectric
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constants., For some years after that, references to
1lines in radio-frequency circuits are not very numerous,
Around 1920, Southworth?oand Englund45’107’pointed out
the necessity of substituting circuits with distrib-
uted inductance and capacity for those with lumped
constants, in order to obtain satisfactory operation

at wavelengths below 10 meters. Then in 1924, Wuckello
measured the resistance of the conductors of a trans—
mission line, using the relative amplitudes of -
standing waves of current along the line.

Generally, very little was known about ultra-high-
frequency techniques, as indicated in a quotation from
a paper by Smith-Rose ard McPetrie?6 in 1929:

"At the commencement of this investigation some
two years ago, there was little, if any, published

information on the gencration, transmission and recep—

tion of wireless waves of lengths below about 10 metersg,™

Shortly after this, however, quite a number of
patents were granted covering the use of line sections
in ultra-high-frequency circuits. One such, British
patent 283651, was issued to Standard Telephones and
Cables?t

"In order to avoid undesireable capacity leakage, and

- to keep circuit Induction within the necessary limits

28
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in generating and amplifying very short wavelengths,

the input and output leads of the generating and am-
plifying valves are constructed in the form of
telescopic wave circuits.eee... A wave circuit is
defined to be one in vhich the conductors are of a
length comparable with that of the waves being handled,"

2-1.2 LABUS J. W. Labus?%in 1931, measmired the

absolute value of impedances using a copper trans-—
mission line at a wavelength of 21.8 meters, In this
method, the unknown impedance was cornected across
one end of a transmission line which was energized

at the other end. The currents at both ends of the
line were messured by radio-frequency ammeters, and
the absolute value of the impedance given by

Zg = Zo (I1/I2),

I1 and I, being the r.m.s. values of the currets and

2
Z, the characteristic impedance of the line,

According to the author:

"TIn general, this method lends itself to measurement
of impedances of any kind; but it only gives the
absolute value of the unknown impedance. However,

by means of a known capacity or resistance, connected

in series or in parallel with the impedance to be deter-



mined, the phase of the latter and, therefore, its
real and imaginary components are found."

This method 1s not necessarily limited tothe lower
radio frequencies, for since the ratio of the currents
is all that is required, accurate radio-frequency
meters are not necessary. The range of impedance
values which can be measured is, however, limited by
the necesslty of having a known capacitance or resist-—
ance for the purpose of determining the phase.angle.

o-1. 3 SCHVWIDT  O. Schmidt?7in 1933, described an

abgclute method for the determination of any unknown
impedance. A parallel-wire system to which the un—-
known was connected as a termination was used, and
the impedance measured in terms of current or volt-
age distribution along the line.

o-1. 4 BARROW  Barrow®Ppointed out that at low

frequencies, from about 50 ke. to several thousand kec.,
lines may often be replaced advantageously by equiva-
lent‘networks, using the methods of Labus and others,
Hé al so presented a method, for use with networks at
low frequencies, and with lines at high frequencies,
for the absolute determination of impedances.

In Barrow'!s method, the unknown impedance Zyx is
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connected to the output terminsls of a line, andthe
voltages or currents at three fixed points on the
line are measured. The resistive =znd reactive compo-
nents of the impedance Zx are then determined in terms
of the characteristic impedance of the line, and the
ratios of these voltages. 1In order to simplify the
calculations, the measurements are usually made at
the load, at a distance A/8 from the load, md at a
distance A/4 from the load. %0

This method has the advantages of simplicity and,
as In other absolute methods, the fact that frequency
and the constants of the line are the reference stand-
ards. Unfortunately the range of impedance values
is limited to from about 10 ohms to about 50,000 chms.

2-1.5 KING A comparative method of impedance

measurement employing parallel lines, and a detailed
theoretical study of the approximations and conditiomns
implied in transmission line measurements was pre-
sented by R. King5oin 1935, King'!s paper contains a
complete solution for g pair of parallel wires bridged
at each end by a general impedance. The usual trans—
mission line equations are derived from the Maxwell
field equations, and the solution of the equations is

in the form of expressions giving the voltage across and



the current through one of these impedances. Certain
gpecial cases are discussed, and expressions are
derived for use in the measurement of reactance and
resistancs.

The method of King involves the measurement of
voltage distribution curves on a line vhich is tuned
to resonance, with the unknown impedance connected as
a termination. The unknown impedance is bridged across
the line, and a short—circuiting bar placed A/4 behind
it on the line. With thls arrangement the Input
admittance of the secondary length of line in parallel
with the unknown is, then, always a minimum., The pos—
sible reaction on the load of the tertiary length of
parallel wires beyond the tandem bridge is assuﬁed
negligible.,

For the measurement of any size of susceptances the
method 1s convenient and accurate, and it was~one of
the first methods developed for the accurate measure-
ment of ultra-high frequency resistance. The resist-
ance measurement however, isa comparison wth an assumed
known resistance, and this fact 1limits its usefulness
considerably. To determine an unknown resistance it 1is
necessary to know the value of gamma; the experimentally

measureable amplitude ratio p; and the quantity pg of a
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standard impedance. Gamma 1s the quantity a's + pd,
gnd is assumed constant; where a' is the effective attenu-
atlon constant of the line, s is the length of 1line

necessary for resonance, and

pé is gé s [ is gs
1 + b2y 1 + b2

gq and by being the conductance and susceptance of the
detector termination, and g4 and bg relating to the
standard impedance.

The low frequency concept of inductance and capa—
citance is examined by King, and the conclusion
reached that a component measured at ultra-high fre-
quencies using a parallel-#ire method bears very
little relation to its inductance or capacity meas—
ured at low frequencies. Reactance, which can be
measured to a high degree of accuracy, is frequency
dependent; and the wvalues obtained at any particular
frequency are meaningful at that freqency only, re-
gardless of whether they be divided or multiplied by
w and called inductance or capacitance.

2-1.6 NERGAARD Nergaard®l described in 1936, some

means for measuring power and voltage at ultra-high

frequencies. In the wavelength range from 20 cm, to



200 cm,, the characteristics of a 'good! signd gen—

erator and of a 'good! voltmeter are specified, in

his paper. In conclusion, he suggested that the

measurement problems currently requir ing solution

weres

" 1.

2.

The measurement of current,

Thermocouples seem most promising for the
measurement of small currents. ..ccceeces
For large currents the measurement of volt-
age drop across a resistor seems feasible.
The measurement of impedance,

Measurements of impedance hwe been made by
placing the unknown impedance across a
transmission line loosely coupled to an
oscillator and measuring the lmgth of the
line for resonance gnd the sharpness of the
resonance. This method seems capable of
considerable accuracy and may be a satis—

factory solution to the problem."

Nergaard did not have long to waif for the solution

to the latter problem, for several methods of imped-

ance measurement were developed one after another in

the next few years.
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2-1.7 HEMPEL In 1937, Hempel evolved a scheme for

the detcrmination of impedance by voltage measurement
at certain spots along the line. The line is termin-
ated iIn a rcflecting plate, the dimensions of which
are sufficiently great to ensure that the wave is
completely reflected at this point. The unknown
impedance Z, is connected across the line 5 A/4 from
the shorted end at an antinode of the stationary
waves produced by the reflector., The impedance of
the line beyond Zx is extremely large, and Zy 1s in
effect the terminating impedance. The voltage max—
imum and minimum, the voltage at the load, ard the
distance®of the first voltage maximum from the load
are measured., In the general case the magnitude of
the terminal impedance is given by:

ZX2=b2= V%

——

Zo

Vmaz® * Ymin® — VB
and the reactance by

X, = Y/2Zo (1-%) tan (4 mxp,a),

This method, as 1s the case for all di stribution
curve methods, suffers from the fact that when the
resistive component of the terminating impedance is

small compared to the characteristic impedance Zo,



the voltage minimum becomes very difficult to deter-
mine due to the limitations of voltage detectors.

2-1.8  BRUCKMANN  Working at 100 mc., Bruckmann®®

in 1938 developed a method of impedance mé@surement
using open-wire lines, His was the first absclute
method in which formulae for the phase angle of the
terminating impedance were developed., The method
1s somewhat similar to that of Hempel, the unknown
being connected A/4 or some odd multiple thereof from
the end of the line, and the voltage maximum and
minimum as well as the voltages at A/4 and A/2 from
the load are measured., The absolute value of the
terminating impedance 1s given by

zx = v/,

Zo vl/

4
and the phase angle 1s given by
cos &y = Viay, Vimin
e
v /2.V1/4
It has been pointed out by Bruckmann, King, and
others, that the impedance value assgned to a termin-
ation on a line depends fundamentally on the point at

which the termination 1is regarded as being located.

