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ABSTRACT

The development of long-range c-w radar has necessitated
the investigation of low-frequency noise sidebands present on
the output of a microwave oscillator. Amplitude modulation and
frequency moduiation due to noise at frequencies within the

"Doppler" band may result in serious range limitations and spu-

- rious signal information.

Primarily, this research is concerned with the design and
construction of an analyzer which yields the power spectra of
amplitude and frequency-modulation noise sidebands on an X-Band
carrier,

A c-w klystron or magnetron supplies the microwave signal,

which is demodulated in a silicon crystal detector circuit to

seperate the a~m noise voltages from the carrier. A resonant

mlcrowave cavity is used to convert frequency-modulation side-
bands to equivalent amplitude modulation prior to detection.
An gudio "bucking" circuit is described which provides a means
of seperating a-m from f-m spectra, and enables the noise gen-
erated within the detector circuit to be measured.

The analyzer is capable of accepting noise voltages from

the detector as small as 150 decibels below one volt, and in s

frequency range of 20 cycles per second to 60 kilocycles per
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second. A narrow-band portion of the input signal is selected,
amplified and recorded on the paper tape of a Brush Recorder.

The entire rangé of lnput frequencies is covered by the
narrow band width through the use of a superheterodyne circuit,
which converts each signal frequency to a fixed intermediate
frequency by beating the input signal against the signal of a
local oscillator. At the intermediate-frequency level, the
narrow-band filtering is accomplished by a quartz-crystal lat-
tice filter, which provides band widths of 10 cps or 100 cps.
A logarithmic attenuator makes it possible to record input
variations as large as 40 decibels without alteration of the
system gain. Linearity of the analyzer is maintained through
the use of overload meters at various points in the system,

By this expedient, and by mechanically driving the local os-
cillator over a sufficient range of frequencies . to cover the
entire input spectrum, the data is obtained automatically and
accurately.

In addition to the narrow-band power spectrum, the r-m-s
value of the input noise in several wide band wildths may be
obtalned with a thermal voéltmeter built ihto the analyzer.

Finally, the noise spectra obtained from the outputs of
a c-w magnetron and a microwave klystron under various op-

erating conditions are presented and discussed.

Thesls Supervisor: Professor Henry J. Zimmermann

Title: Assoclate Professor of Electrical Engineering
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CHAPT=R I

THE VACUUM TUBE NOISE PROBLEM

A. Development af the Problem

The problem of determining the low frequency noise output
of microwave oscillators enters into the design of all e¢-w micro-
wave communication and measurement equipment. This nolse problem
is probably most eritical in its relation to c-w radar. The simple
c-w radar obtains its Information through the measurement of a
shift of the carrier frequency, comnmnonly called the "Doppler"
shift. The frequency range of the carrier shift or Dopplgr may
extend from very low audio to frequencies of 50 or 60 kilocycles,
depending on the carrier frequency and the relative velocity of
target and radar.

In the more common pulsed radar, low frequency noise sidebands
present on the transmitter can have no effect on receiver sen-
sitivity, for the transmitter 1is gated off when the receiver is
required to perform its measurements. Furthermore, the range of
signal frequencies of interest in pulsed radar falls far above the
sonic or Doppler, so that the danger of obtaining spurious infor-
mation due to low frequency noise is eliminated.

In cirect contrast to this, the transmitter in the c-w radar
is continuously on and generally located in close proximity to
the receiver, Since complete decoupling between transmitter and
receiver is impossible, some transmitter signal or "feed-through"
will appear at the input terminals of the receiver. Note thst
although the feesd-through differs slightly in frequency from the

returning signel, and is thereby distinguichable from that signal,

-1-
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the noise sidebands present on the transmitter will raise the
receiver noise level.

In practice, attenuation between transmitting and receiving
antennas seldom exceeds IO db, Furthermore, the effective range
of a radar varies inversely with the fourth root of the ratio of
received to transmitted power. Since this ratio can be no small-
er than that permitted by overall receiver sensitivity, trans-
mitter noise will limit the maximum range of a c-w radar be-
cause of its adverse effect on receiver noise level,

It should also be observed that any large components of noise
(such as hum or microphonics) present on the envelope of trans-
mitter feed-through might be misconstrued as Doppler signal and
thereby yield false information.

In addition to amplitude-modulation noise sidebands, fre-
quency-modulation noise (deviation of carrier frequency due to
noise modulation) is also of great interest in c-w radar design.
F-il noise sidebands present on either the transmitter or local
osclllator outputs of a c-w radar may lead to spurious Doppler
information.

TI'he microwave carrier frequency investigated in the re-
search lies at X-Band or 10,000 megacycles. At this wavelength
(3 cm.), the power output required for a long-range radar trans-
mitter (10-100 watts) 1s generally supplied by a magnetron,
Within the receiver, the local oscillator signal, usually about
100 milliwatts of power, is supplied by a klystron, generally
of the reflex, single-cavity type.

Although most books and papers on c-w radar will point out
the noise problem mentionedlﬁgre, little work has been done on

the development of accurate and rapid technicues for obteining
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the noise vs. frequency spectra of microwave oscillators, a
step whicnh must be completed before low-noise equipment de-
sign can procede very far.

Before outlining the general requirements of a noise
measuring system or discussing equipment and techniques
already developed for that purpose, it will be helpful to
mention briefly the types and character of noise encountered

in vacuum tube circuits.
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B. Sources of Noise in Vacuum Tubes

l. Classification of Noise. Noise, as it is related to radar and

communication practice may be defined as spurious voltage or
current which asppears at the output of a circuit. Whether or not
this spurious output is significant depends of course on its
character and relation to the desired signal. It is poscible by
careful cnoice of operating conditions to completely eliminate
many forms of noise, while other forms are fundazental in nature
and may never be completely removed.

Noise genersted within an electronic systexn is attributable
to several causes, It is made up of impulse nolse, having randon
repctition period and continuous frequency spectrum, and non-ran-
domn noise, having a definite repctition period and a discrete line

freguency spectrum.

2. Randon Noise,.

(a) Thermal noise. In all electronic equipment, thermal

noise 1is an ultimate irreducible quantity. It is gensrated

in all impecdances by the minute currents set up by the ther-
3

mal motion of electrons, The open circuit thermal noise

voltage genersted iIn an Impedance has the mnean-square value

3]
U}

UKTATR (1)
where
0.2 = mean-sauare value of thermal noise voltage

Boltzmann's constant: 1.37 .10723 ergs/degree

=
n

T = absolute temperature In degreecs Kelvin
R = resistive component of the impedance

Af = bandwidth over which Enz is measured, . Eps)
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The frequency spectrum € thermal noise is uniform up to
frequencies higher than a thousand negacycles, because the
thermal motion producing the noise currents retains its im-

pulsive character even at these frequencies,

(b) Shot noise; The emission from a hot vacuum tube cathode
is made up of finite electrons which leave the cathode sur-
face in a random fashion. As a result of this corpuscular
behavior, minute fluctuations will spoear in the plate current
of the tube. This phenomenon was named Shot Effect by W,
Schottk§ in 1918,

.A8 '1s the case with thermal noise, shot noise is im-
portant out to very high frequencies. In fact, thzrmal and
shot noise are the principal sources of internal noise in
radio equipment. For thic reason, it is very convenieht to
express tinem in comparable units. An equivalent grié rc. istor
has been defined for this purpose. This equivalent input
rezi-tance generztes a thermsl noise of sufficient magnitude
to reproduce the effect of plate current shot fluctuastions,

ror the space-charge limited triode, for example, a

close approximation for the equivalent grid resistor 1is

= 2.5 - (2)
E&n

Req

where g, 1s the tranconductance of the triode.
It is interesting to note that the signal-to-noise ratio

of the triode amplifier improves directly as ng R

(¢) Flicker nolse. Another form of random noize that at low
frequencies becomes lerge enough to exceed the shot effecct
by several orders of magnitude is flicker noise. Random

changes in the condition of the cathode surface due to dif-
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fusion, evaporation, gas-ion bombardment and othsr such

causes are responsible for this phenomen%n.
(d) Partition noise. In general, it is found that triodes
tend to be quister than tetrodes and pentodes. The excess
noise in multicollector tubes, called partition noise, has
bsen found to be due to the division of tube current bet-
ween the collector elsctrodes, whareby the noise-reduction
efrects due to space charge arc reduged.

It should finally be pointed out that use of a vacuun
tube as a mixer will greatly increase 1ts apparant shot noise

level. ‘ultigrid mixers are, as expected, the noisiest of

the mixer group.

(e) Hagnetron noise. The magnetron is a diode which, with
the aid of a magnctic field, producss short slectromagnetic
waves, In the ﬁsual design of a microwasve nagnetron, the
resonant circult is a number of closely coupled cavities
within the evacuated portion of the tube.

The carrier output of a maegnetron contains noise )
modulation sidebands which are attributable to two cauges.
One source of noise 1s the ever-present shot effect. The
second noise source is believed to be mnodulatio-n due to
lons in the interaction swpace of the magnetron. There
positive ions neutralize space charge in a random fashion
and thereby cause variations in the electron curr.nt. The

resultant current fluctuations appear on the outout envelope

as noise modulation.

(f) Klystron noise. The klystron is a nlcrowave oscillator

which makes use of the comparatively long transit times pre-



sent at very high frecuencies to produce oscillations in =
resonant cavity. The reflex kylstron, most commonly used at
X-Bant, makes use of 2 single resonator and = retarding field
(produced by a reflector electrode maintained at a potenti=1
negetive wlth respect to the csthode) to create the electronic
configuration necessary to produce oscillation.

As is to be expected, shot and psrtition noise will
contribute to the low frequency modulation of the reflex kyl-
stron. There are, in addition, random intersction effects
between the electron stresms within the resonstor which result
in considerable enhancement of the noise.

As 1is true for the magnetron, thers 1s little dats aveil-
able on klystron noise in the frequency range of interest to

this resezarch.

(g) Crystal noise. OUne final type of rendom noise, which
although not related to the vacuum tube, is nevsrthelsss of
greet importance here. Thls nolse is the low frequency noise
output current of 2 silicon crystal rectifier. The silicon
point-contact crystel detector, whoss properties will be more
fully discussed in Chapter II, was used as the diode detector
In the spectrum analyzer built in this investigation.

Little is known about the origiln of noise in crystel
rectifiers. asspecially diffigult is the problemn of anelyzing
crystal noise with r-f excitaéion.

within the crystsl rectifier esre generated both thermal
and shot noise. However, in the sudio range, the noise varies
inversely with the frecuency, and is orders of nesgnitude grent-

er et these frequencies than at higher frequencles. However,

since thermsl and :hot nolse sre indeoendent of frequency,
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some other mecchanism must be responsible for the excess noise
at low frequencies, which is sometimes called "convorted noise",
No adequate hypothesis for such a mechanism has as yet been

suggested,

3. Non-Random Noise,

(a) Hum. Spurious output fluctuations of an eleetronic cir-
cult at the power line frequency or its harmonics is comaonly
known as hum. High-gain amplifiers often exhibit large out-
put hum levels caused by the introduction of hum components
into low-level stages through the plate circuits, by coupling
of a-c heater voltages into cathode circuits and by such

phenomena as magnetic and electrostatic pick-up.

(b) Hicrophonics. Noises produced by the effects of mechanical
vibration are clasied as microphonics. Zlectrode motion in
the low-level stages of an amplifier produces ihnterelectrode
capacitance variatigns and fluctuations of transc-nductsance
which appear as current varilations at the resonant frequencies
of the tube structure. Some tubes have becn sveclally de-
signed structurally for low-microphonic operation,

\llerophonics and hum may apoear on the output of micro-
wave osclllators unless precautions such as shock mounting,
well-filtered power suvplies and d-c¢ filament excitation are

taken,
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Ce General Requirements of lleasurement System

An outline will now be given of the general requirements
for a system which would accomplish a noise analysis on a
mlcrowave oscillator,

For simplicity, the system will be divided into three

sections:

l. Preselector and Detector. In this section, the spectrum to

be measured 1is seperated from the microwave carrier by demodu-
lation. 3ince both a-m and f-m spectra are desired, this section
must contain the auxiliary equipment necessary to convert the

f-m noise to an equivalent a.m.

2. lleasurement Section. The heart of the system is contained here.

The measurement section must accspt frequencies ranging from low
audio (20-40 cps) to the ultrasonic (50-60 kec.). Voltages en-
countered at the input to this stage may bes as low as 140 db.

below one volt, so that the input circuits must be carefully de-
signed and constructed to obtain the necessary sensitivity. The
system must select a narrow-b-nd portion of the nolse input spectrum
and amplify the signal in that band width to a level which can
easily be measured. The narrow-band filtering is necessary to
provide sufficient resolution for separating fixed frequency

noise components such as hun and microphonics from similar componsnts
at neighboring frequencies, and to provide an indication of the

cnharacter of the nolse as a function of frequency.

3, Recording 3ection. The output of the measurment section is fed

into these last stages, wherein ars contained the recording mech-

anism and associated equipment to yleld the final spectrum as a

plot of voltage vs frequency.
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D. Commercial and Other Analyzers

Several comnercilal spectrum analyzers are available at pre-
sent, but they all fall short of the desired characteristics
either in frequency range, sensitivity of resolution. For example,
the General Radio Wave Analyzer, which has an excellent narrow-
band filter, requires a pre-emplifiler to obtain sensitivity, has
a maximum frequency of only.EO kc, and requires a tedious point-
by=-point analysis to obtain the complete spouectrum, The Sonic snd
Ultrasonic Analyzers built by Panoramic Radio Froducts, Inc., pro-
vide an oscilloscopic representation of the input spectrum. How-
ever, a pre-amplifisr is necessary, two seperate analyzers are re-
quired to covzr the entire frequency range, and resolution falls
short of that desired for noise snalysis.,

A spectrum analyzer built svecifically for the purpose of
obtalning nolse spectra was designed by R. L. Kelleher. The
system coverz the range of frequencies from 4O eps to 20 kec.

