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ABSTRACT

The problem of phase measurement at microwave frequencies
has been investigated and an automatic, recording system developed
for use in microwave optics studies.

The phase plotter operates at 9.3 ch/s and measures phase
and intensity of a field continuously along chosen scanning lines.
The phase measurement is essentially independent of intensity
variations of up to 40 db and the follow-up response during auto-
matic operation is over 900 per second. The accuracy is *-50 in
automatic operation and #-20 when operated manually.

The system's operation depends on the Homodyne techniques
Automatic operation is made possible by the development of a novel
modulator using ferrite microwave components. The plotter is
designed. to achieve system dependability and simplicity imn the
measurement of both phase and intensity.

The performance of the plotter is demonstrated by static
calibration, by dynamic tests simulating operating conditions and
by measurement of actual fields whose configuration is calculated

for comparisone
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CHAPTER 1

Introduction

In recent years electromagnetic wave theory has been
significantly advanced through contl;ibntions from experimental
observations, particularly in relating microwave and optieal phenomena.
The basic measurements involved are those of the phase and intensity of
fields produced by lenses or other radiators. Sets of points or scanning
lines lying in plane sections of a field are obtained and then collated
into phase and intensity contour maps. To facilitate this work, automatic,
recording devices are required to replace manual procedures in order to
inerease the speed and reduce the labour and monotony of repetitive
measurements., While automatic intensity measuring techniques and
instruments have been widely used for some time, devices for phase
measurement are not common, The research reported here has resulted in
the improvement of phase measuring technique and in the development and
construction of a new form of phase and intensity plotter which has
flexibility, dependability and may be used with relative ease,

The problem of phase measurement is not restricted to high
frequency and microwave field measurements alome. Quantities such as
voltage, current and amplifier gain at single frequencies have
traditionally been measured in magnitude only, while the evaluation of
relative phase has been elther neglected or indirectly inferred. The
reason for this is that the determination of relative phase inp]iés the
measurement of time, and the higher the frequency of the quantity being
measured the greater the complexity of equimment required. Evem at power
frequencies where voltage and curreat magnitude measurements are straight-
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forward, phase measurements are inferred from power comsiderations or
made by relatively complicated apparatus.

During the past fifteen years, the problem of measuring
phase has been givem increasing attention over the entire frequency
spectrum of interest to the communication engineer and radio physicist.
In the audio and video frequency ranges, stringent specifications of
pulse transmission quality, have resulted in the development of a number
of techniques for phase measurement, At radio frequencies inclusive of
the microwave bands, the impetus for the development of phase measwring
devices has come from two sources - the measurement of the near fields
of radiating systems such as those involved in microwave optics and the
measurement of wavefronts in propagation studies. The necessity of
collecting large amounts of data in any given problem has given rise to
the demand for measuring apparatus which is capable of rapid, autematic
operation and which provides a graphical record of the results.

The plotter described here operates at a wavelength of 3.2 cm
and can measure the phase and intensity of a field contimuously along
scanning lines covering an area about 60 cm x 120 em. The range of phase
measurement 1s essentially limitless but within a single scan is
restricted to 3600°, The phase measurement is independent of intensity
variations of as much as 40 db. In automatic operation the follow-up
response of the phase measuring system is better than 90° per second. The
plotter may be used either for automatic or manual operation. The accuracy
in manual use is 2° and in automatic operation, 5°,

The autamatic system was made possible by the development of
a new modulator which permitted the use of the Homodyne method of phase
measurement which previously was not dependable, The design of the new
modulator was made possible by recent develomments in the field of microwave
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ferrite components, The addition of the automatic feature to the system
has been greatly aided by the growth of knowledge and techniques during
the past two decades in the field of automatic control and servomechanisms.
In the course of development, the use of specially built
devices was avoided as far as possible, and ﬁp—to-date microwave circuit
techniques and commercially available componeants were used. The develop-
ment has resulted in the establishment of a measuring technique as well
as the construction of actual apparatus. The device, as presently
constituted, should be easily reproducible by any well equipped microwave
and electronies laboratory. The plotter was subjected to a number of tests
and a "Proof of Performance® in order to demonstrate its effectiveness.
The thesis is concerned with a statement of the basic problems
involved in the instrument's development (Chapter II) and with the solution
of these problems (Chapter III and IV). In Chapter V are deseribed details
of the plotterts construction and Chapter VI reports the evaluation of the
system!s perfoz;nance by experimental procedﬁres. Operating instructions
are added as an Appendix. It 1s concluded that the plotter satisfactorily
meets present needs by providing a rapid and accurate means of measurement.
The rate of measurement has been increased by at least two orders of
magnitude in comparison with mammal procedures. As suggested in the final
Chapter VII, experience in operating the present device indicates
possibdlities of a more ambitious system. Im such a system, methods of
automatic data processing would be added to those of automatic measurement,
thus increasing the rate of experimental investigation by another order of
magnitude.
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CHAPTER II
The Problem of Automatic Phase Measurement

2.1 The Problem of Measuring Phase
| Relative phase measurement implies essentially the

determination of short time intervals. This can be achieved either by

time measurement, or by the observation of a phase dependemnt phenomenon.

At low frequencies a time measurement method is feasible. The dividing

line is at about 1 Mc/s. for up to this frequency, electronic counter
procedures can be used with presently available instruments. Beyond this, at
high radio and up to the microwave frequencies, recourse is taken to one

of several techniques in which some partiecular phasing condition results

in an observable phenomenon and the phase is then obtained by inference,
Such techniques may be called indicative technigues since the phase is
measured with the help of an indireet indication.

Since phase is a relative concept, the measurement of an
unimown signal phase must be made relative to a reference signal. The
measurement is normally made in terms of a calibrated phase shifter which
is used to change the phase of either the unknown or referemnce signal until
a desired indieation is obtained., The phase shifter is thus the ™meterstick"
of the phase measurement, The indicative methods can be classed in three
groups: |

8. Direect comparison methods
be Frequency translation methods
¢. Modulation methods.

The first group contains methods based on the wave inter-
ference method in which an unknown signal is added directly teo a reference
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signal and the relative phasing inferred from the resultant. The
measurement is performed at the frequency of the signals. The indieative
condition in this case is that, when the two signals are in 180°
opposition a null resultant is obtained provided ﬁe two signal magnitudes
are equal,

Methods in the second group make use of frequency translation
(heterodyning) to change the frequeney of both the unknown and reference
signals to a lower one at which the phase measurement can be made with
greater ease, The phase relationshlip must be preserved in the course of
the translation.

The main deficiency of these two methods is that the two
signals must be of essentially equal magnitude if a sharp null and
therefore good accuracy is to be obtained. If the amplitudes are not
equal, then one of the signals mmst be adjusted in amplitude to conform
to that of the other,

The third group involves attempts to overcome the amplitude
problem, This is achieved by modulating one of the signals in some manner
such that the combined resultant has an accurately observable property
which is a function of the relative phase alone, independent of the relative
magnitude. The prineiple of operation of the phase plotter described here
belongs to this gemeral category.

2.2, The Problem of Automatic Operation

| The operation involved in manual phase measurements is carried
out in three steps. The condition of the measurement is first chosen, the
actual measurement is made and finally the condition and measurement are
recorded. In the case of a microwave field the condition is the spatial
location at which a probe is placed to sample the field., Measurements are

made at a mmber of diserete points. These are recorded and values for
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intermediate polnts obtained by interpolation. The mapping of a field
even in a single plane is a lengthy, repetitious and monotonous process.
It is desirable to devise means of carrying out the three steps of a
measurement simultaneously, rapidly and in a continuous fashion rather
than for a finite set of individuval points. A device which is to be
automatic must carry out three operational functioms without the
intermediate intervention of a hwman operator.

The actual measurement of phase hinges on the fact that a
reference phase-shifter is adjusted wntil some specific property of the
combined signal is obtained. This is usuwally a mull or minimm condition
and is a common feature of all three methods outlined in sec. 2-1. The
mechanics of the measurement are thus those of seeking a balance. In an
automatic deviece then, the combined signal must produce a suitable error
or activating signal for adjusting the reference phase shifter to the
balance comdition through the agency of a servomechanism, The ultimate
accuracy of the measaurement depends on the reference phase shifter,
However, automatic operation places additional demands on this devicet!s
calibration and range. The recording of the information obtained should be
preferably in a continuous grephical form. This requires a two-co-ordinate
recorder since the measurement is that of phase as a funetion of position.
Furthermore the response speed of the recorder must be adequate to follow
the rate at which the measurements are made, The positioning of the probe
is essentially a problem of accurate mechanieal comstruction and precision
distance measurement,

" Re3e MQ. r Ihiestie tions

A number of microwave phase measuring devices have been
reported in recent years and are outlined below. They are arranged according
to the three major groups listed in sec. 2.1 |
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2,3-1 Direct Wave Interferemce Methods (Fig. 2.1a)

A mmber of writers have described apparatus based on the
direct interference method and suitable for indoor laboratery use.
(Ajioks!, Beam, Astrahan, Mathis?, Cutler, King, Kock>, Lengyel®,
Worthington’,). The devices deseribed have the advantage of simplicity,
but are essentially for mamual operation only. They require point~by-
point adjustment of intensity as well as phase in order to obtain accurate
results and do not lend themselves easily to automatic operation. Hines
and Boehnkeré, describe a mechanized form of the interference technique
by which a record is obtained of points of equal phase along a scamming
line in the field of a radiator. The arrangement is mot entirely automatic
since manual attenuvation adjustmehts are necessary to make the reference
signal equal to the mean intensity of the field.