This concept resulted in the tandem bridges of King
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and the methods of positioning the termination used
by Hempel and Bruckman. These various schemes all
have the same result in view, namely, to make the
unknown impedance the effective termination of the
line and render the svace beyond the unknown inef-—
fective in determining its impedance. It is also

to be noted that the effective impedance of a termin—
stion may be determined to a considerable extent by
the details of the connectiocn,

2-1.9  NERGAARD  Nergaard®%described lines suit—

able for use with standard condensers, vhere the

line replaces the inductance coils used in lower
frequency resonance methods, A voltmeter gnd a
standard condenser are connected to the énd of the
line in parallel with the unknown impedance to be
measured. The line 1s driven by an oscillator, the
coupling between the two being loose enough to ensure
that no frequency pulling of the oscillator tgkes
place. The line is tuned to resonance by varying the
capacity at the end. The reactance variation method
described previously may be used to obtain the resist-
ance and reactance of the circuit. Standard variable
air condensers suitable for use up to 300mc., have

been described by Nergaard.
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2=1.10 CHIPMAN Nergaard's prediction that reson-

ance curve bandwidth method might be a satisfactory
solution to the problem of impedance measurement came
true in 1939, with the publication of Chipman's®?
work. With reference to what is now known as the

Chipman method, smith®?

mgde the following remarks:

", ...1t is not often that the research worker

sees the result of his ressarches brought into
extensive practice within three years or so of
their publication. eseeswWoOrkers with this very
simple method, covered as it 1s so completely by

exact mathematics, must feel a touch of rocmance

behind the scientific achievement,"

Chipman used an open wire parallel line terminated
at one end by the impedance to be measured, md at the
other end by a thermocouple, Heavy brass tandem
bridges are placed approximately A/4 and 3A/4 behind
the thermocouple, in a manner similar to that described
by King®®. A micrometer adjustment is attached to the
second brass bridge, for varying the line length., An
oscillator loosely coupled to the end of the line at
which the unknowvn impedance 1is comnected, supplies the
high-frequency e.m.f.

To measure an impedance connected to the end of the
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line, two resonance curve widths are measured; one
with the unknown connected, to determine the product
of the reflection coefficients of the thermocouple
and the impedance to be measured; and the other wth
the line short circulted, to determine the reflec—
tion coefficient of the thermocoﬁple. The ratio of
these quantities is used in the final impedance cal-
culation.

Chipman develops an expression for the current at
any point on a resonant line from a consideration of
the successive reflections, of a wave travelling down
the 1line, that take place at the two terminations,
This expression is a function of the propogation con-
stants of the 1ine, the reflection coefficients of the
terminations, and the length of the line, By varying
1 and observing the current, the chape of a resonance
curve is obtained, and the length of the line for cur-
rent resonance. An expression 1s obtained for the
product of the reflection coefficients in terms of the
width of the resonance curve, and the length of the
line for resonance. This length is ususlly less than
A/2.,

Equations giving the resistance and reactance of
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the unknown in terms the reflection coefficients and
the characteristic impedance of the measuring line,
are derived in section III of Chipman'!s paper in the
Journal of Applied Physics., There is a typographical
error in lines 8 and 12 of this section, where (17)
should be replaced by (18); the numbers referring to
equations given in the text. Possibly this has been
pointed out before, and in any case it should be ob-
vious to anyone who has followed the devebpment up

to that point. When questioned on this point recently,
Dr. Chipman stated that he had noticed the error in
the published paper, but that no one else had pointed
it out to him,

2-1.11 KAUFMANN Kaufmann's arrangement for

measurements by voltage resonance was published also
in 1939, An open—-wire line consisting of two brass
rods 1s shorted at its input end, and coupled loosely
to a shielded oscillator., At the receiving end the
line is terminated 1n a perfectly reflecting copper
disc. A diode voltmeter is connected to a A/4 aux—
iliary line which is at right angles to the measuring
line. The detector line 1s terminated In a variable
condenser, and the sensitivity of the voltmeter is

varied by moving the diode along the detector line:
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or by changing the setting of the variable condenser.
The open end of the detector line 1is placed near the
measuring line but dows not touch it. The line is
tuned to resonance by moving the reflecting disc, and
the unknowvn impedance to be measured is connected at a
voltage maximum, The detector may be lccated in the
seme position as the unknown, or A/2 from it along
the line., With the test object removed, the line is
tuned to resonance and the distance from the reflect—
ing disc to the first voltage maximum recorded as 1l,.,
The unknown is‘then connected across the line at the
voltage maximum, and the reflecting dilsc moved to re-
resonate the line, the distance from the load to the
Gisc now being 1l,, and the change in length (lg-1p).
The widfh of the resonance curve at the points where
the resvonse is 0,707 of the maximum 1s recorded,

The unknown conductance is then given by‘

G=_1 Jtan 2m (15 1,) = tan 2n_ (1,-1,.~14A)
Zo A v A

where A 18 the width of the resonance curve.

The susceptance is given by

©C = 1 tan 21 (15-1.).
Zo A
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The above equations are applicable only when the
power losses in the measuring circuit are negligible,
end this condition can usually be met in practics,
except in cases where the Q of the unknown exceeds
several thousand. The range of impedances vhich can
be measured using this method is limited only by the
accuracy with which the bandwidth of the resonance
curve can be measured, The main drawbacks would seem
to arise out of radiation from the unshielded line, |
and the‘awkwardness of the detector system.

A useful equation for the determination of a is
derived by Kaufmann, when the line 1s terminated in
perfect reflectors at both ends

A:anlg

27
vhere a is the attenuation constant in nepers/meter
and n is the number of half wavelengths in the 1ine,

A and A being expressed in metres.

2-1.12 NERGAARD AND SALZBERG The assumption usually

made in ultra-high frequency transmission line theory,
that the characteristic impedance of the line is purely
resistive, was shown to be invalid for short line cal-

culations, by Nergaard and Salzberg in 1939, The usual



assumption is that the resistance per unit length of

line Ro is negligible with respect to the loop induct-

ance per unit line length., In their joint papers6

Nergaard and Salzberg reserved this assumption for

oL

second order quantities, i.e.( Ro )2 i1s considered
negligible. The result of includgng the first order

of Ry in the theoretical calculations of Zj and P

wLg
the propagation constant, 1is to give Z, an imaginary

component and P a real component. The real component
of P 1s, of course, the attentuation constant. It
was shown theoretically that taking into account the
imaginary component of Z, resulted in more logical
expressions for the input impedance of the line than
resulted from the old theory.

To demonstrate the validity of their new theory ex—
perimentally, Nergaard and Salzberg used an open wire
line terminated at one end in a moveagble short—-circuit-
ing bar. The sending end was terminated in an essen-
tially lossless condenser., The Impedarce of the line
was determined by the 1line-length—varliation method.54
This consists of loosely coupling the line to a signal
generator; measuring the length of 1line which corres-

ponds to resonance; and then measuring the change in
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line length required to reduce the voltage across

the line to 0.707 of its resonant wvalue. The

resonant impedance 1s given by (see Table No, 4)
r - Sil’lz er
Zq A0

where

Zy 1s the real part of the characteristic impedance
Sy 1s the electrical length of the line at resonance
A8 1s the change iIn electrical length of the line
required to reduce the voltage to 0,707 of its reson—
ant vglue.

It was found that the experimental values for the
resonant impedance coilncided almost exactly with the
values calculated on the basis of the new theory, and
differed widely from those predicted by the old
theory.

2-1.13 HAMBURGER AND MILLER Apparatus for induct—

ance coil reactance measurement was described in 1940,
by Hamburger and Miller?eusing a quarter wave resonant
parallel line. The line was first tuned to self-

‘resonance, and then again with the coll to be measured

connected across the end of the line, The unknown

reactance is then given by the exupression
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X = Z, cotan ( 90°, 1, )
A4

where 1, is the necessary change in the length o the
line to restore resonance., In thelr measurements
Hamburger and Miller found it necessary to take into
account the proximity effect of the parmllel rods, as
they used large dlameter tubing and small axial
spacing, to reduce radiation from the line. A more
satisfactory solution to the radiation problem would
probably be to use a shielded line. The conductor
spacing can then be given a larger value, so as to
accomodate components to be measured without the use
of connecting leads.

2-1.14 KIBLER In 1944 Kiblersoextended the method

of Barrow previcusly mentioned, and developed an imped-

ance chart from which the values of R, and X, can be read

t t
off in terms of the measured quantities V; ard Vj .

Vz Vs

If V; 1s the load voltage, V, the voltage at A/8 from

the load, and Vz the voltage at A/4 from the load, then

Ry = {AQ(A]_ -ap v 1) -1,0n - DIz
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1

where Ay = §V1’2 and Az = (Vo)°
V3 V3

The range of measurement using this method is

limited to values of resistance from about 0.3 Z,to

2 Zy, and values of reactance not far removed from
Zy, « These limitations can be seen, from the im—
pedance chart, to be due to the fact that vhen the
above voltage ratios are large, the A circles on
the chart intersect at small angles, The point of
intersection,kwhich determines the R and the X
components of the unknown impedance is therefore
indefinite, This method is most useful in cases
where it is desired to metch an impedance to a
transmission line, as in these cases the measured
voltage ratios sre small,

2-1,15 ESSEN The results of Chipmant's work were

very qulckly put to use in the determination of the
propogation constants of cables. Wany vworkers de—

veloped measuring lines based on the Chipman method
of impedance measurement. Essensldescribed in 1644
shielded balanced and unbalanced lines whikh had

been in use since 1941, The main points of interest



in this paper are the use of a shielded rather
than an open wire line, and the development of the
unbalanced or coaxial measuring line.