It uses a "g-jultiplier" narrow=-band circuit, and the output ic
read on a long-time-constant thermal milliameter. The analyzer
was designed to yleld the the a-m spectrum of a u~h-f transmitter
by a point-by-point analysis,

All the equipment mentioned here hess been used in preliminary
work relative to this thesis, and this investigation has made clear
the necd for a good narrow-band filter with sharp "skirts" (the
Q-Multiplier, far instance, provides a narrow band width, but re-
tains the gradually sloping-off choracteristic of a simple tuned
circuit). Also it is highly desirable to avoid slow point-by-
polnt anzslysis methods. The system described in the following
chapter has attempted to incorporate these charscteristics, in
addition to extending the range of noise frequenciss which can

be measured, and providing a method of obtaining the f-m spectrum.
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CHAPTER II

DESIGN AND CONSTRUCTION OF A NOISE SPECIRUM ANALYZER

A. Discussion of Proposed System

The block diasgram shown in Fig. 1 shows the system which
was proposed to accomplish the requirements stated in Chavter I,
section C. A brief discussion of the entire system will be
fol_owed by a more detailed analysis of the design and con=-

struction of each section.

l., Preselector and Detector. For a-m measurements the microwave

carrier is demodulated by a silicon crystal detector 2nd the noise
sidebands are fed to the measurement section. For f-m spectral
data, the f-m is converted to an equivalent a.m. through the use

of a resonant cavity and the resultant cerrier is again demodulated.
lne preselector stage contains a special circuit for measuring
crystal as well as removing amplitude-modulation noise from

the frequency-modulation spectrum. Also in this section is con-
tained a calibration circuit and an input attenurtor to prevent

overload of the measurement section.

2. Measurement Section. The noise voltage is first amplified

in the pre-amplifier, after which it is fed to the r-m-s indicator
for wide-band thermal measurement and to the balanced mixer as the
first step in narrow-band spectral analysis. The spectrum analyzer
makes use of the well-known superheterodyne principle. The noise
input, whose magnitude is desired in az narrow band centered about
frequency fj (let f; be 1 kec), is mixed with a strong local os-
cillator signal of frequency fi1= f; + f,, where f ) is a fixed in-

termediate frequency (in this case 80 kec). The output of the mixer



FIG. |
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contains many frequencies, but those which fall within the pass
band ofﬂ?tf amplifier are fo (80 ke), £1 (81 ke) and fo+2f5 (82 ke).
The components of frequencies 80 ke and 82 ke are of equal voltage
magnitudes (proportional to input signal voltage), and are small
compered to the local oscillator voltage at 81 ke. It 1s necessary
thet such a voltage relationship be maintained if linear mixing is
desiigd. Only the component at the 1-f center frequency fo (80 ke)
must be allowed to enter the i-f amplifier. The other two fre-
quencies are eliminated by using a narrow-besnd crystal filter
(which does not pass 82 ke¢), and by employing a balanced mixer,
which does not contain the local oscillator signsl in its output,
The full range of input noise frequencies are covered by
mechanically driving the local oscillator from 80 ke to 140 ke,
thereby providing for coverage of input frequencies up to 60 kec.
The input noise signal, converted in the mixer to 80 ke, is
amplified, detected and processed by a logarithmic attenuator.
The latter device extends the range of input voltages which can

be measured without a change in circuit gain. Finally, the signal,

now d.¢,, is fed to the recording section.

3. Recording Section. Because the local oscillator 1s continuously

driven, ﬁhe recording section must be capable of presenting the
cystem output in a continuous fashion as it comes from the meas-
urement section. This 1s accomplished by using a Brush Recorder
which presents the data on a strip o ruled peper tape driven by
a syncihronous motor. The Recorder has two channels, one of which
is used to record the spectrzl data, and the other to record fre-
quency markers which indicate the input noise frequency being
measured. The latter channel is fed by the frequency marker

generator, which 1is in turn triggered by the local oscilldtor.
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The entire =ystem is operated over the linecar regions of
the various sectlons, with overload meters placed at key points
to ilnsure that linearity is maintained during a noise anslysis,
In this way, the analyzer 1s made direct reading after an initial
calibration,

Finally, once several initial controls are set, the znalyzer
1s designed to run automatically and shut itself off after an
entire run has been completed.,

A detailed analysis of each stage of the spectrum analyzer
will now be undertaken. The discussion will begin with the
measurement section, of which the pre-amplifier is the input

stage.
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B. The Pre-Amplifier

The pre-amplifier must heve two basic characteristics. First
of all, the noise generated within the amplifier must be suffi-
ciently low to zllow for the detection of the smallest input sig=
nal. The second requirement is that the band width of the stage
to the 3 db points be approximately 20 c@s to 60 ke.

As was pointed out in Chapter I, the ultimate irreducible
noise source in an amplifier 1is the thermal noise generated in its
input resistor. For this system the value of that resistor is 200
ohms, the crystal detector load resistance. Further, the mini-
mum measurement band width provided by the crystal filter will be
snown to be 10 cps., Using Johnson's formula for thermal noise
(equation 1), the minimum noise at the input to the pre-amplifier
is calculated to be 165 db below one volt or ,00562 microvolts.

In additlion to the thermal noise generated in the input re-
sistence, the shot noise, flicker noise, hum and microphonics
generated in the input tube will limit the sensitivity of the pre-
amplifier. In order to make the amplifier sensitivity as large
as possible, a transformer is introduced between the detector
load resistance and the first tube. This input transformer may
be seen in the schematic diagram of the pre-amplifier, Fig. 2.

The problem of designing an audio transformer with 2 200
ohm input impedance, a reasonable resnonse from 10 cps to 60 ke,
and a voltage gain of 10, was solved by the Freed Transformer Co.
of New York, who supplied the unit used here. Figure 3 shows the
frequency response characteristic of the input transformer.

The sudden rise of the response curve near L0 kc is due to the
self-resonance of the transformer leakage inductance with dis-

tributed and stray capacity. This rise is equalized in the pen-
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tode stage of the pre-esmplifier by the variable capacitor across
the load resistance, which flattens the response above 20 kc.
The tuned plate circuit then reises the response near 60 kec.

— The first vacuum-tube stage is a 12AY7, a General Electric
miniature triode with special low-mnicrophonic construction. The
equivalent shot noise resistor (Chapter I, section B-2) given by
equation (2) is 1,930 ohms, Because of the transformer present
between this resistance and the .200 ohm input resistance, the shot
noise resistance must be referred to the input by dividing by the
square of .the transformer turns ratio or 100. The total effective
input resistence is then 200 ¢ 19.3 = 219,3 onms, while without the
input transformer it would have been 200 & 1,930 = 2,130 ohms!

The three stages of gain, transformer, triode and pentode
supply a total gain of 90 db, about the maximum which could.be
obtained together with the desired bsnd width. These stoges are
shock mounted and enclosed in a muFmetal shield to avoid stray
hum pickup. Wire-wound plate resistors are uzed as suggested by
Terii; to reduce resistor noise.

A buffer stage, in the form of a cathode follower, is placed
between the pentode stage and the band width controls, output
attenuator, and the peak-reading voltmeter. The second cathode
follower provides a low impedance output from the pre-amplifier,

Figure l} shows the overall frequency response chafacteristic
of the pre-amplifier, as well as the effect of inserting the
various band width control filters.

To insure that linearity of the system is not destroyed by
overload, a peak-reading voltmeter was added to the amplifier.
This unit consists of a triode amplifier and an infinite input

11
impedance detector. The 1 ma. d-c meter is adjusted to give a

% p. 366
i p. 563
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pre-set reading of 0,9 ma. when the pre-amplifier is overloaded
(see Fig. 5). Switch 5 (Fig. 2) selects the input to the peak-
reading voltmeter, which may be either the prs-amplifier output

or the mixer input. These two voltages are seperated by an
attenuator and the bsnd width controls. Such sn arrangement is
necessary because the mixer overloads at a voltage which is 20 db
below the meximum pre-amplifier output of 20 volts peak. The
meter circuit 1is so designed that the meter reading which indicates
overload is the same for either position of switch S,

The 80 ke trap inserted between the cathode followers in-
sures that no signal at the intermediate frequency passes through
the pre-amplifier. The trap 1is a bridged-T filtéi.

Plate voltage is supplied by a well filtered and regulated
power supnly. Any tendency to oscillate is removed by the use of
several decoupling filters in the amnplifier plate circuits. Tube
filaments may be operated from an a=-c of d-c source, but runs

are taken with the filaments on 4d.¢.
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C. The Balanced iHixer

As was pointed out in section A. of this chapter, the mixer
stage of the analyzer was made of the balanced type in order to
remove the strong local oscillator signal fron the mixer aitput,
At low signal frequencies, the corresponding local oscillator fre-
quency will be within the band pass of the crystsl filter, and un-
less balanced out, the local oscillator signal will apoear In the
system output,

The balanced mixer 1is shown schematically in Fig. 6. The
first tube (6CL) is a phase inverter. Although this cathode-
follower type of phase Ilnverter provides little in the way of
gain, 1t 1s extremely reliable and simple to adjust. The § Kil-
ohm potentiometer in the cathode resistor balances the inverter
output znd prevents the generation of harmonics of the inosut fre-
quencies in the mixer.

The mixer itself is made up of two 63J7 pentodcs designed
to operate on the non-linear portion of their characterigiics.

The signal voltages are applied in phase opvosition to the first
grids, while a strong local oscillator signal of approximately
10 volts 1is injected between csthodes and ground,

The local oscillator signal, which 1is in the same phase in
both tubes, 1is balanced out in t he comnon plate circuit. Belance
control 1s supplied by a Gain ancé Fine Balance, both of which vary
the screen supply voltage, and a Phase Balance, which varies the
impedance of the plate circult presented to each mixer tube,

The voltage linearity curve of the mixsr 1s shown in shown
in Fig. 7. Linearity 1is maintained up to an inout voltage of two
volts peak, at which point the peak-reading meter on the pre-

amplifier strip indicates overload.
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D. The Crystal Filter

1. Requirements of the Filter Stage. The charsascteristics of the

filter stage of the spectrum analyzer are determined by the fol-

lowing considerations:
(3) The band width of the fllter must be sufficiently nerrow
to provide for seperation of closely spaced line spectra,
(E) In order - to make measurements down to low audio fre-
quencies, the esttenuation characteristic must rise very
sharply beyond the filter pass band. For examnle, in making
a measurement at 20 cps, the output of the balanced mixer will
contain equal signal components at 80 kc (filter center fre-
quency), and 80 kc plus 4O cps. The filter must therefore
have sufficient rejection 40O cycles off center to elimin-te
the unwanted signal.
(c) The tine in which a measurement can be made depends in-
versely on the measurement band width., Because of the wide
range of frequencies which are to be messured, too narrow =
filter band width would necessitate very slow driving speeds

and result in a prohibitively long strip of Recorder tape.

In order to setisfy these requirements, it was necessary to
provide a filter with tvwo different band widths. TFor frequencies
up to 2 ke, where hum is predominant and sharp rejection is im-
portant, a 10 cps band width is desirable. Above 2 kc, such fine
resolution is not necessary, and a 100 cps band width allows for
a reasonable driving speed.

1y, 16, 17

Prelininary investigetion indicated thst a filter having the

characteristics mentioned above could be constructed usinglguartz

crystals as elements., Furthermors, the symmetrical lattice filter,

because it lends 1tself so easily to analysis, was chosen as the
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basic design structure.

2. Characteristics of the Crystal Lattice Filter. Investigation

into the literature available on the design and construction of

the crystal lattice filter indicated a definite need for a2 simple
and practical method of designing such a filter. The author has
attempted the derivation of such a des;gn technique as part of this
research. A complete discussion of the analytical development of
the design procedure and the experimental techniques necessary to
carry it out, as well as a description of the construction of the
filter used in the spectrum analyzer, have been felegated to
Appendix I of this thesis.

The characteristics of the 10 and 100 cycle crystal filters,
both of which employ the same four quartz crystals, are shown in
Fig. 8, along with the response curve of a simple tuned circult,
Note the two distinct differences between the 100 cycle filter
and the tuned circuit, both of which have the same band width
to 3 db points. PFirst, the filter has very sharply rising skirts
compared to the gradual rise of the tuned circuit. Secondly, the
response of the filter is "flat" over most of the pass band, where-
as the characteristic of the tuned circuit follows the normal res-
onance curve and is never flat. Although the pass band is not well
shown in Fig. 8, it was observed (on the oscilloscopic display de-
vice described in Appendix 1) to be flat, except for minor ripples
never exceeding 0.5 db, over about 60 cycles of the pass band.

lhe crystal filter 1s shown pictorially in Fig. 9. A single
selector swlitch accomplishes the changeover from the 10 cycle
to the 100 cycle band width. The "compensator" is used to provide
equal voltage outputs at both band widths for a fixed sinusoidal

input.
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Ee. The Intermediate-Frequency Amplifier Strip

The crystal filter, which may be seen schematically in
Fig. 34 of Appendix I, is terminated in two double-tuned 80
kilocycle transformers. The input transformer primary is also
the output coil of the balanced mixer, while the output trans-

former secondary presents the filtered signal to the 1i-f strip.

l. I-F Amplifier. The purpose of the i-f amplifier is to amplify

the signal output of the filter stage to a level which can be

detected and recorded. The intermediste frequency of 80 kilo-

cycles was chosen on the basis of the following considerations:
(a2) The i.f. should be far enough above the highest input
signal frequency (60 kc) to prevent spurious.feed-through
at the intermediate frequency.
(b) A crystal filter must be built at the i1.f. (The filter
stage was, of course, designed after the choice of i.f.).
(¢) The entire range of local oscillator frequencies should
be obtained without the necessity of switching bends of the

locel oscillator (G.R. 805C Signal Generator) during a run.

The entire i-f strip is shown schematically in Fig. 10.
The input cathode follower (6ClL) acts as a buffer between the
crystal filter and the filter compensator and i-f input atten-
uator. The gain control in the grid circuit of the 6AH6 is
used to calibrate the analyzer with a fixed signal input.

The overall gain of the two tuned 80 ke pentode amplifiers
is about 70 db. This is the gain required to amplify the min-
imum input signal to the minimum signal level of the Logaten

(section £-3). The i-f band width is about 1500 cycles,
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2. Detector. The 80 ke i-f signal is converted to an equivalent

d-c voltage in a conventional 6ALS5 peak-reading diode detector.
The detector handles voltages ranging from under 1 volt to a peak
of 100 volts. The value_of the detector load capacitor (2 micro-
farads)} was selected experimentally after the entire analyzer

was completed. The fqllowing considerations place the upper and
lower 1imits on the value of the capacitor:

(3) Much of the noise to be measured is 6f a random nature,

A small value of detsctor capacifénce will allow the large

random variations of the input signal to be recorded, while

a large capacitor will tend to smooth out the recorded

data and make it more readable.