2.3-2 Frequency Translation Methods (Fige 2.1-b)

A mumber of workers engaged in microwave propagation studies
measured phase fronts or the time of arrival of complex waves at points
distant from the source and developed phase measuring apparatus suitable
for the purpose. (Hamlin, Gordon, LaGrone’), A recent apparatus for this
as described by Brooksg, eonsiéts basically of two identical receivers
with antemnas placed at two parts of the received field. They employ double
heterodyne detection to an I.F. frequeacy of 12 me/s. The I,F. outputs of
the receivers are compared in phase by a phase discriminator and the
relative phase difference measured in terms of a capacitor phase shifter.
Great care is taken to ensure that the phase relationship of the two I.F.
outputs corresponds exactly to the original phase relationship of the two
points in the measured field. This demands identical receivers, constancy
of loeal and transmitter osci]lator frequencies and requires frequent

recalibration of the system.
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An indoor range apéaratus vwhich is completely automatic was
designed by Barrett aad Barnes?, This device measures phase at an I.F.
frequency of 30 me/s by a phase detector following the heterodyning of both
the unkmown and reference signals. Amplitude inequality of the two signals
is removed by using limiting amplifiers at the I.F. frequency. The output
of the phase detector and the probe position are recorded on a plotiing
table giving a map of the phase fronts. The apparatus gives immediate useful
information about the field but, because of the limited resolution of the
recording scheme, the plots obtalned are largely qualitative. |
2,3-3 Modulation Technigues

(a) Phase Modulation Worthingtonlo demonstrated that if one of
the two signals in a phase measuring system is phase modulated simumsoidally
at an audio rate, then the combined resultant will be amplitude modulated.
The a.m. envelope can be detected giving an audio signal whose phase,
relative to the original modulating signal, is the same as that of the two
microwave signals. Phase is thus measured at the audio frequency. The
difficulties in this method are the mammer of producing phase modulation
and the utilization of the audio signals to achieve automatic operation,.
The phase modulation method proposed by Worthington involved wsing long

lengths of waveguide which result in an wmwieldy system at wavelengths
longer than 3 cm.

These difficulties were resolved in an automatic phase pletter
deseribed by Bmelln. The system first heterodynes the two microwave
signals to an intermediate frequency of 60 me/s and phase modulates ome of

them, The I.F., signals are then combined and the phase of the resulting
audio measured by a phase deteetor whose output is used to adjust a servo-
driven phase shifter. The phase shifter is a mutual inductance goniometer
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and is used in the reference signal chammel at the I.F. frequemecy.
Magmitude diserepancies of the two signals are removed by A.G.C. applied
to the unknown signal i.f. amplifier. This system suffers from its
complexity sinee it resorts both to modulation and frequeney translation.
In addition, the resulting phase indication signal is suitable only for a
dec. type servomechanism requiring awkward d.c. amplifiers.

A system which produces phase modulation of one of the microwave
chamnels directly without resorting to long lengths of wavegulde was
demonstrated by Lavrenchl?, A motor driven rotary phase shifter (Foxl>)
was used in an experimental system as the modulator. While this apparatus
was not automatic, it demonstrated the inherent simplicity which might be
achieved if the phase modulator could be replaced by a mechanically
static device. Producing modulation mechanically requires means of
producing a reference audio signal and this is an undesirable complication.
The measurement of phase could be carried out either in terms of the audio
signal or by phase shifting one of the microwave signals,

(b) Single Sidebamd Modulation (Frequency shift) If ome of
the signals in a phase measuring system is single sideband, suppressed
carrier modulated (frequency shifted), then the recombined unkmown and
reference signals yield an audio beat note equal in frequency to the side-
band-carrier difference. The phase of the beat note relative to the original
modulating signal preservés the phase relationship of the two microwave
signals.

A phase plotter based on this system is mamufactured
commercially (Mariner'#), A mechanical frequency changer is used. The
phase measurement and the reference phase shifter adjustment are carried
out at the audio frequency. This requires a speeially built motor-altermator

with an adjustable alternator field pole positioning scheme, The field pole
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adjustment econstitutes the phase shifter in the reference audio frequency.

(¢) Double Detection System This system, while not a
modulation scheme, is an indirect teehniqﬁe which elaborates on the direct
interference method. Its use in an automatic machine was deseribed by
Baconl’, In this method the unlmown and referemce signals are combined in
a hybrid junction and thus both added and subtracted. The d.c. (or audio)
outputs of the two detectors in the balanced arms of the hybrid are then
subtracted from each other, One of the signals must be modulated if an
audio output signal is wanted. This difference output experiences a null
when the' two input signals have a phase difference of " /2 radians amd
the null condition 1s independent of magnitude differences. The subtracted
detector output is useful as a servo error signal, and A.G.C. is used to
maintalin the servo gain within stable limits. A major objection to this
scheme is that in order to function properly, the phase detector must use
identical crystals,

(d) Suppressed er (Homodyne) Method A method involving
modulation which results in a suppressed carrier signal was reported by
Robertsoni®. In this method an sudio signal is obtained fram the recombinmed
signal which is partieularly suitable as an error signal to drive a servo-
mechanism. The homodyne method is the basis of the phase plotter whose
develomment is described in this thesis.

The homodyne method has been used im mamually operated systems
by Ornsteinl’ and by Vernonl® whose reports suggest that the technique
might be suitable for automatic operation.



CHAPTER III

The Method of Phase Measurement

The method of phase measurement used in the system desceribed
here is based on the homodyne prineiple proposed by Robertsonlé. The
homodyne technique comsists of combining an unknown and reference signal
as in the direct interference method with the exception that ome of the
signals is suppressed-carrier amplitude-modulated. The combined microwave
signals yield upon detection an audio sigmal which has a unique relationship
to the relative phase. A component of the detected signal experiences a
true mll independent of the relative magnitudes and is direetly usable as
a mll indication for manmal balaneing, or as a servomechanism error signal.

The arrangement of the phase measuring system is shown in the
block diagram of Fige3.l. Manual operation comsists of adjusting the
reference phase shifter in order to obtain a null output A, of tuned
amplifier wge Thus if the transalssion system under test undergoes a
differential phase shift, a corresponding change must be produced by the
reference phase shifter and the measurement is made in terms of its
calibration. The development of the phase measuring system placed emphasis
on designing a dependable modulator, on devising detector circuits suitable
for the phase error and intensity indication, amd on selecting a phase
shifter which would meet the requirements of the system.

3.1 Analysis of the Homodyme Primeiple

The homodyne principle is based on the following considerations.

A c.w, source is used to provide both the unknown and reference signals in
the phase measuring system. The unknown signal is modulated by a single
audio frequemcy. The modulation is carried out by a balanced modulator,
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resulting in a double sideband signal with the carrier suppressed. When
such a signal is recombined with a c.we carrier, in this case the
reference signal, and then applied to a detector, the resulting audio
signal has the following properties:
(a) If the reintroduced carrier is phased so that it would be in phase or
 radians out of phase with the original carrier, had this not been
suppressed, then the detected audio is purely at the original modulation
frequency.
(b) If the reintroduced carrier is in quadrature (t /2 radians) with the
suppressed carrier, then the detected signal is purely a second harmonic
and there is an absolute null at the original modulation frequency. This
null is independent of the unkmown and reference signal magnitudes.
(e) Between the extremes of the above two conditions, the detected signal
has a component at the fundamental modulation frequeney whose amplitude
varies essentially as the cosine of the carrier phase angle. Furthermore,
the polarity of the fundamental component reverses from one side of a mall
condition to the other.

The detector output having the above properties may be amplified
by a tuned anpliﬁér to select the fundamental component. This can then be
used as an audio indicating signal for manual measurements and is also
suited for actuating a servomechanism. In the latter application however
it is important to realise that although the null conditiom is independent
of relative magnitudes, the amplitude of the fundamental detected signal
for off-quadrature conditions is not independent. In manual operation this
is not serious since the gain of the tuned amplifier can be easily adjusted
in order to obtain good phase resolution. In the case of automatic operation
this must be achieved by some form of automatic gain control im order to
maintain the servo lcop within a stable region while preservimg adequate

response speed.
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The analysis of the homodyne principle demonstrating the

properties of the detected signal described above proceeds as follows:
If a modulating audio signal 1s defined by
®s = Eg coswgt 3.1
and the ummodulated r.f. signal by
e, = Ec cos mct, then 3.2

an amplitude modulated signal is

ey = B, cosatl+ E cosw t . cosw b 343

Ec&coswct + %‘ n [cos(m et Ot °°3(°’c-<»s)t]} 3.3a
where
e, 1s the modulated sigmal
E, 1is the carrier anp.ﬁ.tude

E, is the modulating signal amplitude

W, is the carrier frequency

Wg is the modulating frequency
E

n = ]-gé is the ratio of the modulating to carrier amplitudes
c

called the ™modulation index and must be in the
range O <m < 1.
The significance of the symbols used here is also shown by
Fig.3.1l. In 3.3 the seeond term, E, cos st o cosw t, gives rise to the
sidebands and when a modulator is used which suppresses the carrier, them
the modulated signal without a carrier is

egp = Bg cosw b o cOBW b = %‘,nEc [cos(m e +ms)t, + cos(w e-ws)t] 3eds

If a phase shift © is incurred in the original carrier, then ey becomes

e;b g Ec {cos [ (mc + ms)t + 0 cos [ (wc-ms)t - 0]} 365
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= nEe icoswst(coswct e cO8 & - sinooct sin G)} 3.5a

When a reference signal, Ej,cosw,t, at the original carrier frequency is

L §

added linearly to e,

the resultant er is

ep = E, [ cosw .t + meosw bt cosw b cos © - meosw b sinw b sin 6)] 3.6
This is the resultant signal obtained when the unknown and reference signals
are combined. The angle © assumes the sigmificance of the differential phase
shift of the tﬁo paths. The index m assumes a more general meaning since it
is no longer limited to the range O < m ¢ 1 imposed in 3.3, but can assume
any positive real value., This is due to the fact that the sideband and
carrier magnitudes are independently variable.