It was found that although reliable results could
be obtained on the open—wire line, movements of the
observer csused instability in the current readings,
and made the operation of the line inconvenient., Al-—-
though it is not mentioned in Essen's paper, radia-—
tion from the shielded line would be much reduced,
and thus the overall accuracy of the apparatus im-—
proved, snd the necessity of trying to allow for
this rgdiation loss removed,

2-1.16 JONES AND SEAR The methods and apparatus of
583,64

Jones and Sear are essentially the same as those

of Essen, and both are based on the Chipman or current-

resonance—curve—width method of impedance messurement,
Shielded lines, both balsnced and unbalanced were
used, and some interesting details of shorting piston
construction, contact difficulties, and different
types of detectors are given. Methods for checking
the looseness of coupling to the oscillator, md
factors determining asymmetry of the resvonse curve

are discussed. In a later paper§46harges in resonant

4%



line length and resonance curve width due to the
presence of insulating supnorts on a balanced line
are investigated. It 1s concluded that insulating
supprorts should be reduced to the absolute minimum
required for mechanical strength,

2-1,17 SIMMONDS A comparison method for the

measurement of ultra-high frequency resistance was

67in 1945, A shielded parallel-

developed by Simmonds
brass—rod line was used, the rods being supported by

a brass disc at one end, snd an ebonite insulator at
the other. The line was excited by means of a coup—
ling loop projecting through a hole in the face of a
moveable shorting piston, A diode voltmeter was con-
nected to the open end of the line, in parallel with

a thermistor and one arm of a wheatstone bridge. The
wheatstone bridge measures the D.C. value of the ther-—
mistor resistance, and is Bolated from the U.H.F.
voltagé on the line by means of chokes., The Ine 1is
tuned to résonance with the unknown impedance connected
across the open end of the line, by moving the shorting
piston until maximum voltage is read on the diode

voltmeter. The length of the line and the voltmeter

reading are recorded. The unknown is then disconnected



and the line retuned to resonance. The voltmeter
reading is returned to its former value by changing
the resistance of the thermistor, this being accom—
plished by sending more or less current through the
thermistor from the wheatstone bridge. It is claimed
in the paper that the thermistor resistance is con-
stant within 3°/o from D.C. to 200 mc., thus enabling
the thermistor to be used as a resistence standard.
From the above procedure the resistance of the unknown

is given by Ry = RiRo sin Bl4

Ry sin: @12— stin Bll
where Ry and Ro are the thermistor resistances with
the load commected and disconnected respectively, and
17 and lgo the corresponding line lengths.,

The reactance is obtained in the usual way from the
difference in length of the line at resonance with the
unknown comnected and disconnected, and is given by

Xx = Zo

tan o (lg-17) ( cot @ ljcot w lg + 1)
v v v

The accuracy of this method is claimed to be about
Soé , but the range of values of resistance which can

be measured is restricted by the fact that the ther—

49
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mistor resistance cannot be grester than 4000 ohms.
This restriction is due to the fact that the re-
slstance of the thermistor is not constant from D.C.
to 200 mec. for values larger than about 4000 ohms,

2-1.18 CONLEY An apparatus for impedance measg—

urement using a single conductor and its image in a
semi~-infinite conducting plane has been described by
Conley.145The line 1s fed symmetrically from both ends,
and the unknown impedance is located at the centre of
the 1line., It is claimed for this method that many
disadvantages, notably radiation and unbalance, are
overcome by replacing one of the line conductors by
its Image. Feeding the line from both ends does

away with the ne;essity for dielectric supports, and
permits the line conductors to continue past the load,
without their having any effect on the terminating
impedance value.

Perhaps the main disadvantage of this type of line
lies in its large physical dimensions. In order for
the conducting plane to approach semi-infinity, it
must stretch on either side of the single conductor,

a distance of at least three or four wavelengths., At

a frequency of 100 mc., thils requirement would involve



a conducting plane sbout 70 feet square, which is
obviously impracticable. At frequencies around 750
mc., as used by Conley, however, the image line seems
to be a useful development. The order of accuracy
attainable is given as from 5% to 15%, using either
the voltage distribution along the line, or the width
of the minimum dip in the standing wave pattern to

calculate the unknown impedance.

(91
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3 — DESIGN OF TMPEDANCE MEASURING LINE

3=1 Theorv of Short Lines:

3-1,1 Errors in 0ld Theory It has been shown by

Nergaard and Salzberg56 that certain theoretical form—
ulae commonly used in treating short ultra-high-fre—
quency transmission lines are in errér, and that the
theory presented in their paper is more accurate, As
a logical extehsion of the more precise theory out-—
lined by Nergaard and Salzberg, it is proposed to show
in this thesis that the theoretical formula for the Q

83 is a2ls=o

of a non-resonant line, as derived by Terman

in error, snd that the results obtained on the basis

of this formula are therefore not to be realized in

practice, Expressions for the Q of non-rescnant lines

are derived:

a) in terms of the constants of the line, and its
electrical length,

b) in terms of the resonant Q of the line, and its
electrical length,

¢) in terms of the length of the line, and the change

in length necessary to reduce the response to 0,707

of the maximum response, when the line is tuned to

53



resonance with a lossless condenser.

3 - 1.2 Imaginary component of Z, In convenbtional
146

transmission line theory the input impedance of a

uniform line of length 1, which 1s short—-circuited at

its distant end is

Zip = Z} tanh Pl

1
2
where 74 = (Rg + JwLg)q is defined as the characteris-

. 2
(Gg + JuCy) 1 1

tic impedance of the line, and P = (Ry + ijo)g(G+ijo)§
1s defined as the propagatidn constant of the line.

Rg,Lg,Go and C,, are the series resistance, induct-
ance, shunt conductance, and capacitance (all per unit
length of 1line), respectively.

Nergaard and Salzberg have shown that each of the
gquantities Zé and P may be expressed as the sum of a
real and an Imaginary component, so that

Z8 = Zo ( 1-jk)

and P =8 (k+]) 1
- 1
1 Ro- \2 & 2
where Zo =(%2)§ . { % (1+ (EES_) )2 + %}
o
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1

R R Z
0 o 2 -1
and k = (5-]:; { 1+ [ 1+ (ai;) ] }

3 — 1.3 1Input Impedance of Line The foregoing

expressions are exact in form, involving no approx—
Imations other than that G, = 0 which 1s true for an
alr dielectric line,

The ususl assumption at this point is that g%_ is
negligible with respect to one, and it is this a:sum—
ption which causes conventional transmission line

theory to be inapplicable to very short lines.

If now, we assume that (RO )2 is much less than

oLy
unity, the foregoing expressions may be written as

Lo, 1

Zo = (E‘)Z
o
1

B = w(LOCO)§ - 2
k = 29

2wLg

The input imvedance may now be writtgn as

Zin = Z20( 1 - jk) tanh (k + j)B1 .
Expanding this trigonometrically so as to express the
resistive and reactive components of the input impedance

=~ Zo((sinh 2kB1 + ksin2B81) +i(sin 281 — k sinh 2kB1))

7
in cosh 2kBl + cos 281




3 - 1.4 Q@ of Non-resonant Line Terman has assumed

that the ratio of reactance to resistancé of the input
impedance may be called the Q of the non-resonsnt line.
Using this definition of Q we obtain from the foregoing
- expression for the input impedance, that

sin 281 - k sinh 2kB81

sinh 2kB1 + k sin 281

Since k = Ro 1s a small quantity for radio-frequency
2L,

transmission lines, 2kBl is a small angle, and the

expression for Q may be written
Q- ©in 261 - 2161

okl + k sin 281

and since k° is much less than unity

sin 281
T k( 281 + sin 2B81)

Substituting values for B and k given in section 3-1,3

in the above, we have

1
Q= 2wlo , sin 4m
h - am X
Ro 47 7—\' sin 47 3
= Who
Ro
1
1 i = + 1
2

o6
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3 = 1.5 Comparison with 0l1d Theory For a very short

. = 47
length of line, sin 4n.%-, éénce for small angles the

sin of the angle is equal to the angle in radians.

Therefore Q = ®Lg = reactance per unit length

Ro resistance per unit length
and this is the limiting value of Q one would expect
as 1 approaches zero,

Terman's expression for'Q given by equation (17) in

his paper83 is
Q= EE£ . sin 4m %
Roc
1
X
oL in aq &
which may be written Q = o S AT
Ro 27 %

For a very short length of 1line, l.e. as 1 tends to

zero, this gives Q = 20L,
Ro

which is not the Q or ratio of reactance to resistance
for a very short length of line which one must expect
from the definition of the quantities.

3 —=1.6 Q of resonant lines The Q of a resonant

line section i.e. (2n + 1) A in length, has been derived
4

by Terman, and is given by
7 ’ % = 27Zof

Roc
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L 1 1
and since Zo5 = (Z2) = and ¢ = 1
° Co  ? (Loco) g
since B = 2nf (L C )% and  =c

the above expression for Qo may be written

Q0= wLo

Ro
This can 2l so be shown to be

Qo = _B
' 2a

since a = Bo ang g = 27f
22, c

The Q of a non-resonant line section may therefore

be written in terms of the resonant QO

Q = Q
1
l{ am & +1}
2 1
1 sin 471 N

This expression becomes identical with Terman's

expression ( equation 17 ) vwhen 47 %. is much

1
8in 47 x

greater than unity, but this is only true for lengths

of line near %-or multiples thereof, This is clearly

47 1
shown in Figure 4, where L X 7 + ljis plotted
sin 4w X
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vs. 2T . for the o0ld and new theories is

Q
%

shovn in Figure 5,

3 = 1.7 Selectivity Characteristics of ILine Reactances

In the case of a lumped constant inductive react-

ance X = 21nfL
X = 27L so dX = 21Ldf
af

and Q§ = gﬁ
X f

Considering the case of an inductive reactance consis-
ting of a short circuited line, if we write

1
Xin = Zo tan 21 ¢

dX = Z. 2= = on . 1
a X Zo BT &
2 5
cos 2ﬂ% 1 cos® 2m:%
1
Hence dX = 2% . 2, dl
2 T
cos” 2n 1
A
1
Multiplying both numerator and denominator by tan Z2mg
we obtain }g{g - 4.';[% @
C > T
sin 47 X

In the same way it can be shown that in the case of the

line 1
d - 4.
X ,‘.1[ r

X . daf

1 T
x

ain 47
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From a comparison of the expressions for dX in

X
the two cases, it is seen that the change of reac-—
tance for a small change In frequency or an equiv—

alent change in line length, is a1 times

gin 47{%.

greater in the case of a line reactance than it is in
the case of a lumped constant reactance. This has
been shown by Terman, and 1s given by equation (18)

in his paper.