(b) Too large a value of capacitance may cause some line-

frequency spectral data to be "missed", as a large detector

time constant will prevent the detector from following the
input signal variations.

The value of 2 mf was selected by inserting a fixed-fre-
quency input signal and inéreasing the detector capacitance
until the shape of the ;::2222 output began to distort.

At the output of the detector is a monitoring d-c voltmeter
which is helpful in calibrating the analyzer, and provides a

convenient indication of the signal level being recorded.

3e Logarithmic Attenuator. The Kay-Lab Logaten is a network of

non-linear eircuilt elements ad justed to give an outout voltage
whose amplitude is proportional to the logarithm of the amplitude
of the input signal. This relationship is linear within one db,
according to specifications, for input voltages form 0.3 to 100

volts, a 50 db dynamic range. Because the diode detector is not

# Kalbfell Laborstories Inc., San Diego, Californis
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linear below one volt of output voltage, the rangs of Logatsn inout
voltages used is one volt to 100 volts, a 0 db variation. The
corresponding Logaten outputs, however, have a ratio of only L:1,
a variation which can quite easily be recorded. iith the log-
arithmic attenuator then, the analyzer may be made to yield an
output which recads directly and linearly in decibels. Furthermore,
variations of input signal voltages as large as 100:1 or 40 cb
may be recorded with no change in signal gain.

The Logaten has an input impedance of 20,000 ohms snd must
be fed by a low impedance source of 500 ohms output'impeﬂance or
less., It was'therfore necessary to vlace a cathode follower bet=-
ween the detector and the Logaten. Thes cathods follower however,
h:zs a d-c output even with no innut signal, In ordzr to balance
ouf this zero-signal bias, a 12 volt battery is vplaced in serliss
with the cathode follower outout. A relay opens the battery
circult when the analyzer plate voltage is off, and thareby pre-
vents unnecessary drain on the small battery. The zero-signsal
cathode follower bias is generally 12 volts, but any small var-
iations from this value may be compensated by changing ths plate
supply voltage slightly. This adjustment is part of the initial

calibration procedure for the analyzer.
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F. The Brush Recorder

The d-c output of the logarithmic attenustor, which voltage
is proportional to the logarithm of the spectrum snslyzer input
voltage, at a frequency selected by the locel oscillator and in
a band width selscted by the crystgl filter, 1s finally fed to
the recording section.

The speectral data is amplified by a Brush (BL 932) D-C
Amplifier and thence delivered to one chesnnel of a two-channel
Brush Recorder (BL 202) Oscilloéraph. The data is recordsd here
by a magnetically driven pen.

The Brush Recorder and its ascoclated D-C Amplifier have
a maximum response frequency of 100 cycles per second. The
low frequency cut-off of the Recorder, combined with the long
time-constant of the diode detector, helps to smooth out the
spectra of the random input voltages, and removes high-frequsncy
transient effects from the output.

The second channel of the Brush Recorder is used to present
the’ frequency markers which are produced b& the frecuency marker
generator (section H). These markers indicate tne input frequency

of the spectral data being recorded.

Figure 11 shows the frequency response curve of the entire
spectrum analyzer system. The response is 3 db down at 25 cps
and at 50 ke, and may be used beyond these polnts with proper

corrections.
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Ge The Local Oscillator

A General Radio 805C Standard Signal Generator was chosen
as the local oscillator. It may be seen, along with its asso-
ciatéd driving equipment in Fig. 22. The oscillator is driven
by a leather belt which runs over its vernler dial. The motor

driving control unit, shown in Fig. 12, operates as follows:

l. Up to 2 ke of input frequency, the local oscilletor must be
driven slowly enough to allow for build-up.of a signal in a 10
cps band width, The driving motor is a2 10 rpm, 110 volt capacitor
motor. The slow épeed (approx. 1.5 rpm) 1is controlled by a Variac,

which is in the motor circuit so long as 87 1s in the "slow" position.

2. At 2 kc, the motor drive and the Brush Oscillograph are turn-
ed off by a bronze rider on the vernier dial which throws mlcro-
switeh 2. At this point, the fillter band pass is changed to 100

eps, and the system attenuation may be altered if necessary.

3. Throwing S7 to the "fast" position starts the anslysis once
more by shorting S2., The motor is now directly across the line

and runs at 10 rpm for the remainder of the run.

4. At 60 ke, the end of a run, a bronze rider on the main dial

of the G.R. 805C opens microswitch 1, and the drive stops.

5. The oscillator dials may now now be returned to their start-
ing positions by throwing Sl to the "reverse" position and hold-
ing down the "press to start" switech (S3) until S1 reuains closad.
Microswitch 1 will again stop the motor at the end of thne rewind
cycle. The Brush Oscillograph may be turned off during the re-

wind cycle by switch 6.
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H. The Freguency Marker Generator

In order that the freguency of the input signal being meas-
ured be recorded with its corresponding signsl, frequency markers
are provided on the lower channel of the Brush Recorder tave. The
markers may be seen in the dzsta shown in Figs. 2i, 25, and 26,

I'ne mechanism which produces these markers 1n synchronism
with the local oscillator drive is shown in Flg. 13. A large
plastic disk 1s gangsd to the large dial of the G.R. 805C Gener-
ator. This disk is visible in Fig., 22. Smell brass inserts are
placed in the disk at positions corresponding to every 1000 cycles
of local oscillator frequency from 80 to 100 kec. Above 100 kc
(hence sbove 20 ke of signal frequency), the inserts are placed
2000 cycles apart.

The brass inserts trigger the relsy of the marker generator
(Fig. 13) whenever they contact the silvered springs which are
secured to the oscillator casing and which ride on the plastic
dial. The closing of the generator relay produces 2 narrow
pulse of voltege, The pulse is amplified by = Brush (BL 932)

D=-C Amplifier after which it is fed to the Brush 0scillosrsoh
channel to be recorded.

‘The plastic dial is adjustable about its center, so that
the first frequency marker, which specifies zero sicnal fre-
quéncy, may be cause to coincide with a local oscillator

frequency of 80 kilocycles per sscond.
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I. Ihe R-M-S Indicetor

Because of the random nature of much of the nolse to be
megsured, the true r-m-s value of the input signal voltage can
oniy be obtained by a thermal measurement.

'ne r-m=-s indicator, shown schematically in Fig. 1, is =a
wide-band amolifier terminated in = long-time-constant thermal
milliameter,

Triode amplifiers are used to obtain the necessary band width,
and 2 cathode follower provides o low impedance output to the
0-2 1illiampere thermal milliameter. Becouse a2 thermal meter
can be damaged by small overloads, the milliameter is switched
out of the circuit and replaced by a2 dunmy load when the r-m-s
indicator is not in actusl use. A pilot light has been wired int*o
the clircuit to Indicste that the meter is in operation.

he r-m-s indicator is connected directly to the pre-zanlifier
output, and the measuremnent besnd width 1s selected by the pre-
amplifier band width controls.

I'ne overall geln of the r-m-s indicator is snoroximately
60 db, which is sufficient tn 2llow the mneasurement of the
minimum wide-band pre-amplifier output (thermal noise in ~» 200
ohm resistor and in = I ke band width).

An ad justment is provided in the r-m-g Iindicetor meter cir-
cult for celibration of the indicator.

The frequency response curve of the r-m-< indicetor is
snown in Fig. 11. The wide bend r-m-s =ystem, including the pre-
amplifier at 1ts maeximum band width setting, is 3 db down at

25 cps =2nd 50 kilocycles per second.
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J. The Input Detector and Preselector Circuits

l. The Silicon Crystal Detector. The purpose of the detector

section of the spectrum analyzer is to remove the X-Band carrier
and present the noise modulation envelope to the analyzer, Be-
cause of the transit-time effects present in the 3 cm. band, the
conventional diode detector circults cannot be used, Rectifi-
cation can still be accomplished, however, by making use of the
non-linear relationship that exists between the voltage and cur-
rent at a point contact with certain crystal surfaces. More
specifically, a suitable rectifying element at X~Band consists
of a fine tungsten wire which makes a small-area contact to a
plece of silicon crystal. The resultant crystal unit hes the
voltsge-current curve shown in Fig. 15A.

The 1NZ23B silicon crystal rectifier is a small cartridge
which fits into a special waveguide holder (Fig. 15B). The elec-
tric fleld in the waveguide provides the crystal excitation, and
the rectified output is removed through a coaxizl connection.

This arrangement is equivalent to an X-band generator with zero
internal impedance to audio frequencies, a rectifying element and
the crystal load. The detector load capacitance is provided by
stray capacitence and the distributed capacitence of the coaxial
line. This capacitsnce, while of the order of only a few micro-
microfarads, 1is sufficiently large to by-pass the carrisr frequency.

It 1s important that the crystal detector provide as little
disturbance to the circuit being measured as possible. For os-
cillators with large power outputs, this can always be accomplished
by placing padding, in the form of attenuators or directional cou-
plers, between the oscillator and detector. However, when the

power available 1s small, as in the case of some xlystrons, the

-



- 42_

<

=

- 10—

<

4

5 5

(&)

.}

% 0 ’//””_—_____,

o L= 1 1 | L
-2 -15 -1 -05 O 05 |

EXCITATION=~ VOLTS -

A. SILICON CRYSTAL CHARACTERISTIC

x -B A ND -nl.[[/[// //fr——}/// CRYS TAL HOLUER
SOURCE Zzzzzzg'% Zj ‘ |
————— L

) | \
- - —— .
COAXIAL LINE T 200 TO
MODULATOR | PRE -AMP
CRYSTAL

1

~ 1L o
1 : A v
S
T 200
B. DETEGCTOR CIRGCUIT |
|
§ SCHEMATIC gt
N 14
1 I
200
‘ TO INPUT
>
= ' TRANSFORMER
200
= I(____

C. BUCKING CIRCUIT

FIG.I5 THE SILICON CRYSTAL DETECTOR



-uB-

detector should provide as close a matcnh as possible to the wave-
quide characteristic impecdance of 400 ohms. It was found exper-
imentally that a 200 ohm detector load resistance resulted in a
fairly good match, and this value is used in the analyzer.

It is worthy of note here that while the reduction of tran-
sit time effects permits the crystal rectifier to be used at very
high frequencies, the efficiency of rectification (rstio of rec-
tified d~c voltage to neak carrier voltage) 1is much smaller than
the value which would be calculated from a consideration of the
rectifier chearacteristic alone. This los: in efficiency is due
to a small "barrier" capaclitance across the point-contzct areas
which tends to shunt the rectifying action of the crystal. How-
ever, for purposes of determining the noise modulation index,

the detection efficiency 1s not of direct importance.

2+ Determination of Modulation Index. Becsuse the voltage-current

charactzristic of the crystal (Fig. 154) is not linear for smell
excitation voltages, and further, since the efficiency of rectifi-
cation 1s difficult to predict, 1t was necessary tc determine by
exXperimental means the relatlon between the measurcd voltages and
the actual modulstion index of the carrier noise,

The one fsct that made sucn measureanents feaslble is that at
very small voltages, tne silicon crystal characteristic is alwmost
ideally sguare Zaw.

It is shown in Appendix II that so long as the peak carrier
input voltage to a detector falls on the square-law region of the
rectifying element, then the ratio of measured r-m-s audio voltage
to rectiflied d-c voltage (which shall be called the apparent mod-

ulation index), is 3 db above the actual modulstion index (defined

here as the ratio of r-m-s modulation voltage to r-m-s carrier



=Ll
voltage). Note that the derivation has been carried out assuming
only sinusoidal modulation, so that further analytic investigation
is necessary to determine the relationship between the apparent
and actual modulation indieces for random phenomena in a2 square-
law detector. 3o long as the above is borne in =mind, the dsta
obtalned with the analyzer is useful for comparison of the noise
outputs of various oscillators.

The data plotted in Fig. 16 was obtained by measuring the
apperent modulation index of sinusoidal modulztion on = xlystron,
as a function of rectified d-c voltege developed across the de-
tector load resistance. The klystron was sinusoidelly nodulsted
at a frequency of 2,500 cps to a level far above the anvelope
noilse, by an audio oscillator in the repeller circuit ~f the xly-
ctron. The audio measurement was made with the :pectrua snalyzer
which, except for the detector section, was conpleted.

For rectified d-c voltages up to .02 volts, the apparent
modulation index was constant, indicating that operaotion was on
the sguare-law region. As the excitatlion was increased, the ap-
parent index decreased until, at large voltages, the index aoproach-
ed the value expected for a lineer detector, which is 3 db below
the actual modulation index as defined herein.

This curve was taken for meny good 1N23B crystsls, =2nd var-

iations of not more than % db were noted.

3. Crystal Detector Noise and Signal-to-Noise Ratio. It was men-

tioned in Chapter I, section B-2, that very little data 1is avail-
able on the chsaracter and magnitude of noise currents at low fre-
quencies generater within a silicon crystal rectifisr. It is ap-
parent that the nolse produced within the crystal will determine
the system sensitivity, since no oscillator noisc which is below

the level of the detector noise can be measured.
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In order to investigete the noise chsracteristics of silicon
crystals under r-f excitatlon, it was necessary to find some way
of eliminating from the detector noise spectrum those noise com-
ponents which are due to envelope noise on the r-f carrier. The
simple circuit which was devised to accomplish this 1is shown schem-
atically in Fig. 15C. The audio "bucking'" circuit, as it will be
called hére, consists of two crystal detectors which are excited
by the same oscillator signal, to the same d-c level., The equal
envelops modulation outputs of the two rectifiers are then can-
celled out in the primary winding of the pre-amplifier input trans-
former. The nolse generated by the crystals themselves however,
wnlle of the same rzndom cn=eracter, will never have the same time
functions, and will therefore add statist?cally in the input trans-

former. The net input noise measured by the pre-amnlifier will be

524 g .2

A
where

total r-m-s noise input to pre-amplifier

b
=
"

Egy1= r-m-s nolse voltage generated by crystal cdestector 1

Egp® r-m-s noise voltage generated by crystal detector 2

If the noise generated by each crystsl has the same r-n-s
voltage (Eg) then

ir =92 Eg

The buckxing circult was first used to select low-noise crystals
for future use with the analyzer. Amnong individual 1N23B crystals,
differences 1n noise level of as much as 10 db were noted.