When e, is detected to obtain am audio output e , corresponding

to the amplitude envelope, then e, can be obtained first by rewriting 3.6 to
give ]

ep = EeF-+2° coswgt o cos O mzcoszmst x cos | () b - tan~1 meosw gt sin ©
l+rmeos Wt cos ©

347
and noting that the quantity under the radical is the amplitude envelope and
deseribes the detected output € e
Thus e = E, { 1+ 2m cosw _t o cos 6 + mocos? v 1-,} 1/2 3.8

In order to examine the harmonic content of this waveform, it

is necessary to express 3.8 in a series fomm:

®a = Ay * Ajcosw b + Ajcos2w b + Azeos3w _t ... 3.9
Such a series then demonstrates the dependence of e, on the phase angle ©
and on the index m. Only the fundamental eomponemt Ay cos W t of e, need be
considered sinee all other components are rejected by the tuned amplifier.
A convergent series expansion may be obtained by applying the

binomial theorem when m < 0O.414. Such an expansion yields the following
expression for the fundamental component of e .
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- -

ﬁ“swst =B | mcos ® - _g. mocos O + %% mJcos O -

0
+§ m3cos36 - -Z—h- m5c0539 + cos (’)st'

+-2% !1500856 - 3.10

From this it is evid-ent that for =mall values of m, the qunda.menbal component
magnitude Al varies as the cos-ine of the phase angle €, For values of m
approaching O.414, Al departs somewhat from a pure cos O variation, but the
essential features are preserved, in that Al is still zero~valued at and
reverses sign on either side of ©-:"/2 and equals mE, for 8=0 orff.

When m > o414, the binomial :expansion is no lonmger valid and
resort must be made to a Fourier series expansion. The magnitude Al of the

fundamental component can themn be obtained from the following:
r

A=E 35{1+m eosw _t cos 8 +m2cosw t} 1/2 cosW t o dcosw_t
¢ XN 5 8 s 8

o

3.11
From this, Al ean be determined most readily for various values of m and as
a function of © by mmerical integration. The results of such a computation
are plotted in Fige 3.2 in which A, is plotted on a nommalized scale as a
function of © for values of m ranging from O to 100, It should be noted that
A, as a function of © departs most from a pure cosine variatior for m=1 and
| tends back to a cosine variation for values of m both less than and exceeding
unity. The graph of Fig. 3.2 is not complete since Al is continuous for all
positivé and negative values of O,

The signal Ay cosw _t therefore gives a convenient indication
of whether the unknown and reference signals are in quadrature with one

another or not. Since the null condition is the one desired, then the presemnce
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of a finite A, cosW .t signal indicates a departure from the null and that
therefore an error exists. 4y cos w jt, the fundamental component of the
detector output, may therefore be termed the 'phase error signal'" and will
be referred to as such in the remainder of the thesis.

3.2 The Balanced Modulator

The most important part of a homodyne system is the modulator
since the usefulness of the technique depends on the degree of carrier
suppression which can be achieved. Any residual carrier would be a source of
error, since it would be equivalent to a false additional arbitrarily phased
reference signal (Robertsonlé). It is especially important for an automatic
system that the modulator balance should be invariant over long periods of
operation and that its adjustment should not be a critical function of
frequency. Incomplete carrier suppression results in incorrect phase indication
since the nulls of the phase error signal are no longer separated by T radians
as a function of 6,

342-1 (Crystal Modulatore. The modulators used by litobert‘.sonl6 and 0rnstein17
used a2 hybrid junction with silicon crystals in mounts attached to the
balanced arms. Audio frequency and d.c. currents were applied to the crystals
acting as the modulating elements. Microwave c.w. energy incident on the H-
branch of the hybrid then resulted in a suppressed carrier modulated signal
at the E-branch. This arrangement is a microwave analogy of the conventional
bridge or ring type modulator used at lower frequencies, The degree of carrier
suppression depended on how well the microwave impedances of the two crystals
were matched, Balancing was achieved by adjusting the d.c. currents. However
this balancing had to be carried out frequently, because of changes in the
crystals. The balance was also dependent on the carrier frequency. This

arrangement obviously is not suitable for an automatic system sinee it would



not be dependable over extended periods of time,
3.2-2 Ferrite Transmission-Type Balanced Modulator. In the effort to over-
come the defects of the crystal type modulator, a microwave modulator cireuit
was developed during this investigation, using ferrite absorbtion modulators.
These modulators have become available commercially in recent years along
with many of the remarkable ferrite microwave devices which are described in
current literature, (Hoganl?, Rowen?0), =

The circuit developed (Fig.3.32) is a microwave analogy of
a transmission type modulator. The modulating elements used are Gyralines
(Cascade Research Corp.). As shown in Fig. 3.3a the incoming c.w. signal is
split into two equal paths A and B by Hybrid No. 1. These two signals are
then separately modulated by (Qyralines A ard B and the amplitude modulated
signale e, and eg combined in Hybrid No. 2. The total phase delay in each
branch is made exactly the same for the two branches by adjustment of limited
range flap type phase shifters in each branch.

If the modulation signals applied to eaeh branch are equal and
7. radians out of phase, them it can be demonstrated quite simply that the
output at the H-branch of Hybrid No. 2 will be the carrier only, whereas the
output from the E~-branch will consist only of the sidebands. Represemting the
hybrids by equivalent centre tapped transformers allows the microwave circuit
of Fig. 3.3a to be represented by the equivalent circuit of Fig 3.3b.

If the modulated signals e,, ey in A and B result from out-of-
rhase modulation, then

- m '
e, = Ee{ cosmct+§ cos (mc+w8)t+%‘ (mc - s)t] 3.12a

# Further descriptiens of applica &H:ons of ferrites at microwave frequencies
may be found in: Albers-Schoenber Ban'y and Clark?2; Chait and Sakiotis>
Chait, Saldotis and Sismons?¥; Miller2?5; Suhl and Walker26,
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and 3012b

- _m n -
ep Ec[cosmct 5 ©08 (wc+ws)t,-2(wc us)t)

Since the output from branch H2 is proportional to the sum of e, and e;, the

B
signal at H2 is e < €, teg = 2Ec cosuct 3.13
which is purely the carrier.

The output e, from branch E2 is proportional to the difference
between e, and ep, giving

ég=<ey - 6p=CEmnm Lcos(wc+u)s)t+cos (uc - (..)B)t] 314
which is the required suppressed carrier sideband signal.

Experimental demonstration of the effectiveness of this
modulator was ecarried out by two tests. The first test showed the degree of
carrier suppression. If the modulation is applied in phase opposition then
normal operation of the modulator is obtained and the power output at E2 can
be measured. If the modulation is applied in-phase for the two modulator
branches then the sidebands as well as the carrier will cancel and, ideally,

a null output is obtained at E, if there is a complete balance. Measurement
of the power at E, under this condition thus indicates the effectiveﬁess of
the modulator balance and the degree of carrier suppression. Such measurements
indicated a carrier suppression in excess of 60 db.

The second test was an operational one comsisting of placing
the modulator into a closed circuit phase measwring system of the form shown
in Fig. 3.1. The "Transmission System Under Test" was replaced by a phase-
shift-free attenuator and a second calibrated phase shifter. The test comsisted
of varying the phase of the "unknown" or the ¥reference™ path and noting
whether the nulls were spaced by 1 radians. Departure from this spacing is
indicative of incomplete carrier suppression. This test was carried out for
a mmber of relative magnitudes of the munknown" and "reference® signals. It
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was found that the sideband amplitude could be varied by more than 40 db
down relative to the reference carrier without introducing an error of more
than + 22° in the worst case. The reference signal could only be reduced by
less than 30 db before the same error was observed. This test showed that
the system would function satisfactorily provided the sideband signal is
used as the radiated test signal rather than the carrier. Fortunately this is
the arrangement needed if intensity measurements are to be made in a
convenient manner as described in sec. 3.3. The modulator was found to be
remarkably stable giving reliable performance over periods of months without
readjustment. Furthermore, operational experience indicates that frequency
changes of 100 mc/s at 9200 me/s do not affect the modulator balance.

The mechanical assembly of the modulator is shown in the
photographs of Fig. 3eke This assembly also includes the klystron source
and means for frequency measurement. A ferrite isolator is used ‘bo ensure a
constant loading on the source. The klystron shown is a Sperry type 2K39
vhieh was subsequently replaced by a Varian V-55. The photographs also show
the manner in which the separation of the unknown and reference signal paths
is acecomplished by a directional coupler. This is important in order to
prevent back-reflections in one path from éntering the other., The coupler
also allows supplying the test path with the greater portion of the available
power,

3.3 The Detector Circuit and Ihtensity_ Heé.su@ent
| The usefulness of the phase measuring system depends also on

the effectiveness of that part of the microwave circuit in which the reference
and unknown signals are combined and the resultant demodulated. It is important
that the comblnation of the two signals be achieved without allowing either
signal to enter the path of the other. This would result in interference

patterns in the two paths and would thué be a source of error in the measurement.
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The detector circuit is further complicated since it is necessary to measure
the intensity as well as phase of the unknown signal.