3 = 1,8 Line Tuned with Lossless Condenser According

to Terman, 1f the line reactance is tuned to resonance
by means of a lossless condenser, the effective slect—
ivity factor of the circult will be S times as great
as it would be if the line were renlaced by a coil

having the same ratio of reactance to resistance,

(47 1
X
In this case S = l< 4+ 1,
2
1
\sin 47 ¢
If AX = 8. X é% is the change in reactance

reauired to lower the response of the circuit to 0.707



‘

maximum response, such that the real and imaginary

components of the input impedance are egual, then

= S . X

2h1 24X
But In the case of a lumped constant resonant cip—

cuilt

X = f

the Q of the coil. Since, in

write 1 =S .M where Q7 is the Q of the line
2A1
reactance, In section 3 — 1.6 it is shown that

Q1 = Qo , so that 1 = Qo

ER 2h1

Similarly f = Q
55T °

3 - 1,9 Comparison with 01d Theory Terman has

stated that the effective selectivity or £ of a line

2Af

~tuned to resonance with a lozsless condenser is S times
greater than it would be if the line were revlaced by

a coil having the same Q or ratio of reactance to

v

resistance. Since 1 expresses the same effective
201

selectivity, we may, using Terman's expression for the
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Q of a line reactance, write

L. = Zof .Sindat%.

201 ROC‘ e ——— o S
E
A

Multiplying both numerator and denominator by 2%,

1 2nZof sin agq & 1 1
= (o] . sin ,T[r . 47 + gin 4 =~
, 1 ) .
2T X 2 sin 4=n T
So that 1 = Q - gin ax }
2d1 1+ N
1
4
+ T X-

For short lengths of line this approaches the linit

1 = 2Q
241

The ratio of 1  to Qy is plotted in Figure 6, for

24l
lengths of 1line from O to A i.e. from O to 90° elec—
4

trical length, and the curves chow clearly the wide
difference between the results obtained from the sbove
exvression, and those predicted by the expression de-
rived in section 3 = 1.8, on the basis of the new
expregsion for the Q of 2 non-resonant line.

It is seen that what Terman called the effective

selectivity is actually the Q of the resonant civbuit,

and is the same regnrdless of the length of the line
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or whether the line 13 self-resonant or tuned to
resonance with a lossless condenser., It is to be ex—
vected, of course, that when the losses in the conden-
ser are comparable to the line losses, the { of the
resonant combination will be somewhat less than the
Q of the self-resonsnt line, Adequate expressions
covering such cases have not as yet been derived, but
it is hoped to do so as an extension of the present
work; and to develop formulae for the measurement of
unknown impedances in terms of the measuring line Q,
and the measured Q of the combination when the un-—
known Impedance is tuned to resonance by varying the
line length,

3 — 1,10 Resonant Impedance Nergaard and Salzbebg

have noted the analogy "which exists between the
behaviour of the sending—end impedance of the trans-—
mission line when the 1line 1s near self resonance, and
the behaviour of the impedance §f a parallel—-resonant
combination of lumped constants." |

Examining the new expression for the Q of the non—
resonant line in the light of this analogy it is seen

that the expression fits the analogy exactly.
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In the case of a lumped constant varallel-resonant

circuit the resonant impedance is given by

r= L_
CR

where L is the series inductance of the coil

R 1s the series resistance of the coil

C is the capacitance of the corndenser wich 1s
assumed to be lossless, This may be written In terms
of the Q@ of the coll as

r=ol Q =X Q
In the case of the transmission 1line tuned to reson-—

ance with a lossless condenser then

r o= Zo tan Bl . Q
El

1s the analogous expression, since Qiipne = Qo ard

S

sS=21 (281 +1) .

2 (T sin 2p1 )
Since Qp = wLo =21 from sections 3 - 1,3 and 3 - 1,6

—_— 2k
o
r = tan Bl = 1 . tan Bl sin 281
7z 2kS k 2B1 + sin 281

= 1 . tsn Bl 2sin 81 cos B1
k 281 + sin 281

67



by

. 2( 1 - cos?s1)
281 + sin 2p1

. 2{1.—-( N =2 282 ﬂ

281 + sin 281

==

1l . 1 - cos 281
k¥ 281 + sin 281

The above expression 1s exactly the same as the
expression for the input impedance of a 1iﬁe tuned to
resonance with a lossless condenser as derived by
Nergaard and Salzberg. It is equation (11) in their

paper.56 The ratio %. y Where r, is the input imped-
o

ance of the self-resonant line, is plotted vs., Bl in

Figure 7.
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3 — 2 DESCRIPTION OF MEASURING LINE:

3-2.1 Factors determining line details The choice of

a balancéd rather than a coaxial line was made, having
in mind the fact that most ultra-high frequency cir-
cuitg are of balanced construction; balanced lines and
components involving fewer mechanical difficulties
than coaxial circuits., A shielded line was decided upon
to keep unbalanced or antenna currents and radiation
from the line to a minimum; and to make the operation
of the line in so far as possible independent of the
movements of the observer, To reduce the number of
mechanical supports necessary, and avoid the effects
of conductor sag and chaﬁge of mechanical dimensions
due to handling, the line conductors were made of g"
solid brads rod. The rods are suppvorted at one end
by a heavy copper disc, and at the open end by a thin
polystyrene disc. The line is enclosed in a shiesld
rolled from a sheet of copper approximately %6“ thick,
Seamless copper tubing would have been more satisfac—
tory, but unfortunately this was not available.

The conductor svacing was a compromise between

large dimensions for high line Q, and small dimen-—
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sions for low radiation loss from the open end of the
line. The dimensions of components likely to be meas—
ured on the line was also a factor in determining the
conductor spacing, The detalls of the line construc—
tion and the dimensions of the various parts are shown
in Figures 8 and 9. Figures 10 and 11 are photographs
of the line, broadside, end looking at the open end,
respectively.

3-2.2 Measuring Line Constants: =xpressions for R,,

Lo, Goand C,, the resistance, inductance, shunt conduc~—
tance and capacitance (all per unit length of 1line),
have been derived by Curtis,147for a screened twin line
with continuous dielectric. Approximate forms of these

65page 44,

complex expressions are given in Jackson,
which are stated to be sufficiently accurate for most
practical cases., Sacrificing some thoroughness for
brevity, these expressions will not be derived here,
but merely stated and used to calculate the constants
of the measuring line which has been constructed.
The dimensions of the measuring line used in the
following formulas are:
a = radius of the line conductors 0.479 X lO?gmeters

-2
d = centre to centre spacing of conductors 5.14 X 10. meters
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: . -2
28 = inside diameter of shield 10.16 X 10. meters
7
Sg = co?ductivity of conductors 1.5 X 10 mhos/meter cube
brass) .
sy - conductivity of shield 5.9 X 10 mhos/meter cube
(copper)

f - frequency, cycles/sec.

The resistance per unit length is given by

2
d
of (=)

10 S,

T

57 4 ohms/meter

o+

2
Ro= ';"

R oo

sg 1- (5%*)

The first term relates to the centre conductors and
the second term to the shield, and the lack of a
proximity effect factor in the first term 1s due to
the fact that the tendency of each centre conductor
to disturb the uniformity of charge distribution on
the surface of the other 1s countergcted by the
presence of the screen. The complete solution for
the resistance of conductors of circular cross—
section involves Bessel functions, but for frequencies
above 10 mc,/sec., when the depth of current pene-
tration is small compared with the radius of the
conductor, the conductor surface may be treated as
part of the surface of a flat conduéting slab, and
the usual skin effect formula applied.

The resistance per unit length for the measuring



line has been computed from the above formula,
and is _
Re= 0.0359,/ £~ ohms/meter
The value of Rgthus ranges from 0.359 ohms/meter at

100 mc., to 0.509 ohms/meter at 200 me.

The inductance ver unit length of line is given by

- g,

7 . henrys/meter

- 4
LO: 4 x 10 a

. logg
1+ ()%
- 28

Jackson has derived an expression for the internal
inductence of the conductors, but since this part of
the line inductance decreases as the square root of
the frequency, it is negligible at ultra-high freg-
uencles by comparison With that associated with the
space between the conductors., It is not included in
the above expression, and will be assumed negligible.