In order to find 2n optimum operating point for the Zetector,
the bucking circuit was used to obtaln neasurements of wide-bend
noise generated within the detector, as = function of rectified

d-c voltage level., The resultsnt data is chown in Fig. 17. Note
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that the slope of the curve increases with increasing abscissa,
and further that at about 0,15 volts the noise 1is increasing
linesrly with d-c voltage. This suggests that somewhere in the
range of voltages plotted, there is 2 point where the ratio of
input signal to crystal noise voltage is a maximum.

The curves shown in Fig. 18 bear out the velidity of the last
stetement. The graph first shows the linesr increase of signal
voltage with rectified d-c voltage which would result if the
crystal were entirely a square-law device. Use is then made of
the data of Fig. 16 to plot the actual signal increase, taking in-
to account the loss in signal due to operstion beyond the square-
law region. Finally, the signal-to-noise ratio is obtalned by
subtracting from each ordinste the loss due to increase of noise
with d-c voltege, using the data of Fig. 17. An optimnun operating
point is thus obtained, lying at about 0.1 volt rectified d-c volt-
age, or equivalently, 0.5 ma rectified d-c current. This is the
point of operation used in all data runs on the analyzer,

To calculete the actual modulation index then, 1t is necessary
to Increase all measured noise values by 18.5 db, ‘(20 db are nec-
essary to refer the signal to a one volt d-c level, while the actu=l

index is 1.5 db above 'the apparent index from Fig. 16,)

4. Measurements on Silicon Cartridge Crystals., Because cf the

fine contact between wire and crystal in the silicon rectifier,
the units are very susceptible to burn-out and deterioration of
efficiency with age. Partial burn-out due to excessive applied
voltages usually manifests itself in a distinct reduction of the
inverse resistance of the crystal, with a corresponding loss in

rectifying action.

In order to provide a rapid and accurate method of checking
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the condition of the crystals used in the analyzer, the crystal
characteristic display circuit shown in Fig. 194 was built. The
device yields an oscilloscope display of the voltege-current
characteristic of the crystal, and thersby permits a check on
the forward resistance, the inverse resistance and the shape of

the square-law region,

I'he equipment shown in Fig. 19B measures the audlo output
impedance of the crystal detector circuit. It will be recalled
that the pre-amplifier input transformer, which must see an im-
pedance of 200 ohms for proper operation, is directly across the
detector load resistance. The output impedance of the detector
circuit however, is the 200 ohm load resistesnce in parallel with
the dynamic audio impedance of the excited crystal. This latter
impedance is a complex function of the crystal characteristic,
the detector operating point and the efficiency of recctificatlon,
wxperimental determination of the audio output impedance of the
detector circuit is quite simple. The measurement circuit 1s
essentially a 60 cycle constant-current generator terainated in
a Ballantine (lodel 300) VTVil which measures the voltage across
thie impedance to be determined. Before the crystal rectifier is
connected, the VIVM is across =an impedance of 200 ohms, and the
reading of the voltmeter 1is adjusted to 20 millivolts by the
10 kilohm potentiometer. The circuit is now direct reading, the

value of the impedence meacured being ten times the number of

[

millivolts. Wwnen the coaxial line from the crystal holder is
connected to the measuring device, the 200 ohm ceollbrating re-
sistor becomes the crystal load and the detector output impedsance

mey be determined at any d-c operating point.

Using this equipment, the value of the detector output
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impedance was found to be 150 ohms at a rectified d-c voltegzs level
of 0.1 volts. For proper operstion of the vre-amplifier, it is

tnerefore necessary that 50 ohuns be sdded in the primary clrcuit.

5. 'Ihe Preselector. The input stage of the svectrum anrclyzer is

shown schematically in Fig. 20. The circuit incorporates both a
preselector end en audio bucking circuit. The outputs of two
crystael rectifiers may be connected to the preselector, which con-
tains the detector losd resistors. A d-c voltmeter which reads
O.1 volts et helf scale, is pleced across esch load resistor to
faeclilitate adjustment of the microwave power level to the desired
operating point. The voltmeter is switched out of the circuit
during a run to avoid the recording of its microphonics.

Tne preselector permite the selection of either detector
output voltage, or permits the two output volteges to rppear si-
rmultaneously in the bucking circuit., The use of the audio bucking
clrcuit to measure crystal noise hes alreedy been described. It
will also find use in making certain f-m spectral measurements.
The latter spolication will be described in Chapter III.

An input attenustor in the preselector prevents overload of
the preamplifier. One position of the attenustor switch pernits
a calibration signal to be fed to the #nsiyzer. The resistors
which sre plsced in series with the pre-amplifier input at each
attenuator position are necessary to provide a2 200 ohmn impedﬂnce
level to the input transformer. These resistors produce no signal
attenuation because the input impedance of the transformer itself
is approximately 10,000 ohms. |

Ihe entire presszlector is housed in s mu-metal shield to
guard ageinst stray hum pickup. The cover of the shield is re-

moved during the initisl attenuator and d-c level adjustmente.
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K. The Completed Analyzer

The entire spectrum analysis equipment is shown pictorially
in Plgs. 21 and 22. The analyzer alone is shown in Fig. 21. The
circuitry has been constructed on three horizontal rack-mounted
strips. The top strip contains the pre-=smplifier, On the center
strip are the balanced mixer, i-f amnlifier, detector and Logaten
circuits. The crystel filter, which in the analyzer chain lies
between the mixer and i-f amplifier, is mounted on the bottom strip
and connected by cables to its proper circuit position. On the
left of the filter is a power control panel, which fscilitstes the
control of filament and plate supply voltages. The meter on the
control panel reads the voltage of the storage battery used to
supply d-c filament power to the pre-amplifier. To the right of
the crystal filter 1s the r-m-s indicator, connected by cable to
th.e pre-amplifier output and to the thermal milliameter which is
bracket-mounted at the top right of the analyzer chassis,

Fig. 22 again shows the analyzer, but this time with 1its
assoclated equipment. On the table holding the analyzer will be
found the Brush Recorder and Amplifiers, the system power supply
and an oscilloscope and Ballantine VTVM (both connected to the pre-
anplifier wide-band output). On the table to the left is the local
oscillator end its driving control, the frequency marker generator,
a Hewlett Packard Audio Oscillator and General Radlo llicrovolter
(for calibration), and finally, the preselector.

Chapter III will contein detalled instructions for calibrating
and running the analysis equipment as well a discussion of the
system performance. Finsally, data taken from two X-Band microwave

oscillators will be presented.
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CHAPTER III

OPERATION OF THwx SPECTRUM ANALYZER

A. Calibration and Preliminary Adjustment

Because of the linear relationship which is malntained bet-
ween the voltages in the various sections of the cpectrum analyzer,
it is necessary to calibrate the analyzer at only one point before
taking a series of runs. In addition to the calibration procedure,
other initial adjustments such as mixer balancing and driving con=-
trol adjustment will be described in this section. In the discus-
slon to follow, the four system attenuators will be designated as
follows:

Att. 1 - Input attenuator of preselector

Att. 2 - Input attenuator of mixer (located on pre-amplifier

strip)

Att. 3 - Input attenuator of i-f amplifier

Att. 4 - Input attenuator of r-m-s indicator.

An asterisk (s) will be used to mark those steps of the pro-
cedure which need only be performed if the equipment has not been

in use for a long period of time.

l. For voltage calibration, begin by inserting voltage of 562
mlcrovolts (-85 db, referred to one volt) at a frequency of 2 kc
at the "celibration input" socket of the preselector, using an
audio oscillator and a G.R, Microvolter.

2. Set Att. 1 1in "calibrate" position and all other attenuators
to "20 db", Switch crystal filter to 10 cps bandwidth,

3. Tune local oscillator until signal is indicated by the monitor

voltmeter located on the i-f strip. Adjust the i-f gain control
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to yleld a reading of 10 volts on the monitor voltmeter.
&? Switch filter to 100 cpes band width and adjust "compensator"
until monitor voltmeter egain reeds 10 volts.
5. Center the Brush Oscillogrsph pen on the Recorder tave, then
increase the calibration signal by 20 db. The gain of tne Brushn
D-C Amplifier should now be adjusted so that the recording ven lies
et the top line of the tape scele. Decressing the inout signel by
4O do at this point should cause the ven to drop 40 divisions to
the lowest line of the tape scale. If the pen does not rsst exactly
on the bottom line, adjust tne analyzer plate supply voltage until
it does., Repest stevp 3 if the plate voltage is altered.

The analyzer date is now direct reading =t one db per scale
division. Thne lowest scale line represents an input voltage of

165 db below one voit, if =211 attenustors sre =t "O db".

9? Increase the calibration signal until the Bellentine Voltmster
st the pre-amplifier output resds 1 volt. with Att. 4 =t "LO db",
adjust "meter adjust" potentiometer to yleld 1 ma. reading of the

thermal milliameter in the r-m-s indicator c¢ircuit.

{. ''he mixer should now be b=lvnced by tuning ths local oscillator
to the i-f frequency (80 ke), =nd adjusting the "fine brlance" and
"pnese belance” (and if necessary the "gain bslence") for 2 null

on tne monitor voltmeter. The filter bend is at 10 eps for step 7.

Q? Tne remaining preliminsry adjuétments sre synchronization of the
first frequency marker with the i-f frequency (as explained in Cheao.
II, section H), and positioning of the bronze riders on the local
oscillator diels so that the motor driving control performs the
functions explained in Chapter II, section G. The azlow driving

speed 1is adjusted to yield =2 scale of about 10 cycl:s per divislion.
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B. Procedure for Obtaining Noise Spectra

The general arrangement of the microwave equipment necessary
for making a nolse analysis on an X-Band magnetron or klystron is
shown in Fig. 23. The directional couplers provide a convenient
means of taking power from the oscillator while causing 2 mini-
mum amount of disturbance in the maln waveguide line. Power is
megsured with a Thermistor Power Bridge.

Between each crystal rectifier and its corresponding direc-
tional coupler is an insulating section composed of a strip of mica
dielectric between two small waveguide sections., The insulating
section provides sufficient capacity to block power-frequency ground
currents which would otherwise circulate between the microwave e=-
quipment and the analyzer and appear in the recorded output,

After the microwave oscillator has been put into opsrsation,

a spectral analysis is accomplished as follows:

l. A-M Spectrum, The outout of the a-m crystal rsctifier is con-

nected to the "A-M Input" socket of the prsselector, znd the pre-
selector switch is turned to "A-M". The level of the rectified
d-c detector output voltage is adjusted to 0.1l volts using the
waveguide attenuator in the a-m line,

Attenustor 1 gnd Att. 2 are adjusted so that the overload
meter (on the pre-anplifier strip) reads below 0.9 ma. with the
meter selector switch in the "pre-amp. output" and "mixer input"
positlon, respectively. The above attenuator settings and the
reading of the r-m-s indicator should now be recorded.

A noise spectrun may now be taken using only Att. 3 to ad-
Just the level of the recorded output. As has been previously

explained, the analyzer 1s run up to 2 kc with the crystal filter

cet at a 10 cps band width. At 2 kc the drive sutomatically stovs
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to allow the band width to be changed to 100 cps and the setting
of Att. 3 to be altered, 1if necessary. The remainder of the run
is taken at a faster spsed. The reader is rsferred to Chapter II,
section G for a description of the operation of the motor driving

controls during the course of a noise run.

2, F-M Spectrum. 1In order to convert the carrier frequency de-

viation due to nolse modulestion into an equivalent amplitude mod-
ulation, a resonsnt cevity is employed. The cavity is tuned until
a peak indication is obtained on the preselector d-c voltmeter.
With the cavity in this position, the f-m wavegulde attenuator is
ad justed to yield a voltmeter reading of 0.1l4 volts. The cavity
is now detuned to the half-power point of its characteristic at
which time the voltmeter will read 0,1 volts.

All remaining operations procede as though an a-m spectrum
were being teken.

The f-m spectral data obtained should now be compared to the
a-m spectrum. If the voltsge levels of the two spectra are within
20 db of each other at any point, then the analysis should be re-
peated with both the a-m and f-m channels feeding the préselector
simutaneously, and the preselector switch set to "bucking". The

significance of this procedure will be discussed in section C-3.

3. Crystal Noise, To determine the character of the noise gen-

erated by the erystsl rectifiers, a second a-m channel is pro-
duced by remnoving the cavity from the f-m waveguides channel. The
outputs of both crystal detectors are then connected simuiltaneously
to the preselsctor, adjusted to 0.1 d=c levels, and placed in the
"bucking" arrangement. The spectrum obtained will be that of

crystal noise, as explained in Chaspter II, section J-3.
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C. Interpretation of Noise Data

l. A-M Data. The spectrum analyzer has been calibrated to yield

a minimum reading of 165 db below one volt r-m-s when all atten-
uators are in the "O db" position., The bottom line on the Brush
Recorder scale for any run will therefore represent an input volt-
age in db below one volt of 165 minus the combined r=sadings of at-
tenuators 1,2 and 3. All other scale readings are obtained by
adding one db per division to this figure,

The r-m-s wide band input voltage 1is obtained by converting
the r-m-s indicator reading to db below one volt and subtracting
from that figure the quantity 88.5 minus the combined readings of
attenuators 1 and 2, (The full gain of the pre-amplifier is 88.% db).

It was shown in Chapter II, section J-3 that the actual mod-
ulation Index is 18.5 db above the measured value of the input
signal. To obtain the r-m-s nodulstion index in db below one volt
it is therefore necessary to subtract 18.5 from the values of
input noise as calculated above,

The a=-m spectrum should be compared to the crystal noise spect-
rum to determine whether the data recorded is oscillator or de-
tector noise. The noise in a single crystal will be 3 db below
the value for two crystals in a bucking arrangement, if the cry-

stals are equally noisy.