The detector arrangement which was developed is shown in
Fige 3+5. The incoming unimown signal is divided by a T junetion, one part
being applied to a conventional single crystal detector, the audio output of
which is used for the intensity measurement. The second part of the unknown
signal is commected through a ferrite isolator (Cascade Research Corp.
Uniline) to the E-branch of a balanced hybrid junction. The reference signal
is brought to the H-branch of the hybrid junction through the calibrated
phase shifter and a second isolator. The unimown and reference signals are
combined in the balanced amms of the hybrid and demodulated by crystals
placed in these branches. Matching of the balanced arms is ensured by a pair
of isolators. The audio output of the crystals is added in an audio
transformer, the output of which is the signal e,,

The fact that two crystals are used im the phase error detector
is a fortuitous result of the need for good path isolation whiech requires
that a balanced hybrid be used. The phase error signal could be obtained
equally well with a single crystal if other effective means of combining the
two microwave signals were used. The path isolation achieved by this scheme,
as indicated by measurement, is considerably in exeess of 60 db.

The detector output e, has the properties described in sec. 3.l.
and is applied to an audio amplifier tuned to the modulation frequeney ar
thus providing the phase error signal A cosw gte

The intensity signal, which is obtained by detecting the
suppressed carrier double-sideband unkmown signal, has a magnitude which is a
function of the unknown signal intensity alone., The frequency of the intensity

signal is the difference frequency.. between the two sidebands, namely 2w ge

An audio amplifier tumed to 2w, is accordingly used to provide the intensity
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indication. A photograph of the detector assembly is shown in Fig. 5.7.
3¢4 The Calibrated Phase Shifter

While an effective balanced modulator amd suitable detector
are essential if the homodyne method is to be practically feasible, the
accuracy of phase measurement depends ultimately on the precision of the
calibrated phase shifter. The phase shifter is the referemce standard of
the measurement and thus determines the basic accuracy of the system, A
number of different types of mierowave phase shifters are known and are
described in the literature. They can be classified as follows:
(a) Slotted Line Phase Shifter - The fundamental phase shifter is a flat
loaded slotted waveguide (Ragan and Niemann®') in which use is made of the
linear phase-distance relationship of a wave propagated in a reflection-free
transmission system. The phase measurement can be made absolute in terms of
distance and frequency. The range depends on the length of the slotted
wavegulde.
(b) Movable Vane Type - The phase velocity in a waveguide can be altered by
inserting a vane of dielectric material inside the waveguide. (Halford?®,
Ragan and Niemann?’), Such a phase shifter resembles vane type waveguide
attenvators in construction, the lossy vane of an attenuator being replaced
by a dielectric. The total phase shift through such a waveguide section is a
non-linear function of the vane position and the range of variable phase shift
is limited to approximately 180°,
(e) Squeeze Section Type - The propagation qualities and thus the phase shift
through a rectangulai' waveguide can be altered by distorting the cross-
section of the guide (Brady, Pearson and Peoples2l). Such a device can be
arranged by applying pressure on the vertical or horizontal walls of a wave-
guide. The range of such a device is rather limited.
(d) Rotary Phase Shifter - The phase shift through a cylindrical waveguide
can be altered by inserting three vanes of dielectric along the axis of the
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guide and rotating the middle section about the guide axis (Barnett>®; Foxl>;
Sichak and Levine>Y). The phase shift is proportional to the angle of
rotation of the middle vene and can be continuously adjusted without limit,
(e) Ferrite Phase Shifter - the phase shift in a cylindrical wave-guide can
be altered by inserting a rod of ferrite and subjecting it to longitudinal
or transverse magnetic field (Cacheris><; SakiotisBB).

The phase shifter chosen for the phase plotter was a commerecial
version (Hewlett-Packard Type X885-A) of the rotary type. Its choice was
dictated by the requiranehts of automatic operation which indicate the need
for linear calibration, unlimited range.and adaptability to motor driven
positioning. During the development, the slotted guide and vane type phase
shifters were also used but eveantually discarded, since they did not meet
all the requirements, A ferrite phase shifter was also used experimentally,
but the particular model available was discarded because of its limited ranmge
and the problem of nonlinearity and hysteresis.
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CHAP IV

Automatic Operation

Automatic Operation of the Phase and Intensity Plotter
The measuring system described in the previous chapter can

be conveniently adapted to amtomatic operation. This can be achieved by using
a servo motor for positioning the reference phase shifter to maintain the
phage-error signal in the mull condition. The phase-error signal itself is
used to actuate the servo motor. As the unknown signal phase varies, the
phase shifter follows the change and the phase shifter position measwres the
unknown signal phase shift. If the phase shifter position is made self
recording, a record of the unknown signal phase shift can be obtained.

In the type of measurements to be performed by the plotter,
the unknown sighal phase change is & result of moving a probe in an unknown
field. It is necessary therefore to measure and record also the position of
the probe in the field. The phase must them be recorded as a function of the
probe position which can be achieved by a suitable x~y recorder. The intensity
signal can be similarly recorded as a function of the probe position.

The system adopted for this plotter is illustrated in block
diagram form in Fig. L.l. and the essential features and analysis of the
automatic system are considered in this chapter.

The modulation frequency used is 400 e¢/s which provides a
phase error sigiaal directly usable by an induction servo motor and also
provides an intensity sigmal suitable for a conventional, commercially made,
intensity recorder. The automatic system is thus as simple as possible with

components using relétively straightforward electronic circuits, Details of
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the various mechanical and electrical components are described in Chapter V.
4.1 The Phase Servo

Several servo-motor schemes are possible for driving the
phase shifter. Both d.c. and 60 cps motors may be used, but it is immediately
evident that an nltimate system simplicitly is achieved if the phase
indicating signal cam be used directly as the error signal. This implies
using a two-phase, 400 cps induction servo-motor and modulating the microwave
signal at this frequency. The phase-error signal can then be amplified by a
relatively si-mple amp]ifiér chain and applied to the servo-motor control
winding. In this arrangement the servo amplifier does not require a chopper
or other similar arrangement since the problem of audio to dec. to 60 c/s
conversion is avoided, Furthermore, since the phase-error signal reverses
polarity in passing through a null, there is no problem in achieving a
reversal of the servo motor rotation and the system is thus mull seekinge.

This arrangement is evident in Fig. 4el. A 400 cps oscillator
and power amp].‘l.fier are used to drive the microwave balanced modulator. The
servo-motor is a 400 cps, two-phase induotion motor with an integrally mounted
induction tachometer generator. The reference winding of the motor and the
excitation winding of the tachometer are energized by a power amplifier (Serve
Power Amp. No. 2), the input signal of which is obtained from the modulator
oscillator through a preamplifier (No. 2, Fige k4.l).

The control winding of the servo-motor is supplied by an
identieal power amplifier (Servo Power Amplifier No. l.). The input signal
to Power Amplifier No. 1 is obtained from another preamplifier (No. 1) which
combines the phase error signal and the tachometer generator output. The
-error signal is obtained from the balanced detector via a variable-gain, tuned
amplifier. The purpose of this arrangement is as follows:

a. The phase-errer signal magnitude for off-quadrature conditions in the
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microwave system depends on the intensity of the unknown signal as deseribed
in sec. 3.1l. This would result in instability of the servo-loop for high
unknown signal intensities or in slow response for low intensities, To
overcome this difficulty the servo-loop gain is maintained approximately at
an optimum value by a variable-gaim circuit incorporated in the tuned
amplifier. The gain of this amplifier is controlled by the gain control signal
which is a voltage derived from the intensity signal.
be Critically damped response of the servo is obtained by using velocity
damping. This is achieved by combining the phase error signal with the
tachometer output voltage which is proportiomal to the servo-motor velocity.
The function of Preamplifier No. 1 is to add these two signals in correct
proportion and relative phase., This permits independent adjustment of the
servo gain and damping. |
Ce A further function of the preamplifiers is to allow relative phasing
adjustment of the reference and control winding voltages. This adjustment is
required in order to achieve the quadrature conditions essential for two-phase
motor operation.
Le2. The Phase Shifter and Phase Recorder
' The phase shifter is a rotary one as described im sec. 3.4 and

is continuously adjustable. The angular position is linearly related to the
phase shift and is indicated electrically by a de.c. voltage output from a
tHelipott multitwrn potentiometer. This voltage In turn is measured and
recorded ‘along one co-ordinate of a strip chart recorder., The second co-ordinate
of the chart is used to record the probe position in the measured field.

The recorder is a modified Varian Model G-10. Sinee the chart
width is only five inches and the effective range of the phase shifter is .
determined by the tHelipot? as 3600°, then the resolution of the record is very
poor since the scale is 720 degrees/inch. In order to overcome this difficulty

a range adjusting circuit, the Range Control, is incerporated which allows
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effective expansion of the scale to 72 degrees/inch. At this scale the
readability of the record is to about 2 degrees, which is the accuracy of
the phase shifter,

Le3. Analysis of the Automatic System

The operation of the phase plotter as an automatic device is,
theoretically at least, amemable to analysis in terms of negative feedback
control theory. Its actual performance may also be determined from that
point of view.