The value of inductance calculated for the measur—
ing line 1is -
7.4 x 10 henrys/meter

The capacitance per unit length of line is given

v



by e

C.= 1 . o

3.6 x 10%°

farads/meter

d (4 2
loge 'a- . 1- E‘S)

da 2
1 + (=
(23)

Since the line dielectric is air, the effect of the
polystyrene end support being ignored in this calcu-
lation, the ratio of the permittivities %6 is unity.
The calculated value for the measiring line capaclt—
ance 1s |

10

0.15 x 10~ farads/meter

The shunt conductameper unit length of line with

a continuous dielectric of loss angle d is given by
G,= «C tan @ mhos/meter

Since the line dielectric is air, tan dand therefore

the shunt conductance, will be assumed to be zero,

3=2.3 Effect’ of Polystvrene Suvpport The dielectric
constant of Polyétyrene is 2,52 at 100 mc. From the
formula on the preceding- page the capacltance of the
length of line containing the polystyrene end support
18 calculated to be 0.378 x 10710 farads/meter. The

width of the end support is 0.794 cm., and the loss
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factor tan d for polystyrene is 0.0003., The conduc-—
tance in the region of the polystyrene support is
calculated from the above expression to be
7.11 x 10°° nhos/meter.
This conductance is equivalent to a resistence of
17.6 megohms
connected scross the end of the line, at 100 mec.,
and a resistance of 8.8 megohms at 200 mec.,

This shunt conductance across the end of the line
can be corrected for by subtracting it from the
unknown conductence when measurements are made on
components connected to the line, A more satis—
factory solution to the problem would be to reduce
the width of the polystyrene support, and cut away
as much of it as is consistent with sufficient

mechanical support of the line conductors.

3-2.4 Characterlstic Impedance The characteristic

impedance for a transmission line with air dielectric
is given in section 3 1.2 as
1
Zo = Zo (1 - jk)
and from section 3-1.,3

= (L)l/2  end k = Do
%o = (5) / 20L,



Using the expressions for R, L and C,given in sec--

tion 3 - 2.2, we obtain

a 2
€p 1 1 —(—)
o = (3—)'é. 276 logyg % . 2s
1 +(4)%
(25)
d,\2
1 4 23)
a?sa + 5 SS . ( a )4
;7f
1 - (d )2
log a 2s
10 a 3 o
1 + (53—

Substituting the dimensions of the measuring line
in the above expressions we obtain
Zo = 222 ohms

and kZ, = 1.7) ohms
e

‘The value of the imaginary component of the Charact-
eristic impedance is thus seen to range from 0.171

ohms at 100 me. to 0,121 ohms at 200 mc,

3 - 2,5 Phase Constant The expression for the

propagation constant P is given in section 3-1.2 as

P=pB(k+ J) =c+ 38

ohms

80
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The imaginary component of P, or phase constant
is B, and is given in gsection 3 - 1.3 as
B = m(LC)% radians/meter
Using the expressions for L and C given in section

3 - 2.2 the above becomes

B = 2 . = 271f
3 x 10° c
The wavelength A = 21 = v , where v 1s the velocity
g

of principal mode propagatlon along the line. The
line velocity 1is thus seen to be equal to the free
space veloclty ¢, for an air dielectric line, when
the internal inductance of the conductors relative
to the inductance of the dielectric space is neglected.

3 — 2.6 Attenuation Constant The real part of the

expression for the propagation constant is
a = Bk
Multiplying the expression for k given in 3 - 2.4

by 8 = g% , we obtain for the attenuation constant

(4"
1 + 4 2s
8 4 Sa CWER 1 - (_é_)4
- 2s
@ =115 x10°°,/¢
2
1 - (és—)
loglo d .
a 2



‘This is in nepers/meter, and to obtain the attenuation
constant in db/meter, results obtained from the above
expression must be multiplied by the factor 8,66 .
The attenuation constant of the measuring line is cal-

culated to be

¢ =708 x 107 /£ ab/meter

g

and the value of a 1s thus seen to range from 7 x 1077

db/meter at 100 me. to 9.95 x 10°° db/meter at 200 me.

3~ 2.7 Q Value of a Resonant Line In the case of

a lumped constant resonant circuit consisting of an
Inductance coill with series resistance, and a condenser
with negligible losses, the Q value of the circult is

commonly written

Q = oL

Multiplying both numerator and denominator by % Iz,

where I is the current at resonance,
12

Q = 2xnf 20

%RIQ

= Energy stored Iin magnetic field

Energy loss per cycle

For a resonant traensmission line, one end of which

is shorted and the other end open, the standing wave of

82



current has the form I cos 21 1 where I 1s the
A

current through the short-circuited end, end 1 is
the distance from this end. The energy stored in the

magnetic fleld is thus

A
= Lo_Jé (Icoson 1)2 a1
(6] A
= ALLI®
16

The rate of energy loss in the conductors, the

losses in the short circuit being ignored, is

A 2
= 1 R, J; ( I cos g% 1) 41

2f o
= R I°
16T
2
1 Lol
Therefore Q = 2n . 16 = wlg
R, I° Ry
16f

Terman 85 derived the expression in the form

Qo = 27Z T

Ro c

but this is shown in section 3 —- 1.6 to be identical

with Lo and B .

Ro 2



The resonant Q, of the measuring line may therefore
be determined from the expressions for L, and R, given

in section 3 - 2.2 .

a 1- (85)°
2nf x 4x1077 log, a =5
(d_)z
2 /F .8/ T 25
a 1O:sa 8 1073S P
1 - (53)

The value of Qo calculated from this formula is

Qo = 129.5 /T

snd the value
at 100 nme. to
Since this

losses in the

of Q, is thus seen to range from 1295
1815 at 200 mc.
formula makes no allowance for the

shorting plate, the contact resistan—

ces between the line conductors and the shorting

plate, the contact resistances between the shield and

the shorting plate, end the losses in the polystyrene

end support, it 1s not to be expected that the above

values will be realized in practice unless extreme

care i85 taken to reduce these losses to negligible

quéntities.

Tt is further to be noted that oxidation
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of the liné conductors and of the shield will increase
the value of R, beyond that calculated, and thus lower
the value of Qg an amount which would be extremely
difficult to calculate.

Another factor for which allowance has not been
made 1s the radiation from the open end of the line,
Kingso suggests the use of the Hertzian formula for

the radiation resistance of a short straight conductor

_ 2 .2
R, = 20B° s

in which case s would be the centre to centre spac—
ing of the line conductors. This problem reqires
further investigation.

3 - 2,8 Shortine Piston and Couvling Loop The

length of the measuring line is varied by means of
a moveable solid copper disc or shorting piston
about %E inch thick. The details of this piston are
shown in Figures 8 and 9, and Figure 12 1is a photo-
grapvh of the open end of the line with the shorting
piston pushed right out to the end of the line.

The copper disc makes contact with the line con-
ductors and with the outer shield, by means of brass

rings which are fitted to the disc. The inner rings
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are grooved and spllt so that they snap into holes

in the shorting piston. The inside diameter of these
rings is slightly less than the diameter of the line
conductors, so that when the pliston is pressed on, the
rings are expanded and thus make firm contact with

the line conductors., The outer ring, which makes
contact with the shield, is likewise grooved and

split so as to fit over the outslde edge of the short—
ing piston. This ring was machined to a diameter
slightly larger than the inside diameter of the shield,
and then a small piece was cut out of the circumfer—
ence of the ring. When the piston 1s pressed into

the shield this ring is contracted and thus presses
out against the shield, ensuring firm contact. The
inner edges of the inside rings, and the outer edges
of the outside ring were machined to knife edges, in
order to make the point of contact and thus the po-
sition of the shorting piston, quite definite. This
definite point of contact is achieved at the expense
of the line Q, as the knife edges undoubtedly have a
higher contact resistance than would be obtained with
broader contacts. This type of shorting piston con-

struction has not, to the author's knowledge, been
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used before; and as the usual spring-finger type of
piston was not tried on the present line, no ccmpar-
ison betweén the two types of shorting disc can as
yet be made. It 13 hoped to make some comparisons

of thls nature as an extension of the pressnt work.
The smallest bandwidths measured on the line were of
the order of 0,04 centimeters, and it is thought, con—-
sequently, that the width of the contacts between the
shorting piston and the conductors may be of gome
importance.

The shorting piston is firmly attached to a hollow
brass lead—-screw which moves the piston along the
line. 1Inside the lead—screw 1s the feeder cable which
projects, in the form of a small loop, through a cen—
trally located hole in the face of the shorting piéton.
The loop is located in the vlane of the line conductors
and symmetrically positioned with respect to them,.so
as to induce equal and opposite voltages in the two
rods. In this way, unbalanced or antenna currents in
the 1ine conductors were kept to a minimum, The
shield of the feeder cable 1s grounded to the shorting

piston, but the centre voint of the coupling loop is
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not grounded. Tt was initially thought that grounding
the centre point of the loop would help to balance the
Input, but 1t was found in nractice that this procedure
gave rise to considerable unbalance, as evidenced by
doutle humps occurring in the response curve, The
counling loop projecting through the hole in the face
of the.shorting piston, can be seen as thé half-black
half-vhite oval In the centre of Figure 13,

The feeder cable 13 n chielded twin wlith rubber
and rope insulation, and introduces a loss of approx-—
imately 30 db between the oscillator and the 1line.
This lerge loss in the feeder cable is hecessary to
ensure that changes in the line impedsnce as the line
is tuned through resonance will not be reflected back
into the oscillator. As the line impedance is only
a small part of the load on the oscillator, any vari-
ations due to line tuning will have a negligible effect
on the frequency and output of the oscillator,

3 = 2,9 Device for Adiusting énd Readine Line Lenegth

The general arrangement for positioning the short-
ing plston is shown schematically in Figure 14, Figures
15 and 16 are vhotographs of the positioning mechanism

attached to the shorted end of the measuring line,
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Figure 16