2. FP=M Data. It is shown in Appendix III that when a deviation

in carrier frequency 1is converted to an equivalent amplitude
modulation through the use of a resonant cavity tuned to the
half-power point of its response characteristic, then zn r-m-s
modulation index of 105 db below a volt represents a deviation
of 10 cps from the carrier frequency, for sinusoidal modulation.

The f-m data 1s therefore trecated in the same manner as the
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a-m data for the purpose of computing the actursl moduiation index
for narrow-bend and wide-band date. The frequency deviastion is
computed from the modulation index using the relationship nen-

tioned sbovse.

3. Bucgking Circult Data. Because the resonsnt cavity has no

e¢ffect on the originel amplitude modulation present on the carrier
envelope, the f-m spectrun will contain 2-m dats. In gsneral if
the f-m spectral date obteined for an osctllator is at =11l freqg-
uencies at lesst 20 db above the corresponding svectral d=zts ob-
tained in an a-m run on the oscillator, then the effect of the
original emplitude modulation on the f-m spectrum may be neg-
lected.

However, where the recordings seem to be of the sone order
of magnitude, e2-m nolse voltages may be removed from the f-m
spectrum by using the audio bucking circuit as indicated in sec-
tion B-<Z. The d-c levele of the two crystal cdetectors, one of
wnich carrlies f-m data, esre adjusted to the srmne value so that
the a-m output of each detector is the same esnd 1is balenced out.
The resultant spectrum will have 2 sneller voltage mnagnitude then
an f-m spsctrun taken without the bucking circuit wherever ampii-
tude modulation was originally responsible for ths recorded date.
1t snould be polnted out however, thet if the original dote in
botn a-m end f-m spectrs represented crystal noise, then the buck-
ing circuit spectrun will have larger voltage nagnitudes, since
the noise generated by two crystsl: rather than one will now 2o~

pear at the input.
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D. System Sensitivity and Noise Figure

The minimum input noise voltage which con be msasured by the
spectrum snalyzer is limited by the noise generated in the measure-
ment equipment itself., The noise generated by the system under
different attenuator settings is shown in Fig. 24. This data was
obtained by removing the preselector from the input circuit and
terminating the pre-amplifier input transformer in 200 ohms.

Consider first the spectral data in the region up to 2 kc,
waich 1is traversed a2t a slow speed and with a2 10 cps band width,
rhe date of runs 1 and 2 in this region is the large local-oscil-
lator signal which cannot be completely balencsd out and is suf-
ficiently strong to pass throush the crystsl filter and be re-
corded. This "spillover" reduces the minimun neasuresble input
signel to about 145 db below one volt at sone points below 2 kc.
However, crystal noise and oscillator nolse in this region is 2l-
ways great enough to require that attenuator 3 be in the "20 gb"
or "LO db"™ positions, and the data of run 3 shows that spillover
has negligible effect when Att. 3 is so adjusted.

The spectral data above 2 k¢ is obtained with a faster driv-
ing speed and a2 100 cps bsnd width. Here the recorded data is
apprarently only thermsl noise in a 200 ohn resistor. The pr-nm-s
value of thermal noise voltage generated by a 200 ohm resistor
is 155 d; below one volt for a measurement band width of 100 cps.
The recorded noise voltege varies from point to point as it must
since the noise 1s a random phenomenon and measurement at a given
frequency 1is performed in a short time interval. The average level
of the data however, may be seen (run 2 shows it bsst) to be 155

db below one volt over most of the frequency range above 2 kc ex-

* Calculated by equation (1), Chapter I.
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cept at the higher frequencies where the level follows the freq-
uency response cuse of the analyzer (Fig. 11). The minimum am-
plitude modulation index which can be measured above 2 ke is there-
fore about 150-18.5 = 131,5 db below one volt, 1In all data runs
taken to date, this sensitivity was found to be sufficient.

Runs I} and 5 of Fig. 2l have been included to show the sffect
of operating the pre-amplifier filaments from an a-c source. Note
the large power-frequency voltag=ss which result.

It is of interest to compare the r-m-s wide-bsnd internal
noise generated in the pre-amplifier (referred to the input),
with the theoretical wide-band thermal noise voltage generated in
the 200 ohm input resistor. The ratlo of these two quantities is
defined as the noilse figure of the amplifier., The minimum value
of this ratio is unity, and the noise figure wiil increase as
the internal noise of the amplifier increases.

The value of thermal noise generated by a 2090 th resistor
and measured in a 60 kc band 1s, by equation (1), Chapter I,

127 db‘below one volt. (The actusl band width of the wide-band

9—::-’ 18%‘::‘
analyzer is 50 kc to 3 db points, but the effective band width,

which takes into account the contribution of frequencies beyond
the 3 db points, is gbout 60 kc.) The measured r-m-s noise is
124.5 db below one volt, The noise figure is therfore 2.% db,
or a voltage ratio of 1.35. Ths use of an input transformer in
the pre-amplifier as well as careful shielding and construction

of the amplifier are rcsponsible for the low noise figure of the

wide-band analyzer.

w Appendix I
W p . lou
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B. Noise Spectra of Microwave Oscillators

Ten noise runs on two microwave oscillators are included
here (Figs. 25 and 26) to illustrate the types of spectra which
are obtalned using the spectrum analyzer. (Due to an error in
calculation, the values of modulation index indicated in the a-m

runs are 3.5 db below the correct values.)

1, X-Band Klyston. Fig. 25 contains five noise runs taken on a

Varlan X-13 Klystron. Complete information regarding opersting
conditions and type of noise measurement made are included for
convenience below each spectrum,

Run 6 shows the noise produced in a crystal rectifier under
X-Band excitation., The audio bucking circuit was used, so thut
the spectrum shown is for two crystals, The magnitude of the
noise has the inverse=frequency dependence which was expected in
light of the discussion of Chapter I, section B-2,

Run 7 is an a-m spectrum taken with the klystron operated on
a-c filament power., Note the large hum componsnts., The low
oscillation present near 13 kc was an internal oscillation in the
anode power supply. Switching to d-c excited filament and read-
justing the anode supply slightly to remove the oscillation pro-
duced the spectrum shown in run 9. At low frequsncies, out to
about 5 ke, the noise seems to be largely hum and crystal noise,
white . above 5 kc the spectrum takes on the uniform frequency
distribution characteristic of shot noise or other electronic
fluctuation,

Runs 8 and 10 are f-m spectra taken under different oper-
ating conditions, Note that the f-m voltages are at all times
much greater than the corresponding a-m voltages, so that there

is no need to employ the bucking circuit here.
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2. X-Band lagnetron. Figure 26 contalns five noise runs taken on

a Raytheon ilagnetron.

Run 11 was included merely to show the effect of operating
the magnetron with a-c filament excitation.

Run 12 is an a-m noise spectrum. It is interesting to com=-
peare this spectrum with run 9. Up to about € ke, the two spectra
have the same character and level, but above this region although
the spectra both indicate electronic or ionic disturbances, the
magnetron noise level 1s generally lower than that of the klystron.
This is perhaps due to the partition noise effects present in the
klystron.,

Run 15, which appears to be almost the duplicate of run 12,
is an a-~-m noise svectrum taken with the power output of the mag-
netron doubled, The noise modulation has apparently remalned in-
dependent of the power output, cxcept at very low frequencies
where some of the power supply hum components have been reduced.
by the alteration of the point of operation.

Run 13 1s an f-m spectrum. Below 2 kec, the f-m spsctrun has
the same character as the a-m spectrum of run 12, sug:esting that
these noise components which are largely hum frequency phenomena,
are produced in the power supply external to the magnetron, ihe
large frequency devistion at 5 ke, on the other hand, is apparent-
ly due to some internal effect which does not effect the carrier
voltage but does produce f.m. Beyond 5 kc, the f-m noise voltagss
begin to approach the level of the a-m voltages (run 12). To
seperate the spectra, the buciking clrcuit was employed in run 1ll.
Although 1t 1s not very clear in the data, it may be observed that
above 15 ke, where the voltages of runs 12 and 13 both had values
of -145 db, the voltage of run 1l is somewhat less. Note finally

that the f-m noise in the magnetron is far less than in the klystron,
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F. Conclusion

The spectrum analyzef described in this thesis has been de-
signed and bullt primarily for the purpose of obtaining the a-m
and f-m noise spectra of microwave oscillators. Accuracies of
about 2 db are obtained in the recorded spectra, and higher ac-
curacy mey be obtained by direct calibratioh at any point, Per-
haps the most desirable feature of the znalyzer is the ease with
which a spectrum may be obtained.

The analyzer itself, with a suitsble detector, can be used
to measure the noise sidebands present on a carrier of any fre-
quency. The equipment can be used wherever a high sensitivity,
narrow-band wave analyzer is desired. The measurement of crystal
rectifier noise has already been described, and the measure@ent
of noise in vacuum_tubes and transistors are other possible ap-
plications. Voltages as low as 145-150 db below one volt can
easily be measured at any frequency from 20 cps to 60 ke.

It has been pointed 5ut that some analytical and perhaps ex-
perimental work is necessary to determine the exact significance
in terms of modulation index of the data obtained on random noise,
An analytical investigetion would also be desirable on the mag-
nitude of error which can be expected in measuring a random phen-
omenon in a narrow band width over a short time interval.

The author is hopeful that the data obts=ined with the spect-
rum analyzer in subsequent experiments will be useful in the de-
sign of low-noise microwave oscillators, and will perhaps pro-
vide a better understanding of the sources and character of noise

generation in crystal rectifiers.
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APPENDIX I

DESIGN OF A QUARTZ CRYSTAL LATTICE FILTER

A. The Quartz Crystal

The quartz crystal, shown in Fig. 27A, 1is an electromechanical
transduigr which has the property of producing a voltage across
the faces perpendicular to the electrical axis, whenever the cry-
stal is mechanically set into vibrstion. This process 1is revers-
ible, so that electrical excitation will produce mechanical vib-
rations and mechanical resonances,

The benavior of the quartz crystal, in terms of.electrical
phenomena, may be entirely represented by an electrical equiva-
lent circuit., Figure 27B shows the electrical analogues of the
quartz crystal. The two forms shown are equivalent. The form
containing L, Cy1, and Co is called the Foi%er admittance form,
while the other circuit is known as the Foster impedance form.

Many crystal cuts are possible from the raw block of quartz,
each cut having specific characteristics which make it nost sulit-
able for some crystal application, The cut shown in ¥ig., 274 1s
called the -18.5° X-cut because of its geometrical relationship
to the three axes of a quartz block. The axes are orthogonal
imaginary lines which run in specific directions within the un-
cut prismatic quartz block. The -18.5° X-cut is cenerally chosen
for filter applicetions in the high audlo and ultrasonic frequency
range because of the high-Q resonances exhibited by this cut,

The relationship between the parameters of the electrical

equivalent circuit and the physical dimensions of the crystal

as shown in Fig. 27A is given by the following formulae:

Ly = 118 E% henries (1)
C1 = .,0029 E% micromicrofarads (2)
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Co = .40 7 micromicrofarads (3)

Referring to the equivalent circuits of Fig. 27B, the para-

meters of the two forms may be shown to be related as follows:

2
Ly = Lg(Cy + Cp) (5)  ip = Lyl Ci ) (7)
2 1+ G
Cy + Cp
C,C C
A”B 0
S = 6 Cr = —(C C
Co G, + O (6) B Cl( 1 + Cp) (9)

For purposes of analysis it will be convenient to define

a ratio r, such that

Co _ Cp
r = EI = EX (10)

For the unmounted crystal, the ratio r has a definite con-
stant value of 138 (divide eq. 3 by eq. 2). Placing any capaci-
tance across the terminals of the crystal (such as the capacitance
of the crystal mount and socket), will raise the value of Co and
increase r. Furthermore, placing capacitance in series with the
crystal will lower C, and once again raise r. The minimum value
of r is therefore fixed by the crystal cut.

A more exact equivalent circuit of the quartz crystal than
that of Fig. 27B would contain a resistance in series with the
effective inductance. However, because of the high Q values
which are commonly obtained from crystal elements, only the reac-
tive elements need be considered for most analytical purposes., As
a matter of fact, it is the high values of Q obtainsble from crys-
tals, and their high stebility which makes these elements de-
sirable for filter applications.

‘Writing the driving-point impedance of the equivalent cir-

cuit in terms of real radian frequency w, yields the formula
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W (w2 - le)
Co wz(w2 - w22)

Z = -]
where
Z = impedance between circuit terminals
Co= total effective parallel capacitance (includes the
effect of any added circult capacitance)

1
Wq B e resonant freguency of circuit 12
1 LlCl = q y ( )

= antlresonant frequency of circuit (13)

Deleting the j from formula (11) gives the reactance of the
crystal network and sny added capacitance as a function of radian
frequency., The reactance equation is sketched in Fig. 27C. 1In
order to provide clarity to the curve, considerable liberty has
been taken in drawing the frequency scale. Numerical values
may help to provide perspective to the reactance-frequency curve,
For the crystals used in this resesrch, f1, the resonant fre-
quency or zero of reactance might occur at 80,000 c¢ps, while the
antiresonant frequency f,, might occur at 80,100 eps, only 100
cycles removed from f1. The letter f will be used throughout to

me an g; , and denotes real freguency.

Before proceeding with a discussion of the filter itself,
one final derivation is necessary. The separation between wy

and wp 1s defined as Aw. That is,

Consider the following;
2
wo Wy & AW 2 Aw. 2
= (e - (1 -—
Wl) ( " ) (1 + w1 (15)

Since Aw 1s very smell compared to wy, eq.(1l5) becomes
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Wo 2 28w
- =1+ 16
But from equations (12) and (13)
L1Cq+(Cy *+ Cp) c
wo 2 1¥1 1 0
(—2 = =1 4+ -4 (17)
w L1C1Co %o

Combining eqgs.(16) and (17), and using eq.(10),
2Aw _

C1=1

Rewriting the above equation in terms of f, and solving for f,

yields finally the relationship

Af = .g.l (18)
r

This 1mportant relationship between Af and the ratio r in-
dicates thet the spacing between resonant 2nd antiresonsant fre-
quencies of the crystal network hes a maximum value fixed by the
crystal cut, and that this spacing may be decreased by adding
series or perallel cspacitance to the network, which as previously
explained, increases r.