The analysis is based on considering the phase of the unkmown
signal as the command signal and the recorder pen position as the output
signal of the system. The command signal is a function of time since the
unknown phase becomes time dependent as the probe scans the measured field,
The phase plotter performance determination thus rests in finding the
response of the recorder pen position to sueh input time-functions. The
following sections outline the analytical procedures required for such an
evaluation,

The automatic phase plotter diagram shown in Fig. 4.1 can be
rearranged as a signal flow chart to bring into evidemce the features of
the negative feedback control system. The functional bloek diagram of Figele2
is then obtaimed. In this diagram only the flow of signals and the effects
on them of the individual components are considered. Thus, all the devices
whieh are involved are represented by symbols implying their input-ocutput
relationship. The following tabulation lists the device and function
represented by each box and shows the significance of each signal involved.
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_ Significance
Symbol and component represented by Input Signal Output Signal
‘ Symbol
z 1 First Summing Point °;b°* e en
(Hybrid of Detector Circuit)
Fy Crystal Detector Circuit e e,
F2 Tuned Amplifier ea Al
F3 Variable Gain Amplifier Al El
Z.’2 Second Swmming Point - Preamplifier
No.l combining phase error and El o E5 E2
tachometer voltages
F .
4 Servo Powe‘r Amplifier No. 1 E2 E3
F5 Servo-motor, gearing, potentiometer
, and phagse shifter mechanism E3 61
Fe Potentiometer and Range Control o, Eh
F Recorder Pen Servo~Drive E e
'FS' , Tachometer Gensrator 61 E5
Reference Phase Shifter - relationship

~ of mechanical position to phase shift
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Signal Designation

Symbol Significance

esh unknown signal - the input command signal
eq reference signal

en resultant signal

e, detector output

Al phase error voltage

B modified phase error voltage

B, servo power amplifier actuating voltage
E3 gservo motor control winding voltage

& phase shifter shaft position

E, potentiometer and rangé control d.c. output wveltage
8, recorder pen position (output signal)

Eg tachometer output voltage

It is observed that this is a system imvolving two feedback
loopse. The major feedback loop involves the reference sigmal e,, while the
subsidiary feedback loop involves the stabilizing tachometer sigmal E5'

If the input-output relationship of each element were
representable by a linear differential equation, then each symbol could be
made to represent the tramsfer function of an element. Reduction formulae
can then be applied and the overall transfer function relating 92 to e;b
obtained.

The elements imvolved in the subsidiary loop comsist of
components which might be represented by such linear relationships and the
system would simplify to that of Fige 4.3. The block _ T4 F5  represents

1+ F\,FsFg
the elements in the subsidiary feedback loop.
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Unfortunately, the final reduction is not permissible since
elements Fl and F3 are non-linear. A complete formal analysis of the system
is therefore not possible. However, piece-wise linear approximations might
be made in which case the system would be reduced within each approximation

to that of L.3b. The transfer function would be

% _ BF PR PR Fy oo hal
Sp LT EFFg + FF PR FoF

Even if the linear analysis were possible, the evaluation of

2_ would depend on evaluating the coefficients of the individuel transfer

°s functions. These can only be found by lengthy experimental procedures.
The actual working out of the analysis is thus not justifiable since the
overall response can be obtained experimentally also. Furthermore, the
_ experimental overall response determination is more straightforward and
simple in this system than determining the individual responses. The
preceding theoretical consideration however is a helpful guide when
adjusting the system during actual operation.

The proeedures and results of testing and evaluating the

plotter experiméntally are described in Chapter VI.
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CHAPTER ¥V

Mechanical Organisation and Component Details

Details of Electrical and Mechanical Construction and the Organisation
of the FPhase Plotter 1

In this chapter are recorded details of the organisation
of the plotter equimment and specific information about individual
electronic and mechanical components. Although this part of the thesis
properly follows in sequence with the preceding chapters, the reading of
the detailed component descriptions may be conveniently deferred until
Chapter VI has been read.

501 Mechanical Organisation _

The mechanical organisation of the components of the plotter
is designed to achieve flexibility of operation. The system is divided into
four parts. Fig 5.1 diagramatically indicates the arrangement used for
measurements on a lens. One part consists of the intensity recorder whose
components are mounted on a standard relay rack and is deseribed in sec.5.5.
The other three parts comprise the major portion of the system and consist
of ;m standard rack cabinets and the probe mechanism. The first cabinet
contains a central control panel, the phase recorder, the error signal, AGC
and servo amplifiers. The second cabinet contains the klystrom source, power
supply, the modulation source and the balanced modulator. The probe mechanism
includes an optical bench, with the probe positioning mechanism, the detector
and the servo driven phase shifter assembly. Appropriate cables interconnect
the four major components allowing overall control from the main cabinet rack.

Photographs of these three major assemblies are shown in Figures 5.2, and 5.3.
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52« Scanning Mechanism
The manner in which a field 1s scanned varies with the nature

of each measurement. However, a number of general principles must be followed
to minimize possible errors from this source.

The probe used is a flange-less open guide which has been
shown to be a satisfactory probe for measurements of this type (Bel:e:l’.':i.3 h).In
the measurement of intensity alone, the probe scanning a field may be moved
with relative ease since the detector ecrystal is mounted at the probe and
comnected to the intensity recorder by a microphone cable, Phase measurements
however require delivering the measured and reference signals to the detector
assembly. Since the detector and reference phase shifter assemblies are of
appreciable size, it is not convenient to move them with the probe. The
connections must be made with waveguides and the unknown signal connection
requires a mechanical linkage with rotary joints in order to allow motion
of the scanning probe. These connections mmst not produce any variation in
phase during secanning. Precision phase~shift-free rotary joints are necessary.
The linkage must be designed to minimize the degree of rotation of the Joints
to reduce such phase errors as may be present, Flexible coaxial connections
cannot be used instead of a waveguide linkage because the flexing of coaxial
cables produces intolerably large phase shifts, This has been reported by
Burre]lll and has been demonstrated during the plotter develomment by the
simple test of inserting a coaxial line in the measuring system and flexing
the line. A coaxial line commection may be used for convenience in part of
the reference signal path provided that it is not moved during measurement.

A simple scanning arrangement is shown in Fig. 5.4. This was
used by F‘a.rnell3 5 for a single scan measurement along a lens axis. It will be
noted that the probe is mounted on an optical bench and positioned by a lead

screw. Usually an area scan is required, in which case the optical bench is



1
l
MOTOR
LENS PROBE AND
CARRIAGE
pp— |
— RADIAYED bﬁ“ﬂmﬂ:{n
SOURCE SIGNAL L —
OPTICAL BENCH \
OETECTOR ANO REFERENCE
WITH LEAD SCREW PHASE SHIFTER ASSEMBLY

CO-AXIAL CABLE
(STATIONARY)

REFERENCE SIONAL WAVEGUIDE

Fig. 5./ Plan View of Scanning Mechanism for Measurements
along Lens Axis

i



k5.

mounted parallel to the screen. The bench is on rails, allowing it to be
moved away from the screen. An additional guide linkage is used in the
reference signal path. The probe can then be positioned to any point in an
area of about 120 x 60 cms. This arrangement is shown in Fig. 5.3.

The measurement and the remote indication of the probe
position during scanning is another vital part of the mechanical arrangement.
Because of the relatively short wavelengths used (3.2 em) the probe must be
positioned and moved with considerable precision. This is achieved by using
the optical bench with a motor driven lead screw. The angular position of
the lead screw and thus the probe position along the optieal bench is
reported by two synchro generators. One provides the position signal for the
phase recorder and the second serves the intensity recorder.

The phase recorder (Varian Type G.10) is normally equipped
with a constant speed chart drive. This has been replaced by a synchro-motor
drive which positions the chart in accordance with the probe position as
shown in Fig. 5.5. Because of the nature of the chart feed, the motion can be
in one direction only and the arrangement does not provide a true X-Y recorder.
This is quite adequate however since the scans are always made in one direction
only in order to avoid back-lash errors in the scanning mechanism. The
intensity recorder is a true X-Y recorder and the chart positioning is servo
driven.

The accuracy of recording the probe position depends on the
mechanical precision of the optical bench and lead screw, on the synchro-
generators as well as on the accuracy of the recorders and the chart paper.

The distance of the optical bench from the screen is adjusted
mamually between scans and the distance measured by scales permanently

mounted on the rails,
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503. Detector and Servo-Driven Phase Shifter Assembly
The detector and phase shifter assemblies are described

functionally in Chapters III and IV, and diagramstically shown in Fig. 3.3.
The mechanical assembly is shown in Fig. 5.6. The servo driven reference
phase shifter assembly consists of the follow.i.hg components:
(a) A Hewlett-Packard Type 885-A Rotary Phase shifter whose stated
accuracy is 2°, |

(b) A Diehl Type S.S. FPE 49-51-1 Servo Motor and Tachometer.
(¢) A Helipo’b, Type A ten-turn 20 Kalinear potentiometer.
(d) A Starling Precision Instrument Type T.506 magnetic brake-clutch.
(¢) Limit switches with mamual cut-out and appropriate gearing.
These components form an integral mechanical assembly mounted with the
detector circuit on a common base. The arrangement and functional relatiomship
of the components is evident from the photographs in Fige 5.7

The 1limit switches and magnetie brake-cluteh are required as
protection for the ten~turn potentiometer whose rotational range thus
determines the ramge of the entire phase measuring system., The gear ratios
are chosen such that one revolution of the potentiometer represents a phase
shift of 360°, giving a total range of 3600°,
5.4« Intensity Recorder

The instrument used for producing the intensity records is a
commercial device, the Type 373, Airborne Instruments Ltd., Antenna Pattern
Recorder., It is a strip chart recorder in ﬁhich both the paper position and
the pen motion are servo driven. The paper drive responds to the scanning
probe position and may be driven in either direction. The pen deflection is
proportional to the relative intensity in decibels. This is achieved by a
logarithmic potentiometer used in the error detector circuit of the pen servo-

drive.