Shorting-piston positioning mechanism,

The driving motor arpears at the top, A

worm and pinion inside the motor housging
drives the worm showing in the picture.
The driving nut 1s directly behind the
worm gear, and the millimeter threads on

the lead screw passing through this nut

can be seen at the right,

938
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The fundamental varts of this device are the driving
nut, and the millimeter thread lead screw which moves
in or out 1 mm, for each revolution of the driving
nut. The driving nut is held between two end bearings
in a cast aluminum housing. The thrust bearings are
ad justed by means of shims, so that there 1s no end
or lengthwise motion of the driving nut. Part of

the driving nut is in the form of a pinion with 30
teeth which is driven by a helical worm gear so that
ten revolutions of the worm turn the driving nut
through one revolution. To one end of the worm shaft
is attached another pinion with 30 teeth driven by a
helical worm gear on the motor shaft. Thus 100 rev—
olutions of the motor turn the driving nut through one
revolution, and move the shorting plston 1 milli-
meter. To the other end of the main worm shaft is
attached a revolution counter vhich reads directly
the position of the shorting piston to 0.001 cm.
Every effort has been made to reduce loose motion
between the gears, and bandwidth readings are always
taken with the motor turning in the same direction,
so as to eliminate the effects of backlash. The

motor is provided with a reversingaitch so that the



shorting piston may be moved in elther direction,
and the speed of the motor is controlled by means
of a Variac,

The applicaticn of motor drive, and the use of a
revolution counter to read the line length directly,
arc original developments which have not, to the
author's knowledge, been used before. in connection
with measuring lines. Most lines which have been built
in the past have used either friction drive or a rack
and vinion, with a vernier scale attached to the po—
sitioning rod. With friction drive, it is difficult
to position the piston exactly, and even with the
more positive drive obtained with a rack and pinion,
a special light and magnifying glass are requlred to
read the vernier scale, The present method of drive
has the advantages of positive motion combined with
extreme accuracy and ease of reading the line length,
Furthermore the tedious process of moving the piston
is turned over to a motor the speed of which may be
varied at will., A series motor was used so as to ob-

tain a wide range of speed control.

3 —- 2.10 Detector Two types of detector were used

on the measuring line. Initially the detector was
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connected across the open end of the line, as shown
in Figure 11; but it was found that this resulted in
serious loading of the measuring line, with a conse—

quent lowering of the line Q. The final form of the

detector was as shown in Figure 12, the location being

changed from the end of the line to the plane of the
shorting piston.

The detector consists of two 1N34 crystals soldered
to the small rings in the shorting piston, and oper-
ating into a common load resistor of 100k ohms which
is grounded at one end to the shorting piston., The
load resistor is by-passed by two 1000puf condensers.
A lead is attached to the junction of the crystals and
the load resistor, and runs out through the hollow
lead screw to a vacuum—tube voltmeter. The detector
reads the extremely small voltage exlsting across the
resistance of the shorting piston, and to avoid stray
pick-up, the lead to the voltmeter is shielded. This
type of detector was found to give a good indication
from a slightly amplitude-modulated radio-frequency
signal, on the lower ranges of an ordinary Hewlett—
Packard‘4OOA vacuum~tube voltmeter. Since the det-

ector is located in the plane of the shorting piston
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the loading effect on the measuring line is negli-
gible., No direct pick-up between the coupling loop
and the detector was noticeable.

The main disadvantage of this type of detector is
due to the instability of the crystal calibration, as
this chahges with freauency and with signal amplitude.

5 -2.,11 U.H,F, Oscillator Several types of oscil-

lator were used to feed the measuring line, two of
these being shown in Figures 18 and 19. The oscilla-—
tor finally decided upon is shown in Figure 19, and
is a line—controlled I,F.F. Mk. III transmitter
modified to operate continuous wave, The output of
the oscillator is controlled by varying the plate
voltage on the parallel 826 triodes, by means of a
Variac on the front panel of the oscillator chassis.
Monitoring of the output was accomplished by means
of a crystal detector similar to that used on the
measuring line., This detector was located at the
output terminals of the oscillator, and the voltage
read on a vacuum—tube voltmeter,

The oscillator frequency 1ls controlled by parallel—
line sections in the cathode and grid circuits of the
triodes; and the frequency changed by moving the short-—

ing bars on the line sections., The output coupling
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line 1is tuned to_quarter—wave resonance with a
variable air condenser, and this line is inductively
coupled to the cathode circuit of the triodes, Var-—
iable taps on the output coupling line lead through
balanced Cgble to the output terminals of the oscil-
lator, at which point the output monitor and the
measuring line feeder are connected. The frequency
of the oscillator can be varied frcm about 145 mc,
to about 200 mc, the shorting bars being set according
to a calibration chart which is provided with the
tranemitter. Final tuning of the oscillator is ac~
complished by means of a small sir condenser conﬁected
across the grid lecher line,

The oscillator frequency was monitcred by means of

a General Radio 720A frequency meter.



4 — EXPERIMENTAL WORK

4 — 1 Calibration of Measuring Line:

4 - 1.1 Adjustment of Counlingz Loopn It is esgen~

tial to the proper functioning of the measuriﬁg line
that the voltage éutput and frequency of the oscil~—
lator remain constant as the line is tuned through
resonance. To achieve this condition the line must
represent only a small vortion of the load on the oscil—
lator, so that even though the line impedance varies

conslderably, the overall load impedsnce seen by the

oscillabor remains essentinlly constant, If the coupling

between the 1ine and the oscillator is not sufficiently
loose, there is a tendency for the oscillator output
voltage to drop off when the line becomes resonant,
since the maximum line current occurs at this point.,
Since changes in impedance are being observed in terms
of changes in current through the shating piston, the
results can only be interpreted if the input voltage to
the line remains constant,

Similarly, if the coupling is not sufficiently loose
changes in line impedance reflected back into the cgcil—

lator may cause the frequency to shift, and thus inval-
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idate the results,

Either or both of the gbove effects will result in
broadening of the response curve, asymmetry about the
resonance point, and possibly the occurrence of double
humps, one on either side of the resonance point, It is
thought, however, that the pvhenomenon of double humps in
the response curve is due more to unbal anced feed than
to overcoupling,

Vhen the feed to the line 1s unbalanced, in-phase
currents are induced in the line conductors, as well as
the balanced 180° out—of-phase currents. These in-phase
currents give rise to a coaxial mode of propagation
using the two line conductors as the centre conductor and
the shield as the outer conductor. A slicht difference
in velocity of propagationvbetween the coaxial and bal-
anced modes resulta in the line being resonant for one of
the modes at a slightly different length from that at
which it is resonant for the other mode., The resnonse
curve thus has two peaks, and its width at 0.707 point
is more than twice what it would be if only one mode
were present,

That the above exvlanation fits the facts would seem

to be confirmed by the results of a few simple experi-
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ments in which the size ard shape of the coupling
loop were varied, and the shape of the response curve
noted in each case, When the size of the coupling
loop was changed, some change in the relative helghts
of the humps was noted, but the distance or line
length between the humps was not affected. Now if the
double humps were due to overcoupling, the closer the
coupling was made, the farther apart the humps would
appear, and this was not the case. On the other hand,
if the double humps are due to two separate modes of
propegation, changing the shape and orientation of the
loop with respect to the line conductors should result
in one mode being more pronounced than the other.
This proved to be the case, for on distorting the loop
slightly, one of the humps became considerably more
prorounced than the other, although the separation
between them remained constant, and each retained 1ts
original position with resvect to line length,

To ensure that the coupling between the line and the
oscillator would be sufficiently loose, a shielded
rubber—covered twin line with high attenuastion was

used to feed the line. Also, since the coupling loop



1s located at the shorted end of the line, the impedance
vresented by the line is always culte small, Without
too much difficulty, the loop was positicned in the
"plane of the line conductors, so as to give a smooth
symmetrical response curve, A typical resonance curve
taken at 200 mec.,, with the detector at the open end of
the line, and the line self-resonant at the quarter-
wave point, is shown in Figure 20. Another resonance
curve, at 50 mec., with the line tuned to resonance with
a condenser, was presented on an oscilloscope by a
method to be discussed later, Thls curve is shown in
Figure 29. They are seen to be of the same general
shape, reasonably symmetrical, snd free from irreg-
ularities such as double humps.