There is a significant distinction between the use of a
series and a parallel capacitor in reducing Af. A cpacitor
placed across the crystal terminals will lower f,, while a
serles capacitor cannot affect the antiresonant frequency, but
will raise f1. The two critical frequencies can thus be theo-
retically moved arbitrarily close together, both being mobile,

but with direction of motion restricted as exnlained here,
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B. The Lattice Filter

The symnetrical lattice structure, which was chosen because
_it lends itself so readily to analysis, is shown at the top of
Fig., 28. The impedance Zgs which lies in the top series arm of
the lattice, has an identical twin in the bottom series arm,
Tnis is likewise true for the shunt arms which contain the im-
pedances Zb'

Because the lattice 1s a balanced or bridge-type structure,
there can be no comunon ground between input and outout circuits
as this would result in the shorting of a lattice arm.

The properties of any symmetrical two terminal-pair nstwork
may be completely characterized by two quantities known as the
image paramet%gs.

l. The image impedance Z, of a symmetrical network is the Input

‘ o
impedance presented by the network at either terminal pair when
the otner terminal pair is terainated in Zg,.

2. The image propagation function & of the network is a comolex
quantity whose real part is the attenustion loss of the network,

and whose Imaginary part is the phase, when the network is ter-

minated in its image impesdance. That is,

¥z o+ jg=ln (1) = In (11,
Lo 1o
where
¥ = 1lmage propagation function
o = attenuation loss

phase

>
T

input voltage and current, respectively

B,,1,
i1
BgsIo = output voltage and current, respectively,
when the network 1s terminated in 1ts 1mage impedance Z,.

For the symmetrical lattice, the 1mage parameters turn out
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to be very simple functions of the series and shunt impedances

Zg and Zpe. Thus,

* = 1ln P+ 1
¥ ==+ Jp o

where
’Zb
P = E; ’ ' (20)

from which the attenuation loss is given by

+ 1
& = 1n -%‘:"1—‘ (21)

The requirements for filtering action will now be discuscsed.

A region of zero attenuation will be a "flat" pass band,
provided Z, has such a value in that region that the filter can
be properly terminated. Eq.(21) indicates that the attenuation
will be zero whenever p is imaginary. When Zg and Z), are purely ‘
reactive networks (i.e., Za,b = jxa’b where X is real), then p as
given by eq.(20) will be imaginary if Xz and Xy have opposite
algebraic signs. Under these conditions, Zy (eq. 19) will be 2
real function, and proper termination may be possible.

In a stop bend, the attenuation must be greatzr than zero,
which requires p to be real. Xz and Xp must therefore have the
same algebrasic signs., Where this is true, Z, is imsginary and
any real termination corresponds to a mismatch. The effect of
this mismatch is to introduce a "reflection loss" which is very
small coapared to the attenuation loss in the stop band, and
will be neglected.

Consideration of eq.(21) will show that where p =1, that is

where Zg = Zp, the attenuation will be infinite.

Figure 28A shows how the conditions discussed above are

satisfled by using crystal elements for the serles and shunt arms
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of the lattice. The corresponding curves of attenuation and
image impedance are sketched in Fig. 28B and C.

Between zero fraquency and w1, the resonant radian frequency
of Zg, both reactances are capacitive or negative. This condition
results in a region of real attenuation. Note the peék of atten-
uation at wyg4 , where the series and shunt arm reactances are
equal. Also observe that the lmage lmpedance 1s inaginary in this
region,

If wp, the antiresonant frsquency of Zgs 18 caused to coin-
cide with w1', the resonant frequency of Zy (primes will be used
to denote all parameters relating to Z,), then a pass band will
eXist between the remaining two criticsl frequencies. The re-
actances will have opposite algebraic signs in this region and
the image ilmpedance willl be rcal., Note that although the image
lmpedance 1is real in the pass band, 1t takes on every value from
zero to infinity in that region, so that a single resistance can-
not provide a perfect match to the filter and a reflection loss
will result from such a resistive termination. The reflection
loss in the pass band may not be neglected as it was in the stop
band. The problem of providing a sultable terunination for the
filter was handled largely by experimental procedure and will be
more fully discussed in a later section.

Abdve wo', the attenuation 1s again real and conditions are

similar to those which exist below the lower cut-off frequency,

Wl.
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C. Problems of Filter Design

1l
Design formulae are available in the literature which, upon

specification of tne filter center frequency, band pasc, impedance
level and position of infinite attenuation peaks, yield the ap-
propriate values of inductance and capacitance for the crystal e-
quivalent circuit. There is one basic difficulty with such a de-
sign procedure. (nce the desired values of the circuit parameters
are calculated, there is no assurance that any crystals with such
element values can be cut. Consultation with manufacturers of
quartz crystals indicated that the situation was far more critical

than expected. The following facts were gathered at that time:

l. For any specified crystal cut and desired value of resonant
frequency, there exists a recommended set of dimensions for the
crystal blank. An attempt to alter these dimensions might have

an adverse effect on the crystal Q, assuming that the new dinensions
could be obtained at all without introducing spurious modes of
vibration.

2. Crystals with resonant frequencies very close to one another
will have dimensions (hence equivslent circuit parsmeters) which
differ very slightly,

3. Dimensions supplied foram 80 kc crystal lead to the following

approximate values of circuilt parameters:

Ly = 120 henries
C1 = +O4 micromicrofarads (mmf) (22)
Co = 5.5 mmf (holder capacity will increase this value)

It was felt that some design procedure was necessary which
would take cognizance of the highly restricted properties of the
filter crystals. The original method of analysis which was de-
veioped as part of this research will be presented in the section

to followe.
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D. Derivation of Design Procedure

It was poilnted out in section B that the pass band of the
crystal lattice filter extends from the zero of Zg to the pole
of Zp, provided the other two critical freaouencizs coincide.
However, because of the properties of the crystal cut, the spacing
between critical frequencies of a single crystal (df), has a
maximum velue determined by the capacitance ratio r for the un-
mounted crystal, 2s explained in section A, For the -18.5° X-cut
crystal, the value of r, taking into account the effect of cry-
stal mountvand holder capacity, will be about 250. Under these
conditions, the value of Af for an 80 ke crystal, given by eq.(18),
would be about 160 cycles. The largest possible pass band for a
crystal lattice filter with center frequency 80 kc would then be
obtained from a symmetrical arrangement (i.c., Af, =ATfy), and
would be about 380 cps wide.

As was pointed out at the conclusion of ssction A, it is
possibles to reduceAf by the use of external capacitors, keeping
in mind the fact that a capacitor in series with a ¢rystal raises
fl, while a capacitor in parallel lowers fo. It 1s thersfore
possible to produce filter band widths smaller than 380 cps by
many combinations of crystal critical fresquencies and tuning
capacitors., It will be shown how:zver, that the propsr combination
of the aforementioned factors is highly restricted by the type
of attenuation characteristic desired with any glven band width.

The purpose of the design procedure to bs developed is to
express the image impedance Zo and the shape of the attenuation
characteristic in terms of Afa and Afy, which are the gquan-

tities altered through the use of external capacitors in Zq and

Zps respectively,
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Although, as was pointed out in section B, the image imped-
sncs of the latlice filter varies monotnnically from zero to in-
finity over the pass band, it is of interest to decermine the nu-
merical valus of Zo at the filter mid-frequency w, rad/sec.

From equation (11), and using the notation of Fig. 28, we ob-

tain after satisfying the relation Wy = Wy o= oWl

- w (w2 -
g = _4
& jco w (we

Then by eq.(19), the image impsdance becomes

I )

wACiCoT | -(w2 - wy12)

(25)

At mid-band frequency, w = woe Making this substitution and

dividing the result by woz yilelds the image impedsnce at mid-band:

A

1 - (212
1 w0
Z.,° T /——— (26)
o owoqf oG | (mety2
Yo
From Fig. 284,
Wy = Wy ~Awy (27)
wo'ls wo + Awy (28)
where
w0>> Awa’b
so that we may write
W1 0 AVg 2 2A
()7 = (1 -258% =1 - 2Nt (29)
0 0 wo
wo! 2 Wy, 2 2 Aw
(_@_ = (1 + _ué =1 4 b (20)

Yo Wfe) bfe)
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Substituting egs.(29) and (30) into eq.(26), and writing the

result in terms of real frequency, yields finally,

VA L Afa (31)
om 2wy oy’ ATy _

It should be relterated that eq.(31l) gilves the image im-

pedance at the mid-band frequency fO only, and that the im-

pedance at any other point must be calculated using eq.(25).

Of much greater moment in the design analysis undertaken here

is the variation of attenuation with changes inAw, and Awy .

s wWhere p = ZE .
Zq

Using the values of Z, and Z, from equations (23) and (24), we find

Repeating equation (21),

_ p + 1
x = In ‘p -1

PN S (#2 - w2 (W2 - wg2) (32)

The attenuation at any point in the stop band may be determined
from eq.(32). More specifically, consider the position of a peak
of attenuation (Wi, Or W,q, in Fig. 28B). Such a peak occurs when
o 1s infinite or when p 1s equal to unity. Setting p = 1 in

eq.(32) yields

(w2 = w2) (w8 - wy12) = k(w2 - wy2)2 (33)
where c
k=20 (3k)
Co!
w=Ew

1o’ "2m
In order to obtaln the parametersAw, and[&wb explicitly in eq.

(33), use is made of eqgs.(27) and (28) to obtain

w12 = (wp -Aw&)2 » w02 - 2woAw, (35)
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wr'2 = (wy +swn)E = wal 4+ 2w Aw (36)
2 0 b 0 oA

Substituting eqs.(25) and (36) into eq.(33) yields

(w8 - w02 + ZWOAwa)(w2 - wo2 - ZWOAwb) = k(wz - wo2)2
letting x = we - woz, multiplying out and rearranging terms,

(1 - k)x2 + 2wo(Awg - Awy)x - LAWAww 2 = 0 (37)
let - éﬁg ,

K= AVg (38)

then equation (37) becomes
(1 - ¥)x% = 2wy(K - 1)Awgx - LKAw,Zwy? = O (39)

Solving eq.(39) for x, and substituting we - wo2 for x,

(-1, ® ¥ [(K-1)2 # LK(1-k)JAv,2
= Wy (40)
1=k

w? 2

—WO

Rearranging terms and writing eq.(40) in terms of real frequency,

£f = — , yields finally

2w
-
) (k-1)% ¢/ (K-1)2 4 LK(1-k)
fle, 20 = fo|fo + ATy - (41)
where Co
=9 £
k2 o1, and K--é--—E
0 Afy

The following observations, based on physical reasoning and
experiment will help to indicate the use of eq.(4l) toward the
further development of a design procedure.

l. Consider an attenuation peak on one side of the pass band, for
example f, In Fig. 28B. This peak can be made to fall anywhere
betweqn fo>' and infinity. It was found experimentally however,
that an attempt to place the peak very close to the cut-off fre-

quency will result in a filter with a very poor attenuation char-
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acteristic beyond the peak, the attenuation loss dropping:sharp-
ly past the peak to values as low as 20 db before rising again.
In fact, not until the peak lies at least 500 cycles from the
cut-off frequency, will the attenuation curve take on a satisfac~
tory overall shape for the single filter stage. A glance at the
100 cycle filter characteristic shown in Fig. 35 will illustrate

the desired chgracteristic,

2+ Let us consider physically how an attenuation pezak is obtained
in the lattice filter structure. Reference to Fig. 28 will in-
dicate that a peak occurs at the crossover points of Z, and Z,.
Since the reactance-frequency curve always has a posltive slipe,
it 1s necessary that the reactance of Zy have a smaller absolute
magnitude than that of Zy, at very low and very high frequenciles
if peaks are to occur on both sides of the pass band., However,
it may be verified by considering the crystal equivalent circuits
(Fig. 27B), and the approximate values of the parameters given by
eq.(22), that near zero or infinite frequency the behavior of the
reactance curve is determined almost exclusively by Coe In order
to obtain the required cross-over it is therefore necessary that
Co' be greater than Cps so that the resultant reactances will

have the relatibnship mentioned. This discussion seems to res-

trict the value of k = gQ' in eq.(41) to values less than unity.
0

Returning to equation (41), an attempt to make k greater than
unity will result in one of two conditions:
l. Considering the term under the square-root sign, note that if
k >1, then (l-k) is negative, However, K is always positive, so
that if k 1s so large that |4K(1-k)| > (K-1)2, then no real f will
satisfy eq.(41), and no attenuation peaks will occur.

2. If IuK(l-k)\< (K-l)2, then the term under the square-root sign
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will be positive. The resultant root however, will be smaller
than the magnitude of (K-1)., As a result, the two solutions of
eq.(41) will either both be greater or less than fO’ depending on
the magnitude of K. In other words, if k is greater than unity,
but not too much greater, bqth attenuation peaks will lie on the
same side of the pass band.

Assuming that a filter with high attenuation on both sides
of the pass band is desired, we shall eliminate values of k
greater than unity from further discussion and consider the quan-
titative effect of varying k within the range zero to unity.