Fig, 5.6 Detector and Servo=Driven
Phase-Shifter Assembly
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Fig, 5.7

Detail of Servo-Driven
Phase=-Shifter Assembly
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The use of this recorder follows well established techniques,
(Borts, Carruthers, Woonton36, Hamer and Foot37). The only departure from
conventional procedure is in the nature of the intensity signal which is

derived from the unknown signal as described in sec. 3.3.

5.5 Details of Electrical Components
5¢5~1 Audio Oscillator and Modulation Power Amplifier Fige 5.8,

The modulation source consists of a conventional Wien Bridge
Oscillator and a Power Amplifier capable of delivering 20 watis. The source
impedance is adjustable to a number of convenient values.
5.5-2 Variable Gain Amplifier Fige. 5.9

The veriable gain amplifier consists essemtially of a modified
logarithmic amplifier (Carruthers>C). In the original form the input signal
to the amplifier produces an a.g.c. voltage which controls the gain so as to
produce a logarithmic amplitude relationship between the output and input. In
the modified form used, the a.g.c. voltage is derived separately from the
intensity signal. A limiter is used in the a.ge.ce circuit in order to prevent
" ccmplete cut-off in the case of extremely high intensity peaks.
5.5-3 The Tuned Amplifiers

The tuned amplifier used for selecting the phase-error signal

is a Hewlett-Packard Type 415-B Standing Wave Indicator tuned to 40O c¢/s.

Jt is modified to provide the selected audio output for subsequent use in the
phase servo amplifier. The visual meter indication is preserved and is used
for adjustment of the plotter prior to autamatic operation or when the system
is being used in manual measurements. An identical amplifier with the same
modification, but tuned to 800 ¢/s is used to provide the intemsity signal
required by the variable gain amplifier,

A separate tumable amplifier, adjusted to 800 c¢/s is integral

to the Airborne Instruments Intemnsity Recorder.
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5¢5-4 The Servo Preamplifiers Fige 5.10.
Preamplifier No. 1 has two inputs and one output, allowing the

coambination of the phase~error and the output rate damping signals. Each input
signal is separately adjustable in phase and magnitude and the two are then
linearly added.

Preamplifier No. 2 is identical to No. 1 with the exception of
having one input only. |

The phase adjustments in the amplifiers allow proper quadrature
phasing of the servo motor control and reference signals. The magnitude
adjustments permit optimum servo gain and damping econditionms.
5¢5-5 Servo Pov.rer'm; ifiers Fige 5.11.

The two servo power amplifiers are identical. They are
conventional Class-B push-pull power amplifiers, with a power' output of
approximately 40 watts at 110 volts. The final stage is broadly tuned at
400 c/s.

5.5-6 Recorder Range Comtrol Fig. 5.12.

| The Recorder Range Control serves to expand the effeetive
scale of the Phé.se Recorder. It is essentially a precision voltage divider
with an adjustable series d.c. bias voltage. The range control allows
adjusting the recorder scale to any one of the following scale factors for
any position of the phase shifter:

Full Secale Range

Range Degrees Degrees/inch Degrees/small division
10 3600 720 36
5 1800 360 18
2 720 14 Te2
1 360 72 346

Range 1 allows a readability of the record to about 2° gince
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the recorded line is fine enough to allow interpolation between the small
divisions of the chart. The recorder resolution is thus of the same order
as the accuracy of the phase shifter. Provision is also made for use of
external precision resistors to adjust the scale factor to any other
desirable value.
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CHAPTER VI
Experimental Evaluation of the Phase Plotter

The Experimental Evaluation of the Phase Plotter
The performance of the phase plotter was determined both by

procedures synthesizimg artificial test signals and by subjecting the
system to operational conditions.

The test procedures are essential to demonstrate various
important aspects of the system. The significant ones which were tested
were the accuracy of the system and the response speed of the plotter at
various signal intensity levels.

In the experimental evaluation of the system, however, greater
stress was placed on the operational "Proof of Performance® of the phase
plotter since ultimately only the behaviour in actual use can prove its full
effectiveness, Thg operational demonstration of the system consisted first
of establishing suitable known, calculated fields and measuring them with the
plotter to compare measured and calculated results., Secondly the operatiomal
demonstration showed how the equipment can be used to make extensive
measurements in order to map a complicated field.

6.l. Test Procedures

The test procedures described here demonstrate the two most
significant qualities of the phase plotter. These are the accuracy of its
calibration and its ability to reecord rapidly varying phase under extreme
variations of intensity.

6.1-1 Calibration Test

A calibration test of the system can be made by produecing a

known phase change in the unknown or the reference signal path. The recorded
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phase indication is then compared with the kmown phase change. Fige. 6.l.
shows such a sample calibration record made prior to a sequence of actual
operational measurements. This calibration was made for the 720° range setting
of the recorder. It shows that the recorded reading is correct in each case
within the tolerance of half a small division on the recorder chart. Each
division at this range represents 7.2° and the deviation from the correct
value is therefore 3.6° or less. The displacement or position co-ordinate in
this record is proportional to time and is used merely as a convenient means
to separate the several readings. |

The known phase change is produced by a manually adjusted
phase shifter of a type identical to that used as the reference phase-shifter.
The test is therefore an evaluation of the overall calibration of the system
but. is not an indication of the absolute aceuracy of the reference phase
shifter. It is a static test in the sense that the intensity of the unknowm
signal is kept eonstant and that no attempt is made to consider the speed of
response while the phase is being adjusted.

This calibration test forms a conclusive demonstration of the
accuracy of the system under static and slowly changing conditions.
6.1-2 Dynamic Test

The dynamiec behaviour of a system can be indicated by
determining the steady state response to sinusoidal excitation over a range
of frequencies or by observimg its transient response to a step funetion or
square wave input. These are the tests normally applied to servomechamisms
and antomatic devices (Brown and Ca.mpbell3 9).

In the case of the phase plotter the "input™ is a change in the
unknown signal phase. The square wave test is the more appropriate to
demonstrate the response-speed of the system. It can be carried out easily,

though crudely, by manual adjustment of the additional phase shifter used in
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the previous calibration test. The phase shifter range must first be
mechanically limited to some chosen value and the setting then varied rapidly
by hand between the mechanical limits in a square wave fashion. This simulates
a square wave of phase input albeit in an imperfect mamner since the manual
adjustment can only be made at a finite speed. Furthermore, the amount of
phase change or the "amplitude" of the square wave thus produced is not
constant, again becanse of the shortcomings of hand operation. The period of
the square wave is at the convenience of the operator and is not necessarily
constant.

Despite the shortcomings of a manually simulated square wave
input the dynamic performance of the phase plotter was satisfactorily |
demonstrated by such tests. The essential point to be proven is that the
phase plotter is equally responsive to sudden changes of as much as 180°
even though the unknown signal intensity may vary over a range of 40 db. These
conditions approximately simulate the situation which exists in the vicinity
. of nulls or minima in the focal region of a microwave lens system as described
by Farnellz’o. A series of tests was carried out at different intensity levels,
intensity being adjusted by means of an attenuator inserted in the unkmown
signal path. Results of these tests are shown in figarés 642y 643, 6ok, 645,
and 6.6, which are the actual recorder charts produced by the plotter in
response to the manually generated square wave of phase input. The first chart
shows the response when the full intensity of the unknown signal was used and
the remaining four show the response as the intensity was progressively |
decreased in -~ 10 db steps‘down to - 40 db. It is obvious from these records
that the response is equally good over this entire intensity range. The phase
change to which the plotter was subjected by the test was approximately 180°
peak to peak.

In an attempt to isolate the ecomponent of the phase plotter
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system which is the limiting factor im the overall system response, an
electrical square wave input, was applied to the Varian chart recorder. The
test signal was chosen to have a period and magnitude corresponding to those
existing in the above dynamic test. The recorder chart obtained is shown in
Fige 6.7. It is strikingly similar to the records obtained in the tests of
the overall system. It can be concluded that in the present system the
component limiting the system response is the chart recorder and that the
phase-servo is as good as, or better than, the chart recorder. It is apparent
from these tests that the response rate is 90°/second.

6+.2. Operational Proof of Performence

Although the two tests deseribed in the previous sections
adequately indicate the phase plotter psrformance, the most satisfactory
demonstration of the system can only be obtained operationally. In order to
carry out such a demonstration it was necessary to choose fields which could
be calculated with relative ease, established experimentally with reasomable
confidence and would have properties suitable for a full demonstration of
the phase plotterts abilities.

The operational demonstration was carried out in three
distinct stages:

a. The calculation and measurement of a limited region of a simple field.
The field chosen was that of an open rectangular wave guide placed in a
plane screen.

be. The ealculation and measurement of a limited region of a field resulting
from two rectangular wave guides placed a fixed distanmee apart in a plane
screen and excited in phase with equal amplitude signals,

ce The measurement of a substantial area of the two-guide array field and

the drawing of phase and intensity contour maps from the recorded results.



68.