4 - 1,2 Cal ibration of Revolution Counter The

length of the measuring line from the open end to the
shorting niston can be rcad accurately’from the revol—-
ution counter, only if the equivalent lengths of the
volystyrene end support, the detector and the shorting
piston, are constant within the frequency range for
which the line was designed. To determine if this was

the case, and to obtain the amount by which the actual
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length of the line must be corrected, the line was
tuned to quarter-wave resonance at frequencies from
150 me. to 200 me. and the sctual line length read
from the revolution counter., These sctual line lengths
were then compared with their equivelent free—space
wavelengths to determine the wave velocity on the line,
and the length correction to be added to the revolution
counter reading. Table 2 presents the results of meas—
urements made with the detector connected across the
oven end of the line, These figures indicate that
within © 3% on the average between 152 me. and 200 mo.,
the velocity of propagation on the 1line is that of
free space; and that within less than 1% for this fre-
quency range the errors due to detector and support
loading are not frequency dependent,

Figure 21 is a graphical presentation of similar
results obtained with the detector connected in the

planc of the shorting piston. Since £ x A = ¢ or

= l__x7\+A
S /

=] =

where A would be zero if the actual and equivalent

lengths of the line were identical., Plotting 1 vs. A
f 4
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in Figure 21, the negative Intercept on the length
axis is the difference between the equivalent length
of the line and its actual length. It is also seen
that the slope of the straight 1line is 4 ; from which
the velocity on the line is obtained. ;he fact that
the relationship Botted in Figure 21 results in a
straight line is proof that the length corrections
for the detector, the end support and the shorting
piston, are independent of frequency. The revolu—
tion counter reading was therefore changed by the
smount indicated, and for all subsequent measurements
the equivalent length of the line was read directly
off the counter,

The length correction with the detector connected
across the open end of the line was found to be 4,16 cm.
With the detector connected in the plane of the short—
ing piston the length correction was found to be 2.39 cm,
If the detector is assumed to have no effect on the
line length in the latter position, the equivalent
length of the detector is thus seen to be 1.77 cm,

From the exvression for the capacitance per - unit

length of line given in section 3 = 2,2, the capacitance
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of that section of line containing the polystyrene sup—
port was calculated to be 0,378 uuf/cm., using a value
of 2,52 for the dielectric constant of volystyrene,

The width of the support is 0,794 cm., and the capaci-
tance of this section of line 1s therefore 0,300 uuf.
The cavacitance of the air—dielectric portion of the
line is 0,150 uuf/cm, The equivalent length of the
line section containing the supvort is thus 2.000 cm,
and the length correction due to the polystyrene sup-—
port 1s therefore 2.000 — 0,794 = 1.206 cm,

Since the total correction for the detector, the end
support and the shorting piston, is 4.16 cm., the equiv-
alent length of the shorting piston is therefore 1.18 cﬁ.
Expressing this another way, the shorting plston has an
inductance egual to that of 1.18 cm., of the measuring
line.

4 - 1,3 (Cslibration of Detector The open—end detector

shown in Figure 11 wss calibrated using the oscillator
of Figure 18, It is to be noted that this type of de-
tector responds to both balanced, and unbalanced or
coaxial modes on the line., The fact that the oscillator

of Figure 18 is of unbalanced construction does not
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therefore, affect the calibration of the detector.
A General Radio 726A vacuum—tube voltmeter was con-—
nected at a junction in the feeder line from the os—
cillator to the measuring line, and the output of the
oscillator varied by means of a Variac in the power
line. The measuring line length remained constant
for these calibration measurements, and thus the volt—
meter reading was directly proportional to the input
to the measuring line, The detector output was read
on & D.C. vacuum—tube voltmeter, and these values
plotted against the A.C. input readings. Calibration
curves were taken every 10 mc, from 150 mec. to 200 mec.,
and in every case the results very closely approxi-
mated a linear law of detection. Typical curves are
showvn in Figures 22 and 23,

The shorting-plane detector shown in Figures 12 and
13 was calibrated using the balanced oscillator of
Figure 19,with a detector identical with that previ-
ously calibrated connected across the oscillator output.
The D.C. output from the shorting-plane detector was
too small to be useful, but the oscillator was suffi-

ciently amplitude modulated by its power—supply ripple
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voltage to enable the 120 cycle voltage to be detec—
ted and read on a Hewlett—Packard 400A vacuum—tube
voltmeter. The detected A.C. voltage was plotted
agalnst the oscillator output as read by the linear
detector, the oscillator output being varied by means
of a Variac in its plate supply. Plotting these results
on log-log paper, the result should be a straight line,
the slove of which 13 determined by the law of the
crystal detector. For example, if the crystal response
were square law, the above plot would result in a
straight line of slope 2. Calibration curves of this
type for two different frequencies are shown in Flg-
ures 24 and 25. From these curves it 1s seen that the
crystal law of detection varies with the voltage imvres—
sed on the detector. Whereas this is a serious draw-
back, there are ranges of Impressed voltage for which
the crystal response follows a uniform law., This can
be seen in Figure 25, where three distinct ranges are
apparent. Other types of crystels then the germanium
type 1N34 used, might vossibly give better results;

but this point rcmainsg to be investigated.

4 - 1.4 Variation of Line 0 with Detector Location

From a comparison of measured values of raesonant-line
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Q with cglculated'values, it was seen that the origiral
open—end detector had an aporeciable loading effect
on the line Q. To investigate this effect, the men s—
uring 1iné was tuned to resonance at various lengths,
with lengths of onen-wire line shorted at the distent
~end, The total length of the measuring line and open-—
wire line combined was always a half-wavelength, so that
starting with each line a quarter—wave 1ldng, the measur-
ing line was 1engthened in steps to a half wavelength, as
the open —=wire line was shortened until it consisted of
nothing but a2 straight plece of wire shorting the nor-
mally open end of the line, This procedure was approx—
imately equivalent to placing the detector in different
positions along a half-wave line, To the degree of
approximation to a uniform line obtained in this way,
the results plotted in Figure 26 represent the variation
of resonant-line Q with detector location, at frequencies
from 150 me. to 200 me.

It is seen in every case, that the loading effect of
the detector is greatest and the line Q lowest, when the
detector is located a quarter wave from the short—circuit-

ing piston. The loading 1s least and the Q highest, vwhen
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the detector is located a half wave from the short,
or what is equivalent, right at the short,

The detector has this large effect on the line Q
because the impedance of the crystals drops off with

increasing frequency, and 1s avparently quite small

compared to the resonant impedance of the line, Accord—

ing to Cornelius,156the frequency limit of the 1N34
type crystal is around 100 mc, as its back impedance
decreases very rapidly at higher frequencies, Al-
though the results shown in Figure 26 are not quanti-
tatlvely exact, it is interesting to note that the
variation in line Q is much greater at 200 mec,, than
it is at 152 me., which would indicate a Hgher crystal
impedance at the lower frequency.

One solution to the problem of deteétor loading
was the detector shown in Figure 11, viich differs from
the original open—end detector in ﬁhat it has two
50,000 ohm resisters in series with the crystals across
the line, and the load resistor is ten megohms instead
of the original 100,000 ohms, This detector operated
very satisfactorily, although due to an error in inter—

pretation of the results, this was not immediately

12¢



obvious at the time. Thils detector was linear, as
was the original detector.

Another solution to the detector loading problen
was to move the detector from the open end of the
line, end connect it to the shorted end of the line,
where, as indicated in Figure 26, its effect on the
line Q would be the least., In this position the
‘crystal calibration was somewhat uncertain and vari-
able, as indicated in Figures 24 ard 25; but the
final answer in this case must await further inves—

tigation,
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4 -2 Confirmation of New Theory

4 =-2.1 Experimental Procedure The experimental

procedure used in verifying the theoretical conclu-
sions of part 3 - 1, consisted of tuning the measur—
ing line to resonance at various lengths with a
variable air condenser connécted across the open end
of the line, Lengths of silver tubing about 2 cm.
long, and 0.3 cm, in diameter were soldered to the
condenser terminals and used to connect the conden—
ser to the line, The Q of the condenser, as measured
on the Boonton 170A High~frequency Q-meter averaged
1250, and did not depart from this value more than
4% for any setting of the condenser. The cordenser
had a minimum capacity of 3 uuf., and a maximum cap—
acity of about 40 uuf. The line length for resonance
and the change in line length required to drop the
response to 0,707 maximum on either side of resonance
were recorded. The oscillator frequency was 188 mc.,
and this was continuously monitored with a Ceneral

‘ Radio 720A heterodyne frequency meter. When the line
was tuned through rescnance a slight change in the

heterodyne tone was observed, but the shift in frequency
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was to00 small to be read on the freauency scale, and
1t was concluded that such a small change in frequency
would have a negligible effect on the accuracy of the
results., The oscillator output voltage was also moni-
tored, and remained constant within z 1% as the line
was tuned.

4 - 2.2 Q of Non—resonant Length of Line The experi-—

mental results obtained in the sbove manner are present ed
in Table No, 3, along with the celculations necessary
to obtain the Q of the non-resonsnt line. The ratio
of the Q of the non—-resonant line to the Q of the resonant

line is plotted after the manner of Terman83

in Fiogure 27.
This relationship is plotted for three cases; the dashed
line following the theory of Terman, the solid line fol-
lowing the new theory developed in this thesis, and the
circles fepresenting the values obtained.experimentally.
The agreement between the experimental points and the

new theory does%ggpear to be very startling in Figure

27, but this is largely due to the scale used in plot—
ting the cuvrves. This scale was used in order to show

the agreement between the old and the new theories for

line lengths greater than about 270°, The average
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deviation of the exverimental voints from the new

theory is 6.7%, 2nd the widest deviation 14%., Against
this, the average deviation from the old theory is 40,57,
and the maximum deviation is 55%, for the experimental
points; and the deviation of the new theory fifom the old
theory is 42.6% on the average, with a maximum deviation
of 50%, It should be noted also,4that the experimental
points are distributed on both sides of the new theoret—
ical curve, whereas they fall cmsistently below the old
theoretical curve. It is comcluded, therefore, that the
old theory is in error, and that the new expression for
the Q of a non-rescnant line developed in this thesis

is adequate.