Let us for the moment restrict the discussion to the sym-
metrical filter (Afa =Af, or K = 1l). Under this condition, eq.,

(4L1) becomes:

£2 = fOZt £, AL, 2 (42)

0 <JT:E
As k increases from zero to unity, eq.(l42) shows that the
attenuation peaks move from the cut-off frequencies out to zero
and infinite frequency. It has been pointed out that for suit-
able attenuation characteristics, the position of the attenua-
tion peaks should be not less than 500 cycles or so removed from
the center frequency. If we require that a filter be built with
peaks 1000 cycles from fo, and further assume that fO is large
compared to 1000 cps, as it will normally be (for this research

fy is 80 ke), then eq.(L42) may be written as

r=r.+Af (43)

0-
Y1-k

Note that wherever the spacing between fy and fhn or f2°D is small

compared to fy, then eq.(L43) will hold, and a symmetrical filter
will have attenuation peaks which are symmetrically located about

the center frequency of the filter.
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Returning to the problem of producing attenuation peaks 1000
cycles from f,, eq.(43) yields

Afgy
= 1000 cps (!
= iy

For a 100 cycle filter, where Af, = 50 cps, eq.(Lly) yields
k = 09975 ?

while for a 10 cycle filter band pass, we obtain
k = .999975

In general, k must lie between about 0.95 and 1.00 to obtain
a sultable symmetrical filter, with the required value of k draw-

ing closer to unity as the band width decreases,

The effect of making the filter unsymmetrical (K different
from unity) is to make the attenuation characteristic unsymmetrical.
That is, the attenuation peaks will not bs equally distant from foo
The extent and charscter of this effect can best be illustrated
by several examples.,

The table below gives a compsrison of the positions of flao
and foq, for K = 1 and K# 1, given by eq.(L4l). The center fre-

quency f; is 80 kc in all cases,

k Af,  Afy K o fom
9975 50 cps 50 cps 1 £y = 1000 cps £y + 1000 cps
9975 50 60 l.2  fg - 280 fo + k290
«9975 50 4o 0.8 o - 4185 o + 190
« 999975 5 cps 5 cps 1 fo - 1000 cps fo + 1000 cps
999975 5 6 1.2 fg5 - 30 fo + 4030
£999975 5 L 0.8 5 - 4030 fq+ 20

In general, if K # 1, the attenuation pezks will be shifted

up or down frequency, depending on whether K is greater or less
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than unity. For the filters discussed above, changing K by

20% moved one of the peaks too close to fO in all cases, with

the effect being worse for the narrower band width,

Summarizing the preceeding discussion, a filter with de-
sirable attenuation characteristics should have the following

properties:
Af, ¥ ALy (45)

.95 < 20 < 1.0 (146)

As the desired band width decreases, the tolerance on eq.(L45)
becounes smaller, and at the same time Cy must be more rearly
equal to Cy's. Since the capacitor Cy across a crystal has a
direct effect upon the separation between the critical frequen-
cies (A f) of the resultant network, then egs.(l45) and (46) are

not independent. Recalling eq.(18), we obtain the equations,

Af, = —=2= (47)
& op 2r or b
¢ = ' %o 8
ALy = 2o T o (L)
Then by equation (45) and using equation (10),
r=rt or 0. %! (49)
¢ c1!
Finally since C; 2 Cy' by equation (L46), eq.(49) yields
C; ¥ ¢y' (50)

This final result is highly significant since it leads di-
rectly to an extremely simple design procedure. It was mentioned
in section C that two crystals with corresponding critical fre-

quencies close to one another will have equivalent circuit para-
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meters which differ very slightly. If the values of Cy for the
lattice cfystals as originally ground could be made equal, then
the use of series condensers to satisfy eq.(50) could be avoided,
since only through the use of a series condenser can C1 of a
crystal be altered.

If no series condensers are employed however, then the re-
sonant frequencies of Z, and Z, cannot be altered., Reference to
Fig. 28A will show that the two resonant frequencies fl and fl'
(or £y) are separated by half the band width or Af., The remain-
ing question then is: How can two crystal be ground with the same
value of Cy» but with resonant frequencies Af apart? Keeping in
mind the fact that Af 1s quite small compared to the filter center
frequency f;, the answer to this question is quite simple:

The resonant frequency of a crystal network is proportional

to L by eq.(12). Therefore, by eqs.(l) and (2), the reso-
fL C
171

nant frequency is proportional to =~ , where W is the crystal

W

width times the cosine of 18,5°, Increasing the resonant fre-
quency of a crystal by Af will therefore require a small decrease
in the crystal width. If at the same time, the crystal length

is increased and/or its thickness decreased, then the %ﬁ ratio

(hence the value of Cys by eq. 2) will remain the same.

Having thus satisfied the requirements that C; = Cy's and
that the crystals for Z, and Z, are ground with resonant fre-
quencies fO - Afa and fo, respectively, it remains only to place
capacitors in parallel with Z, and Z so that the antiresonant
frequencies of the resultant networks lie at fo and fO *'Afb’
respectively., Because of the tolerances involved, final adjust-

ment of the attenuation characteristic must done experimentally.
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E. Summary of Design Procedure

This section will present the design procedure for a crystal
lattice filtsr based on the results of the analysis given in sec-
tion D, while the sectlions to follow will illustrate thes experi-
mental equipment and techniques necessary to carry out the pro-

cedure. Finally, the filter used in this research will be described.

Design of filter with band width B = 2Af, at frequency fg:

l., Crystals 1 and 2 (for Za) should have resonant frequency of
fO - Af cps.

2. Crystals 3 and 4 (for Zj) should have resonsnt freauency of
LW

fy cps, and the T ratio at crystals 1 and 2.

3. Measure Cp and Cj; of each crystal unit. The equipment nec-
essary for this step 1s described in section F.

4. Using the relationship

Cor _ fo
r = EI* = >ar (51)

calculate the total parallel capacitance (COT) necessary to place
the antiresonant frequency of each crystal Af cps above its re-

sonant freguency. Obtain COX = COT - CO for each crystal,

5. Place variable capacitor of approximate value COX across each
corresponding crystel. Using the equipment described in section
F-1l, tune capacitor until antiresonant frequency is Af above re-
sonant frequency. Place resultant units in lattice arrangement,
é. Using equipment described in section G, retune capscitors ac-

ross crystals 3 and L only to obtaln the desired attenusation

characteristic. The band width will not be effected by this step.
{. Terminste filter in double-tuned transformers which present an

impedance to the filter of approximately

o1
Zom * 2"_{‘0 Cor . (from eq. 31)

Using equipment described in section G, check filter pass band.
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F. Measurement of Crystal Parameters

In order to carry out the design procedure outlined in sec-
tion £, it is necessary to know the values of Cop end Cy for each
filter crystzl. While Gy cannot be measured directly, it may be
determined by the following procedure:

(a) Measure the crystal resonant and antiresonant frequencies,

fl and f2, respectively.

(b) Calculate Af = f5 - f3

(¢) By eq.(18), 1
T
2Aaf
(d) Measure Co

(e) Then by eq.(10),

Tnis section will describe the equipment and techniques used
to accomplish the measurement of resonant frequency, antiresonant
frequency, Cp and series resistance. The latter measurement was

made for the purpose of determining the effective crystal Q.

l. Measurement of resonant and antiresonant freguency. Fig. 29A

shows the equipment used to measure f1 and f, of the mounted crys-
tal. At resonance, the crystsl presents a minimum impedance and
the VIVM will read maximum. The reverse is true at antiresonance.
The 100 ohm resistors eliminste the effect of stray wiring capac-
ity which would otherwise reduce the accuracy of the measurement,
The General Radio 805C has a vernier dial which is calibrated to
read 8 cycles per division at 80 ke (the filter center frequency
used in this research). This dial cen be read accuretely to about
2 cycles,

The resonant frequency of the crystal has been precisely
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ground into the crystal and 1s specified by the manufacturer, so
that £ is not measured, but is used to calibrate the Signesl Gen-
erator., Because of this fact, measurements of Af, which is about
200 cycles before external capacitanée is added, may be made ac-
curately to about 2 cycles.

This equipment is also used for vreliminary tuning of the

lattice filter units as explained in step 5 of section E.

2. Measurement of Cp. It wes pointed out in section D that at

low frequencies the crystal impedence 1s essentially that of a
cepacitor of value Cy. Measurement of Co was therefore accomp-
lisned by a bridge measurement at 1 kc.

Tne appar=atus used for making the measurenent is shown in
Fig. 29B. Because of the small values of capacitance vwhich must
be measured (00537 micromicroferads), the substitution method is
used. The measurement procedure is as follows:

(a) Set Precision Condenser to some nominal value, say 100

M. Balance bridge at this point.

(b) Place crystal across Precision Condenser., It will now
be nccessary to decrease the capacitance of the Precision
Condenser by an‘amount AC in order to restore balance.

(¢) Then Co = ac.

All measurements of crystal vparameters were made with the
crystal in a bakelite socket, similar to the one used in the
final filter. The capacitance introduced by the socket, although
very small, may not be neglected compared to C, of the crystal

in its original holder.

3., Measurement of Effective Resistance. At 1ts resonant frequency,

a crystal appears as Cg in parallel with the effective resistance R,

Ly and Cy, which normally are in seriles with R, are effectively
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cancelled out by the resonance,

The velue of R is measured by the simple bridge shown schem=-
atically in Fig. 29C. The input generator is a G.R. 805C Signal
Generator which is tuned to the resonent frequency of the crystal.
Rg is a 100,000 ohm decade resistance. R, and RB-are precision
resistors of 3,000 ohms each.

The equivalent shunt capacitance of the decade box (Ceq) par-
tially balances out Cp, and the null indication on the oscillo-

scope 1is fairly sharp.

Fig. 30A shows the measured values of the equivalent cir-
cult parameters for the four crystals used in the filter described
in sections H and I.

Crystals 1 and 2 are identical crystals used in the ceries
arms of the lattice. Small varlations in the measured values of
crystal parameters for thess two crystals have been neglected,
and the average values are presented here. The same is true for
crystals 3 end L, which are the shunt arm crystals.

To account for the cepacitsnce of the bakelite crystal socket,
l.1pwf should be added to all values of perallel capacitence (Cp)
shown in Fig. 30A.

The value of inductance (Lj) was calculated from eq.(12),
which combined with eqs.(10) and (18) yields,

1
81 2riCo AT
2w L,
R

Ly (52)

The values of Q = calculated from the circuit

parameters are as follows:
For crystals 1 and 2, £ = 79,950 cps, Q = 23,000
For crystals 3 and L, fy's 80,002 cps, Q = 14,500
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G. Crystal Filter Charscteristic Display Equipment

Once the filter crystals and their corresponding parallel
tuning capacitors are adjusted to provide the positions of crit-
ical frequencies necessary to produce the desired band width
(step 5, section ), only two additional =djustments are needed
to complete the design of the lattice filter. First, the atten-
uation characteristic of the filter must be asjusted by varying
the ratio of total parallel capacitance in Z, (Cop) to that in 2,
(Cop')s as indicated by eq.(46). If the design prodedure has

been carried out as outlined in section E, then Cor and Cop' will

be very nearly equal, and an extremely small increase in COT' is
all that 1s necessary to plece the ~ttenustion peaks in their
proper position. Because of the tolerances involved, this step
must be carried out experimentally. The final filter asjustment
calls for termineting the filter so thet a flet pass band is ob-
tained over as large a range of the theoreticsl band width as
possible. Because of the behsvior of Z, over the pass band (Fig.
28C), this step must be carried out exverimentally, and some
method of observing the filter band pass as the terminating cir-
cuits are adjusted is essential to the procedure.

Figure 31 is a block disgrsm of the equipment used in the
final stages of filter design. The filter crystal and capacitor
units are placed in a lattice structure terminated in 80 kilo-
cycle double-tuned transformers. The G.R. 805C Signal Generator
is capable of being read to accurscies of about 2 cps, after
calibration with a fiiter crystal. For adjustment of the filter
attenuation characteristic, the Signal Generator 1s tuned manually
over the wide range of frequencies outside of the filter pess

band, and a Ballantine (Model 300) Voltmeter (marked "VTVM" in
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Fig. 31) 1s used to indicate relative response.

To avoid point-by-point measurement of the filter pass band
charscteristic, which would be difficult and inaccurate because
of the narrow band widths involved, the G.R. 805C is converted
to a motor-driven sweep generator. As the generator sweeps over
the pass band it generates two signals. One signal is the nor-
mal generastor output which goes directly to the filter. The
output voltage of the filter is proportional to the filter res-
ponse characteristic, Thié voltage 1s then fed to a Ballantine
(Model 300) V1IVM, which has an internal diode detector whose d-c
output 1s proportional to the voltmeter input voltage. The de-
tector output is amplified by a Brush (BL 932) D-C Amplifier (not
shown in Fig. 31), and finally fed to a Dumont 304H D-C Oscillo-
scope. Thc second generator signal is a d=-c¢ voltage proportional
to output frequency. .This voltage becomes the horizontal sweep
voltage of the oscilloscope. Thus, the frequency response curve
of the filter pass band is plotted on the oscilloscope face.

The converted Signal Generator is shown pictorially in Fig.
32, while the motor driving circuit and the sweep control are
shown in the schematic diagram, Fig. 33.

The horizontal sweep voltage is produced by a linear po=-
tentiometer which is ganged to the vernier dial of the generator,
Tne potentiometer 1is eicited by a 45 volt battery, so that as
the vernier dial rotates . to change frequency, the potentiometer
output voltage changes proportionally.

The vernier dial (marked "Carrier Frequency Increment")
is driven by a 10 rpm, single phase capacitor motor, via a
spring-loaded dial cable. Two motor speeds are provided; a slow
speed controlled by 2 Variac, to trace out the filter character-

istic, and a faster speed for retrace, during which time the
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s cilloscope trace is "blanked out',

The action of the sweep control is as follows:

Note in Fig. 32 that the center arm of the potentiometer
has been xtended and a metal rod soldered perpendicular to the
arm. The rod points downward in the picture., Note also the two
L-shaped bars at elther side of the potentiometer. These bars
are adjustable with relation to the potentiometer rod by means
of the binding posts through which the bars pass., ILet us assume
that the vernier dial is being slowly rotated counter-clockwise
by the Variac-controlled moto~, and that the filter character-
istic is being traced on the long-persistance oscilloscope screen.
The potentiometer rod is approaching the L-bar to the right of
the potentiometer. When the bar is struck by the rod, a relay
circuit 1s closed (Fig. 33) which reverses the motor, pleces the
motor directly across the line to increase the driving speed, and
finally, disconnects the potentiometer exciting voltage, there-
by "blanking out" the oscilloscope trace. The vernier dial now
rotates in a clockwise direction until the L-bar on the left
is struck, whereupon the relay returns all components to their
"trace" conditions,

By adjusting the L-bars, any band up to 1,600 cps in width,
centered at 80 ke, can be viewed. The :ariac allows the speed
to be lowered as the band width to be viewed is decreased, since
a smaller band width requires a larger signal build-up time,

After initial adjustments of sweep’width and sweep speed,
the generator runs automatically, allowing the operator to make
filter terminetion adjustments while continually observing the
filter band-pass characteristic,

It should be pointed out that the sweep generator can be

used at any frequency in the range of the G.R. 805C.
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H. The 100 Cycle Filter

It was pointed out in Chapter 1I, section D, that for pro-
per operation of the spectrum analyzer over 1ts entire frequency
range, two filter band widths, 100 cps and 10 cps, are necessary.
The design of the 100 cps filter was carried out using the pro-
cedure outlined in section E. The 10 cps filter, which uses the
same four filter crystals acs the 100 cps filter, required a more
complicated design procedure. Section I describes the 10 cps

filter.