3SY NYINVA

VS Nt NI QILNIYd

€ "ON L¥VHD

—] : T
1 —L Wlf — == R S AR SR Al
po——e - — ] - — [ S S— —
S S T e =
- — S e - — —
> avw = i i nd Vo ¥ o — b
re S p— o S— — - —— A
| LE — J—
¥ v - “]I\ “ — L I “
i Sa— I I — —
[RSp— = J— —
i U S S E R z 1T — T
} =4 i - o o — i ifaken o —
- -} —— - J4-
[IR [ Ry =
. 1 R PO S |
1 1 h——
T H — —
I S
1 .
I 1 =
T S — T — ¥ .
~ T 7 | 1 1 T
o I | T
X ) & T p
I 1
| T
" i o
1 I
) | T
2 f
T
o i
- 4 1
u» \
- 1
-3 }
]
T
[ T I
- -2 } j— —d —
- I Q- - - -
™ I JE— . J——
T Y S— L T i
T 1 T 1 J—
— == Fi—1 -
=1 —4- | — e — o T
. ¥ ! ) g LT
1 t : i 1 )
=4 i Al — [ =
SR Nt- S — I S S
! T . = 1 M — N —— — d .
s I P S S p—— MH = S m||
3 P o e
s i 1 i A ) #|||AI|..[,H P s s Sl
- BN I ! P Sypghiy iy AU S Pl SIS TS
—— = = e e vy S s e i e St [
T T — — — 1 1 t
! ut = " e i B S 0 i e S
! : s e s R e e s
Y 1 iy S ——— —I= L i I vJ.,l‘y'|l‘1 ——

Response of Recorder Alone
to Klectrioal Square-Wave

Inpat

Fig. 6070

Peried approx, 5 sec.



69,

6.2-1 The Field Due to a Rectangular Wave-guide
The problem of radiation from a rectangular wave guide is

described by a number of authors such as Barrow and Green“l, chu"z,

Shelkunof 43 ’ Hortonu" and Silverl's o In the form to be considered here it

is the problem of calculating the field due to the radiation from am aperture
in a plane screen. The physical configuration assumed is shown in Fig. 6.8.
The co-ordinate axes are chosen to have their origin at the centre of the

Fig. 6. 8 Geometry of Radiating Rectangular Guide

guide mouth and the z-axis corresponds to the guide axis. The co-ordinates
of the poinﬁ at which the field is to be evaluated are x!,yt*,zt. The x-axis
is parallel to the H-vector and y-axis to the E-vector.

It is assumed thaf. although the problem is an electromagnetic
one, nevertheless scalar diffraction theory is applicable and that the scalar
Kirchhoff theory solution can be used.

If it is assumed that the field in the aperture is the same
as if the guide were continued indefinitely (Shellunoff#8), then it can be
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represented by

g (x,y) = P cos " X 6ol
a

Where a is the wide dimension of the guide and P is an arbitrary amplitude.
Farthermore the field point is assumed to be in the Fraunhofer
region and therefore the distance from a contributing point (x,y,0) in the
aperture to the field point (x! y' z!) may be expressed as
v = R -=' - 642
R- R
The field at (x',y',z!) assuming distance z! constant, is

then

T (xt y1)= T&%. cos ‘ﬂ“.ax o dxdy 6e3

..071 .b/z

Now %’E l}i’ since RD> a/2 and R ) b/2

With this approximation and substituting 6.2 for r, then 6.3 may be integrated

to yield
ket Kbyt
E(x',y")= Pab | ¢~ JKR . COS8 2R « s8in 2R 6ol
-k B Y2- kexr 2 Kby
L 2R ' 2R

The time dependence e~ Jwt is implied throughout. The four terms on the right
hand side of 6.4 show that E(x! y!) has the properties of an inhomogeneous
spherical wave., The first term 'is a constant, the second represents a pure
spherical wave and the third and fourth are amplitude modifying terms
dependent on the co-ordinates x!' and y'.

The amplitude and phase -of this field were computed along the

X' axis which corresponds in the physical case to a scanning line perpendicular
to the guide axis and contained in the H-Plane. The computation involved the
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mmerical evaluation of the second and third terms of 6.4 at a chosen
distance zt! and for a number of values of x!. The distance zt! was chosen to
correspond to 15 A at the frequency of operation (9,323 mc/él The range of
values of x! was from O to x* = 12 )\, the intervals of x' being chosen to
give equal ﬁhase increments along the scanning line. The'first and fourth terms
‘of 6.4 were disregarded since the first is a constant and the fourth reduces
to unity for yt=0.
The calculated phase and the relative amplitude in a decibel

scale are shown plotted in Fig. 6.9. superimposed on the recorded phase
and intensity as measured experimentally by the plotter. These graphs show
that the measured values agree very closely with the ealchlations, especially
in the case of the phase. The agreement is particularly good within five
wavelengths of the center line. The departure beyond this is atiributable to
the approximations interent in the theoretical calculation. The variation of
phase and intensity, however, is very gradual and the capabilities of the
plotier are not fully tested, except to show that a single scan of a field
can be made at a rate of about 25 cm/min.
6+2~2 The Field Due to two Rectangular Waveguides

' A convenient field which has regions of rapidly varying phase
and intensity can be obtained by using an array of two reetangular waveguldes
separated by a fixed distance. Such an arrangement is physically convenient
and an approximate calculation can be made with ease, Fig. 6.10 shows the
physical arrangement and dimensions.

The calculation was based on the following assumptions:
a. That the field due to each guide taken separately would be the
same as that computed for a single guide in sece 9e2-le

b. That the combined field can be computed by assuming the separate fields

to be scalar, or that they have ldentical polarization at all points and
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that the combined field can be obtained by the additiom of the real
and imaginary componemnts of the separate fields.
c. That the two guides are excited in phase and with equal amplitude.

The real and imaginary components of a single guide pattern
were calculated from the results of the preceding section. The real and
imaginary components from each guide were graphically plotted, the patterns
beling spacially displa.cesd by a distance corresponding to s, the spacing

N
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N | cowmmstme o
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”ﬂv

v ANALS B CANDE Y/

\ A5,

N
™~

Fig. 6. 10 Physical Arrangement of Two-Guide Array
between the two guides. This is shown in Fig. 6.1l a and b. The real and

imaginary components were then graphically added, giving the real and
imaginary components of the combined field shown in Fig. 6.11lc. The resultant
real and imaginary components yield the amplitude and phase of the combined
field.

This graphical procedure is more expeditious than a numerical
process, since significant regions are immediately evident whereas they might
be lost in a numerical ccmputaﬂion involving a finite set of chosen points.

The plots of the calculated phase and intensity are shown in
Fig. 6.12 superimposed on the experimental results obtained by the plotter.
The agreement is particularly good in the region between the axes of the two
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guides, Within this region the separate fields due to both guides are
fairly acecurately known as pointed out in the previous section. These
graphs are a demonstration of the plotterts ability to measure rapidly
varying phase in region of large intensity variations. The departure of
the calculations from the measurements e¢an be attributed at least in part
to
(a) The assumptions made in the simplified caleculations, and
(b) The departure of the experimental conditions from the assumed conditionse.

In order to investigate the second possibility, a measurement
of the field was made along a scan only 1 1/3 wavelengths from the array.
Reproductions of the actual records obtained are shown in Fig 6.13 a and b.
These records show that the two sources differ in phase by approximately 18
degrees whereas the calculations assume them to be exactly in phase. In
addition, these records are a striking proof of the plotterts performance
since the measurement of the phase in the region between the two guides was
made at intensities which were so small as to be immeasurable by the intensity
recorder, as shown in Fig.13 b.

A sample of an actual phase record is included in Fig.l3 ¢
and of an intensity record in Fig.l3 d. These records were made during a
set of measurements and were produced by reﬁeating a scan several times to
provide a number of identical copies.
6+2~3 Complete Area Plots

The ultimate purpoée of the plotter is to produce information
for mapping the phase and intensity of a field throughout a chosen cross-
sectional area or several such areas in order to obtain a graphical
representation of the field.

When a field is measured throughout a plane area, the intemnsity

and phase may each be represented by a three dimensional surface., In such a
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surface, as indicated in Fig. 6.14 for a phase surface, the x',z! co-ordinates

v

Z—'
~
Measured Scans
Phase Contour
'

Fig. 6. 1, Phase Surface

specify the position of a point in the chosem plane area and the vertical

or elevation co-ordinate represents the phase. The recorded scans produced

by the plotter are in effect vertical sections of this surface, by planes
parallel to the x-¢ plane. If a larger number of such scans is made then the
entire surface can be determined. However, this is not the most useful way

‘of showing the surface and a constant phase contour map is more informative.
This eorresponds to sectioning the phase surface by planes parallel to the
%-Xx plane and projecting the outline of these sections on that plane. This is
achieved by replotting the measured scans by the hodograph technique. In order
to demonstrate the results which can be obtained, the field of the two-guide

array was measured by 30 scans lying in the H-Plane and contaiming the center-
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line of the array. The scans covered an area approximately twelve wavelengiths

square, centered at' 8 distance of fifteen wavelengths from the array center

along the center-line.

The constant phase contour map is shown in Fig. 6.15 and the
map of constant intensity contours is shown in Fige. 6.16. Only half of the
total map is shown on the assumption that the field is symmetrical about the
array center line,

Several features of interest can be noted about these maps:
(i) The phase map shows that the phase fronts are essentially circular

(spherical wave) and are centered on the center of the guide (on the
other half of the map they would be centered on the second guide).

(ii) The ripples caused by the interfering second guide progress uwniformly
over the phase fronts as the distance from the source inereases. This
progression lies almost exactly along radials centered on the center of
the array.

(iii) The intensity map is suggestive of the lobes of the intemsity pattern
which would be obtained in the far field of the array. The pattern of
the intensity map is also centered on the array center..