4 - 2,3 Q of Resonant Combination of Lire snd Condenser

The results in this case are also given in Table No.3,

as 1 , ond in the next column the ratio of this Q to

2hT
the self-resonant Q@ of the line is given. The results

are plotted in Figure 28 for the same three cases as pre—
viously, and in this figure the agreement between the
experimental points and the new theory shows up more
clearly. The average deviation from the new theory is

+ 2,29, and the maximum deviation is 14%. The theoret—

12¢
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ical conclusion that the Q of the romnant combination
of line and condenser is independent of line length

and 1s always equal to the Qo of the self-resonant

line is therefore upheld, This is only true, of course,
when the losses in the condenser arc substantially less
than the line losses, It is expected that vhen the
condenser losses are large with respect to the line
losses, the Q of the resonant combination will be less
than the self-resonant Qgof the line,

4 - 2,4 Reasonsnt Imvedance of Line and Cond enser

Combination The exvression for the resonant impedarce

of a transmission line tuned to resonance with a lossless
condenser was derived in section 3 - 1,10, ard shown to
be equivalent to equation (11) in Nergaard and Salzberg's
paper.56 The resonant impedance in terms of the line
reactance and its non=-resonant @ is calculasted in Table
No, 4, from the measured line lengths and bandwidths,

The ratio of this resonant impedance to the self-resonant
impedance of the line is given in the last column of
Table No. 4, and is plotted in Figure 29 along with the
theoretical curve. The average deviation of the experi-

mental points from the theoretical curve is 5.,7%, and
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the maximum deviation is 14%. Besldes confirming

the findings of Nergaard and Salzberg, the results
plotted in Figure 29 indicate the usefulness of the non-—
resonant line Q iﬁ determining resonant impedance, and
further establish the analogy between parallel-—resonant
lumped constant circuits, and line sections tuned to
resonance with lumped reactances.

4 - 2,5 Uses of the New Theory The design of reson-—

ant circuits involving line reactences is moved fram

the realm of cut and try to the point vhere close agre-—
cment between theoretical designs and practical construc—
tion can be exvected. This research was originally
undertaken at the suggestion of engineers who found that
circuits designed on the basis of the existing theory in
no way approached the performance predicted on the basis
of that theory; and that in the final analysis they

were forced to fall back on cut and try methods to obtain
reasonably satisfactory results.

It is hoped to develop the theory further so as to
include the case where the condenser has appreciable
losses; and finally to develop a method for the measur-—
ment of any impedancertuned to resonance with the line,
in terms of the line Qj and the measured Q of the com—

bingtion.



4 ~ 3 Improvements in Avpvnarstus and Technioue

4 - 3.1 TImprovements in Accuracy The measuring line

described in this thesis has besen shown to provide an
accuracy of frem 2% to 149 when used in the manner out—
lined previously, The measurement of any impedance,
connected to the line as a termination, is vossible,
using the same general procedure and breaking down the
results into R and X components by the methods of
Kaufmann or Chipman, The accuracy of measurement

could be improved considerably if the changes recom—
mended in the theslis were incorvorated in the design

of the measuring line. Silver or rhodlium plating of
the 1line conductors and the shield, and reduction in
size of the polystyrene end supvort would undoubtedly
increase the accuracy of messurements, and it is felt
that an accuracy of the order of_l%'or better should be
attainable.

Although the only measurements theoretically neces—
sary are the length of the line for resonance and the
length of the line when the response is down 3db from
the maximum, to obtain reasonable accuracy it is common

practice to measure a number of points about resonance,
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and thus obtain the complete response or resonance
curve. This procedure is time consuming, especially
where s number of measurements must be made, or where
measurements arcec being made continuously, as in pro-
duction testing of high-frequency cable.

4 - 3,2 TImpedance NMeasurements with an Oscilloscope

A much quicker and more convenient methed of making
measurements has been devised, but not thoroughly tested
due to the lack of suitable equipment. The instruments
necessary are a signal generator covering the range of
frequencles at which measurements are to be made, and
capable of being frequency modulated by an audio signal;
and an oscilloscope to the vertical amplifier of which
the measuring line detector output is connected. The
signal generator is loosely coupled to thé measuring
line as before, and when the line length is such that
the combination of the line and the unknown impedance
{s resonant at the méd frequency of the F.M. signal, the
resonance curve of the circuit is presented on the oscil-
loscope. The horizontal sweep of the oscilloscope 1is
supplied by the audio signal which is used to frequency
modulate the signal generator output. On most F.M, signal

generators the frequency swing or bandwidth of the F.l.
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signal can be controlled, and read in kilocycles on

a meter., The width of the resonance curve at the 3 db
points can thus be read off the scope directly, since
the length of the horizontal trace is equal to the
bandwidth of the F;M. signal. A resonance curve of
the measuring line tuned to resonance with a conden-
ser at a frequency of 50 mc. was photographed on a
Dumcnt 208B oscilloscope, and is shown in Figure 30.

A Boonton 150A Frequency Modulation Generator was used
to feed the line. As thé measuring line is only an
eighth of a wavelength long at 50 mc.; and a higher-
frequency F.M. signal generator was not immediately‘
availablé, no comparison between impedance values
measured by the F.M. and Oscilloscope methed and the
conventional method was made. This method of present—
ing the information required for impedance measurement
on lines, has apparently not been used before, and
should prove to be considerably more convenient and
time—éaving than conventional methods. It is hoped to
do further work along this line, and to determine the

accuracy obtainable with this methed.

4 - 3.3 Resonance Curve Symmebry Check using Oscilloscope

Most expressions for the calculation of imnedance
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earcmnance curve of mea auring line tuned to
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'_ﬁnlues from observations made on the response curve

}éf a resonant transmission line, involve the assump-—
?fgtion that the resonance curve of tﬁe megsuring line
:h:ia syrmetrical about the resonance point, This can
:'fﬁo checked experimentally by ﬁlotting the resonance
7eurve, and then folding the graph along a line per—

] pefidicular to the base and passing through the peak

. of the resonance curve. The two sides of the reson—

~ ance curve should then appear super imposed.

| Using the oscilloscope method of resonance curve
." prasentat1on, symmetry of the response curve can be
checked very simply and conveniently. If the hori-
_i.sontal sweep for the oscilloscopé is.shpplied by the
;;signal generator modulating voltage, two response curves
: are presented on the scope when the line is tuned to *
Qf the mid frequency of the F.M. generator output. That
i3, the generator output swings from a frequency below
resonance to a frequency above resonance, and then

]  back again to a frequency below the resonant rrequeney,
ﬂ;“_@hile the horizontal sweep of the oscilloscope moves
;*frdm left to right., If the linear sweep of the scope
is used, and the sweep frequency seb at twice the mod—

ulation frequency, the two resonance curves are super-



imposed, one being traced in the reverse direction with

\ respect to the other, A photograph of such superimposed
~ resonance curves is shown in Figure 32, and 1t is seen

: that the degree of symmetry about the resonance point

.';-_3 1s quite good over most of the curve, The peaks of the
two curves are not identical, and possibly there is

gsome connection between this phenomenon and a similar
one noticed in plotting resonance curves in the conven—
tiongl manner, When the shorting plston was moved in
one direction, the peak responsé was glightly higher
than when the line was tuned through resonance by mov-
ing the piston in the other direction, Whether there

is any connection between _tha two effects or not 1s

o unkndwn, as a satisfactory explanation of the phenomena
is lacking. TFigures 31 and 33 are photographs of super-
imposed resonance curves with the line tuned respectively
below snd above the mid frequency of the F.M. sﬂ.gnal.
This method of impedance measurement would be best

~ suited for measurements on impadiimeeé of high Q, as in
the case of a low Q impedance, the ea'nﬁpi"lc'ta- resonance

J curve would not be obtained, and the 3 db points would

. be difficult to ascertain, The whole method will have to
' -:'._:‘ be investigated more thoroughly before any specific
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claims can be made for it, but it does seem to offer
a Taster and more convenient method of making impedance

measurements than has hitherto been available,



Generesl Summary

Summsrizing the results of the research and exper—
imental work involved in writing this thesis, 1t 1s
suggested that the following has been accomplished:

1, A historical background has been provided, and

a comprehensive survey made, of impedance measuring
methods.,

2. An extensive bibliogrgvhy on the subject of
impedance measurement has been compiled, vhich, it is
hoped, may prove useful to those who wish to gain
familiarity with the subject.

3 A working knowledge has been gained, of the
problems involved in making impedance measurements

at ultra-high frequencies, and of the techniques nec—
essary to circumvent the difficulties which arise.

4, Ain impedance-measuring line has been designed and
built, incorporating a new design of shorting disc and
a convenient motor drive and indiceting device for
positioning the shorting piston. The accuracy obtained
with this device was from 2% to 14%, but when the sug-
gested improvements have been incorporafed, the accuracy

of measurement should be 1% or better. In the frequency
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range from 175 me. to possibly several thousand
megacycles, any Ilmpedance can be measured, In the

range from 90 mec. to 175 mc. any impedance with cap-
acitive reactance can be measured, the measurement of
impedances with inductive reactance being limited to
values not far removed from Z_, because of the length

of the present line,

5. Errors have been discovered in previous work, and
the accepted theory and exvressions for the Q of short
non-resonant lines, and of transmission line cirenits,
have been shown to be inaccurate. New expressions have
been derived, and these have been verifled experimentally.,
6. Confirmation of the findings of Nergaard and
Salzberg regarding the effect of neglecting the imaginsary
part of the characteristic lmpedance on short lline reson-—
ant impedance calculations has been obtained. A conven—
i{ent expression for the resonant impedance of a circuit
consigsting of a line section =2nd a lumped reactance, in
terms of the Q of the line section, has been derived;

and it has been shown that this expression is analogous
to that used in tﬁe case of a lumped constant parallel

resonant circuit.
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7 A quick and convenient method of making bandwidth
measurements, and of checking the symmetry of resonance
curves, has been demonstrated, using an oscilloscope

and a F, M. signal generator,
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