(iv) The regions of intensity minima evidently correspond to the regions of
rapid phase change (phase ripples) in the phase map. This is shown in
the combined map appearing in the frontispiece. |

The complete set of scans required to produce these maps was
produced in one working day in about nine hours. It is estimated that if
manmual measurements were feasible, the time requii'ed would be approximately

six weeks.
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The final proof of the system lies in its use for actual
experimental investigations. The plotter has been used in such work by
Fa.rnell3 5 for the study of phase distribution in the focal region of a
microwave lens. This included measurements and calculations along the axis
of a lens as well as complete area scans, The experimentally produced field
maps agree closely with those predicted by theoretical calculations. The

effectiveness of the phase plotter is thus conclusively demonstrated.
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CHAPTER VIT

Conclusions

The purpose of this investigation has been to study the
methods of, and to devise an automatic device for, measuring and recording
phase of microwave fields. Such an apparatus has been successfully constructed
based on the Homodyne principle. The application of this principle was made
possible by the development of a novel modulator circuit utilizing ferrite
components,

Tests and operational use have demonstrated the aceuracy,
reliability and usefulness of the system. The significant features of the
device are: a. the elimination of the magnitude problem and, b. the increase
in the rate of accurate measurement as compared with manual procedures. The
magnitude problem has been eliminated to the extent that variations in
intensity over a range of 40 db of the measured signal can be tolerated. The
increase in measuring rate is by two orders of magnitude since a scan
requiring a day manually, is produced in approximately five minutes. The rate
advantage is particularly useful for area scans.

Conclusions and recommendations arising from the project can
be divided into two parts. The first part contains observations serving as
guides to the limited objecﬁive of possible improvements to the present
system. The second suggests the possibility of more ambitious apparatus
combining the functions of the present type of device with a data proecessing

system to facilitate interpretation of the recorded data. These suggestions
are written with the awareness that an effective, useful system has been
built, proven and used but that as is the case in any machine, "if it works,

it is obsolete'. The primary intention is therefore to point the way for
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future developments in this type of measurement.
7ele Limited Improvements
a. The develomment of the plotter emphasized measurement of phase, while
reliance was placed on commercially bulilt equipment for measuring and
recording intensity. It is apparent from operatioﬁal experience that a more
sensitive intensity recorder is needed to match the phase plotterts ability
to measure low level signals. The availability of a reference signal suggests
that a form of synchronous detection might be developed to achieve this
purpose.
b If an improvement in the measuring rate is found to be desirable, the
present chart recorder will have to be replaced by one having considerably
higher response speed. Since the present form of recording also limits the
range of measurement, a different recording method might prove useful. The
present method is in analogue form and the possibilities of a digital one
should be investigated.
¢« The servo driven phase-shifter will require improvement or a different
phase shifter will need to be developed if any significant increase in
response speed is to be obtained. A ferrite phase-shifter with a {ransverse
rotating field offers another worthwhile problem for research.
de The scanning mechanism presently used is motor driven along one co-ordinate
only. A complete mechanical redesign is indicated in order to obtain true
X-y scanning and provisions should be made for three dimensional scanning.
7e2. Advanced tems

The implementation of the above changes depends on the demands
of future measurements. It is evident however, that any further increase in
the rate at which measurements can be made will not be a ma:joi' contribution
to the whole problem of experimental procedure. Measured results can already

be produced much faster than they can be processed and analysed. It is



apparent that there is need for a system which would replace the present
manual graphical processing of recorded data as in the case of plotiing
contour maps from transverse scan records. The present plotter produces in
one day data requiring many days of analysis and replotting.
ae If the final form in which the data is wanted is kmown a priori, then the
plotter could conceivably be altered to suit. An example of this is the need
for contour maps. It is possible to rearrange the scanning mechanism so that
the probe would follow either constant phase or constant intensity contours.
In this case, however, two complete sets of measurements would be required
in any one problem. This type of solution to the data handling problem would
furthermore provide 6n1y a more specialized device having a restricted
application.
b. A more general and flexible scheme is suggested. The data obtained by &
field measuring system consists of five quantities. These quantities are the
intensity, the phase and the three space co-ordinates locating the point of
measurement. The proposed device would record these quantities in digital
form for every measured point. The number and spacing of points could be
arbitrarily chosen and varied at will. The records could be in one of the known
forms such as magnetic tape or punched cards. The recorded data would then be
introduced into a digital computer to carry out the processes of re-arrangement,
interpolation and curve smoothing which are currently performed mamually.
The essential problems to be resolved in order to achieve
such a system would be:
i. A further increase in the rate of measurement
ii, Design of three-dimensional scanning and position measurement
iii, Digital recording

iv. Cholce of final form in which recorded data is required
(i.es contour maps, three dimensional surfaces, etc.)

ve Programming of computer to perform data processing.
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In conclusion it is noted that the principal function of the
plotter which has been bullt, or of other more sophisticated systems which
may yet be devised, is to provide graphical representation of certain
physical aspects of electromagnetic fields. Inasmuch as such a visualization
is an aid in furthering the understanding of these fields, then the work done

in this research has been a useful contribution.
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APPENDIX

Operating Instructions

Operating procedures for the various component parts of
the phase plotter are generally self-evident and follow normal
practice for electronic instruments. Some parts of the system,
however, require special attention during initial adjustment and
calibration in order to obtain satisfactory operation. These
adjustments are not needed frequently but should be made ati about
half-yearly intervals. The components concerned are g. the balanced
modulatory. be the variable gain amplifier a.g.ce,. Cc. the servo
preamplifier phasing and d. the recorder range control and recorder
calibration.

a. The Balanced Modulator As described in Secs. 3.l and 3.2, the:

reliability of the phase measuring system depends om the: degree to.
which the carrier component is suppressed in the:output of the balanced
modulator. Two.adjustments are available in the modulator to achieve.
adequate:carrier suppressione The first ensures that the signals in
the two branches are delayed equally in phase. As shown in Fig. 3.3-a
a trimmer phase shifter is provided in each arm of the: modulator
which may be adjusted to obtain this condition. The: second adjustment
ensures that the:degree of modulation is equal in each branch of the
modulator. This is important to the proper suppression of the carrier
since:the ferrite modulators are of the absorbjion type and modulation
is thus achieved at the expense of the: carrier level..In order to

obtain complete carrier cancellation at E, of the: A, hybrid (Fige 3¢3-8),

2
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the carrier components in the two branches must be of equal ampliQ
tude as well as in phase. This therefore implies equal percentage
modulation in each branch. Adjustment of the: modulating signal ey at
each modulator can be made by a simple potentiometer control. The
tests which need to be carried out to determine the degree of carrier
suppression are outlined in Sece 3+2=2.

be Variable Gain Amplifier A.G+C.. The function of the variable gain

amplifier as described in SecsS. Fel,- 4.1 and 5.5-2, is to: maintain
the phase servo loop gain at an optimum value. Adjustment of the:
basic gain is made during operation to suit the:mean intensity level

. 0of the measured signal. However, a feature is incorporated in the
BeZeCe System to prevent complete cut-off of the variable gain
amplifier (and thus of the- servo-amplifier) in the presence: of
extremely high intensity signalse This consists of a: diode limiter
(viz Fige 5.9) which prevents: the asgece signal from reaching excessives
values. The»limiter bias is provided by a pen~light type dry cell which
requires periodic replacement. The semiconductor diode in the limiter
also requires periodic testing to assure proper functioning..

Ce- Servo Preamplifier Phasing Correct operation of the phase:

servomotor requires that the reference winding excitation and the
control winding excitation be in phase quadrature:( viz Fige 4.1).
In addition, the rate damping and error signals must be combined. in
phase opposition for stable operation. The purpose of the servo
preamplifiers:. described in Sec. 5.5=4 and Fige. 5.10. is to provide:
the:necessary controls to achieve these:conditions. The: quadrature

phasing of the: control and reference signals is carried out by
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measuring the relative phase:of the: output of the two power amplifiers
while the: servomotor is running at full speed.. Monitoring terminals.
are provided for this purpose at the output of the two power amplifiers,
The phase measurement can be made with an oscilloscope or more
conveniently with an Acton Laboratories Type 320.A/b Audib Phase
Meter. The error and damping signal phasing can be measured similarly
at monitoring jack plugs provided on the panel of Preamplifier Noele.,,
while: the phasing adjustment is carried out with the appropriate
controlse. The degree of damping may also be altered by adjusting: the
error and damping signal amplitudes independently.

d. Range Control and Phase Recorder Calibration The range: control.

provides scale expansion and zero suppression for the: phase recorder.
This is achieved by & voltage divider circuit of which the: Helipot:
used for reporting the microwayve phase shifter position, forms an
integral part. (viz Fige 5.12) The zero level suppression is pro-
vided by means of a de.ce. biasing source.- The range control will
operate satisfactorily if it is supplied from a regulated d.c. source
with 200 voltse. This voltage may be measured. at terminals: provided
on the range control panel and adjusted to the  required value., The
decs bias for zero suppressioﬁ is derived from dry-cellse. A cali-
brating adjustment is provided to enablie: & step-wise zero shift
corresponding to full-scale deflection on the: recorder. This
adjustment requires establishing a one volt potential at the input

to the: zero. suppression circuit and voltmeter terminals are provided
for this:calibration. The: phase recorder proper requires occasional

calibration adjustment since its operation as a potentiometer type
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recorder depends an a reference celle. This calibration is achieved.
mosi readily by replacing the:microwave phase shifter Helipot by

an equivalent one. which can be set independently of the phase:
measuring system. The recorder calibration can then be adjusted to
give the correct pen deflectioﬁ corresponding to the:Helipot and

range control setting,