Design of filter with band width B = 28f = 100 cps, and center

frequency fq = 80 kc.

1. Crystals 1 and 2 (for Z,) were ground with resonant frequency

f1 = fg - Af = 79,950 cps.

2. Crystals 3 =nd L (for Zp) were ground with resonant frequency
fl' - fo = 802002 cos. (This figure is within the .003% toler-
ance specified for the position of the resonant frequency.  The
two crystals, 3 and i, are identicel to a much smaller tolerance).
Although the requirement of equsal %ﬁ ratio for all crystals was
not specified at the time the crystals were ordered, the measured

values of C; and Cy' (step 3) are sufficiently close to one an-

other to permit the construction of a symnetrical filter.

3. Using the ecuipment described in section F, the values of CO

and Cy for each crystal were measured (see Fig. 30).

Crystals 1 and 2: G = . 0345 popf
Co = 8.6 PRE
Crystals 3 and 4: Cy = .0338 muuf

CO = 8.3 JL)Lf
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The values of Cj and Cp' include the capacitsnce of the bakelite
crystal socket which houses the crystal unit.

4. Using eq.(51),

r = §9L%99 .= 769 ( Af is 52 cps because fo is 80,002)

2% 52
whence,
Cop = 769 .03L5 = 26,5 pmaf
COT': 769 .0338 = 26.0 ”f
and
COx = 26.5 - 8.6 - 1709 /”ff
COX': 26.0 - 803 = 17.7/ﬁ/~f

5. Having thus calculated the approximate values of external

capacitance (Cpx) which must be added to each crystal to place
its antiresonant frequency Af above its resonant frequency, the
remainder of the design procedure wes carried out experimentally.
A variable ceramic capacitor (u-BO/ﬁpf) was placed across each
crystal. Using the equipment shown in Fig. 29A, the capacitors
were adjusted to yield the proper arrangement of critical fre-

quencies,

6. The resulting crystal units were placed in a lattice structure,
similar to the filter schematic shown in Fig. 3. The test lattice
contained oniy the 100 cycle filter components which may be iden-
tified in Fig. 3} by consulting Fig. 30B. By slightly increading
the tuning cspacitance across crystals 3 and L, a symnetrical
attenuation characteristic with peaks at about 800 cycles above
and below the center frequency and maximum attenuation of 70 db
was obtained. The characteristic display apparatus described in
section G was used to determine the attenuation curve.

The filter characteristic plotted in Fig. 35 was obtained

after the entire filter (Fig. 3l) was constructed. The presence

~

of only one attenuation peak, and the loss of 10 db of attenuation
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from the characteristic obtained in the test lattice 1s most
likely due to the stray cepacitsnce introduced by the selector
switch and 10 cycle filter components (Fig. 34). Because the
filter tuning capacitance is of the order of 2Oﬂff’ the stray
cepacitance effécts cannot be neglected, It was found that re-
moving some of the 10 cycle components from the filter circuit
resulted in a decided improvement in the attenuation character-
istic. These components, even when not connected directly into
their proper circuit positions by the~selector switch, will
place stray capacitance between each crystal and ground, and
will therefore prevent the balsncedlattice structure from pro-
viding a sharp null (peak of attenuation), Redesign of the
switching circuit to avoid components from contacting the cry-
stal terminals unnecessarily, and the use of low=-capacitance
switch elements would result in a better attenuation character-
istic. For the purposes of this resesrch, the characteristic

shown in Fig. 35 is quite adequate.

{. The final step in the design procedure calls for terminating
the filter so as to obtain é flat pess band characteristic over
as wide a range of the theoretical 104 cycle band width as pos-
sible. The image impedance at the center frequency is given by
eq.(31), which for a symmetrical filter as designed here yields,
Zom = Sy lc
0 ~or
For the 100 cycle filter, Zyy, = 75,000 ohms. By termninating
the filter in 80 k¢ tuned circuits with various impedances at
antiresonance, it was found that vrlues of termiration different
from Zoy did not alter the extent of the flat region (about 60
cps), but merely shifted this region away from a symmetrical lo-
cation about f;, The terminating circuits shown in Fig. 3l pre-

sent an impedance of 73,000 ohms to the filter.
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I. The 10 Cycle Filter

If the 10 cps filter were to be deslgned using the procedure
outlined in section E, two additional crystals (for Z,) would
have to be obtained. Crystals 3 and l, used in the 100 cycle
filter, could be used again, but crystels 1 and 2 do not have
the proper resonant frequency. It was possible however to builld
a sultable filter for this researchwith a 10 cps pass band, using
the same crystals manufactured for the 100 cps filter.

It was mentioned above that crystals 1 =and 2 do not have
the correct resonant frequency for the 10 cps filter zppliceation.
However, it was pointed out in section A that a capacitance plac-
ed in series with a crystal will raise its resonant frequency.
Consider the possibility of placing capacitance in series with
crystals 1 and 2 so as to place fy within 5 cycles of fy. Re-
ference to the equivalent circuits shown in Fig, 27B indicates
that a capacitance in series with a crystal has the effect of
decreasing Cp. Hence, by eq.(5), C; 1s likewise decreased, If
we now recall that the primary requirement for building a fil-
ter with attenuation peaks sufficiently far removed from f, to
yield a suitable attenuation curve is that all parallel cap-
acitances used in the filter elements be nesarly squal (eq. L46),
then it becomes apparent that a symmetrical filter cannot be
built. Theat is, if Cyp ¥ Cop's but C; is less than Cj3' (as a
result of the use of series capacitence in Za)’ then r>1pr!' ,
and Afp>Af, (egs. 47 and 48). It will be shown later in this
section that to design a filter with a pass bend of 10 cycles,
and Cyp = Cop's 1t was necessary to make Af, ¥ 3 cps and Afy z
7 cycles, whereby K € 2.3 (eq. L41).

Concidering eq.(l1) and the discussion of section D per=-

taining to this equation, we observe that the effect of making
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K greater than unity is to shift the attenustion peaks to the
right of where they would occur for a symmetrical filter, For
example, the table below equation (4l) in section D shows that
for k of such value that the attenuation peaks occur 1,000 cps
removed from f5 in a symmetrical filter, an asymmetrical filter
with K = 1.2 will have its attenuation peaks locnted 30 cps
below £y and L4030 cps above fy (for the 10 cycle filter). For
the filter at hand, where K ¥ 2,3, consideration of eq.(l4l) shows
that the best possible attenuation characteristic which can be
obtained will have a pesak below.fo, but can have no peak above
fo (except at very high frequencies where the peak can have no
effect on the skirts of the attenuation curve). This is exactly

the type of characteristic obtained experimentally (Fig. 35).

In order to illustrate the design of a filter using series
as well as parallel capacitances, the procedure for cslculating-
the required values of capacitances used 1in the 10 cycle filter
will be presented here. It should be pointed out that the cal-
culations presented here will be the final group in a series of
similar trial-and-error calculations which are necessary to de-
termine the values of capacitesnce which will produce a filter
with a total band width of 10 cps and with equal parallel capac-
itances in Zg4 and Zp., This procedure converges very rapidly to
the correct solution because it 1is known that,Afb is greater
than aAf,, and that Afa must therefore be less than 5 cps. At
any rate, the values calculated need only be approximate, since

all critical adjustments are performed experimentally.

l. For crystals 1 and 2 (Z4), with no sdded capacitance (except

the bakelite socket), the following values were measured:

f1 = 79,950 cps, Cqp = .0345 ﬁfi



-108-

f, = 80,105 cps, Co = 8.6 Vel

2. Using eqs.(8) and (9), the values of the parameters of the

Foster impedance form of crystal equivalent circuit (Fig. 27B),

were found as follows:

CA = Cl + CO = 8.6 + .0338 = 8.6338 /’ff (53)
cg = S0 ¢, = 2150 RS (54)
C1

2+ Assume f, = 3 cps, It is then required to nove f; from 79,950
cps to 79,999 (since fo = 80,002)., Under these conditions, the
separation‘between resonant and sntiresonant frequericies will

be
Afa" = f5 - 79,999 = 106 cps

L. By egs.(10) and (18),

= f1 0 2 CBr 2 39 (55)

e Afa" Car

wnere Cpp and Cpp are respectively the total values of Cy and Ca
which are necessary to yield a crystal unit with resonasnt fre-
quency 79,999 and antiresonant frequency 80,105. However, only
the resonant frequency 1s being altered at this point, so that
a capacitance will be placed in series with the crystal, and only
Cp will be effected. Ther=fore Cgp = Cp = ZlSOlnwf (eq. 54)

From eq. (55),

Cap = —2E o L0 568 pur (56)

r" 379

5. The value of C, before series capacitsnce is added is 8.6328
/v»f. To satisfy equation (56), an external capacitence (Cpx)
must be placed In series with the crystal. The value of Caxos

which will produce Cpq = 5‘68/ﬁff’ 1s easily calculated to be

Cax = 16.6//@*. (57)
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6. The remaining calculation involving Z, 1s the one which yields
the value of parallel capacitance which must now be placed across
the crystal and the series capacitancs C,y to move the antireso-
nant frequency of the uhit from 80,105 cps to 80,002 cps (fo).
In order to accomplish this calculation, we must revert to the
equivalent circuit involving C; and Cy. Using egs.{5) and (6)

we obtain for the crystal and series capacitance combination:

2 2
C1" = (CaT) - (5.68) = .015 /n/uf (58)
Car + Cgy 2150 + 5.68
Carlpr
oM = 5.48 mf (59)
0
Car * Cpy /-

Note that placing capacitance in series with the crystal has

lowered Cj, Cp, and Cp, but has not affected Cg-

{. To bring fp to 80,002 cps, or equivalently, to produce Afg=
3 cps, requires that the total parallel capaclitance (Cpp) across

Zg be of such value that

r = CO:_E‘ - f1 - 79!999 = 13,300 (60)
Cl 2AQAfg 2 « 3

From egs. (58) and (60), we obtain

Cop = rCy" = 200 mpf. (61)
Finally, from eqs.(61) and (59), we obtain for the value of
parallel capacltznce which must be placed across Z,,

Cox = Copr = Co" = 194.52 mpf. (62)

8. For crystals 3 and 4 (2p), requiring that Cop' = 200 ppf

(eq. 61), will yield (since Cq' = .0338 ppf)

pra _COT' 200 ggo0 (63)
C]_' 00338
whereby,
'
Afy = 1 = 6,78 cps (63)

2r!
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The total bsnd width is therefore 3 # 6.78 = G,78 cps.

9. Using the values of capacltances calculated in the previous
discussion as a guide, the actual construction of the 10 cps
filter proceeded as follows:

A ceramlc variable capacitor (5-20,@#f) was placed in series
with crystal 1 (Cpx = 16.6pwf). A 200 paf mica capaclitor was
then placed across this combination (Cqp = 195‘g7f). Using the
equipment shown in Fig. 294, the variable capacitor was adjusted
to produce an antiresonant frequency of 80,002 cps for the unit.
This process was repeated for crystal 2 (see Fig. 30B)

The units for the shunt arms (%) were produced by parallel
capecitance in the form of a IBOIU%T mica capacitor and a variable
ceram.c capacitor (u-30z¢f) placed across crystals 2 and 4. These
units were pre-tuned to antiresonance at 80,009 cps.

The filter units were then placed in a test lattice structure,
and the attenuation characteristic adjusted by tuning the capaci-
tors across crystals 3 and l.

The value of image impedance at fy, calculated from eq.(31)
is 6,850 ohms. However, no attempt was mnade to change the filter
termination from the value used in the 100 cps filter (73,000 ohms),
because the nerrow band width involved (compared to the 100 cps
case) makes the effect of varying the termination (step 7, sec-

tion H) inconsequential,

The crystal filter stage is shown schematicaliy in ®ig, 34.
Ine 10 cycle and 100 cycle tilter tuning capacitors may be iden-
tified by referring to Fig. 30B, A single rotary switch (two-
gang) accomplishes the changeover from the 10 cps to the 100 cps
band width. It was found that the 10 cps filter had a smaller

voltage output at fj than the 100 cps filter. To equalize the
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outputs of the two filters, the "compensator" vleces attenuation
in the path of the signal in the i-f strip (see Fig., 10) when
the filter is in the 100 cycle band width position. The compen-
sator is adjusted, when the analyzer is initially calibrated
(Chapter I1I, section A), to provide ecual voltage outputs at
both filter band widths for a fixed sinusoidal input signal.

A photograph of the crystal filter unit is presented in

Fig. 9 (Chapter II).

The attenuation charscteristics of the 10 and 100 cycle
filters are shown in Fig. 35, along with the response curve of
a simple tuned circuit, As explained in section D of Chepter II,
the tuned circuit, which hes a band width of 100 cps (to 3 db
points) does not have the flat pass band or the sharply rising
skirts which are cherscteristic of the crystal lattice filter.

The 100 cps filter is symmnetrical (the lack of an attenuation
peak to the right of the center frequency 1is explained in section
H). ‘1he pass band is flat (within 0.5 db) for 60 cps, and has
a width (to 3 db points) of about 90 cps. The theoreticel flat
band width of this filter is 104 cps, but the variation of image
impedance over the pass band meskes proper termination of the filter
impossible with a single resistance, so that the pass band is
flat for only about 60% of the theoretical value.

The band width (to 3 db points) of the 10 cps filter is
10 cycles, within 1 cps (measurements of greater accurscy thaﬁ
this were not possible with the equipment available, nor were
they necessary). The attenuation curve for this filter has a
peak below fo, but not above fo, as predicted by the design

analysis,
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APPZNDIX IT

ITHi IDEAL SQUARE-LAW DiTZCTOR

Consider the peak-reading detector circult shown in Fig. 6.
It will be assumed thet tne resctance of the detector load capa-
citance 1s very small compered to R at the carrier freguency, but
is very lasrge compared to R at all moduletion freguencies.
Tne rectifying element has the characteristic
1 = ke (1)
The input voltage will be assumed to be a sinusoidally mod-

uleted cerrier. That is,

Zin = B¢ (L4 m cos wypt) cos wgt (2)
= LK' cos wot (3)
wnere
E' = Be (1+ m cos wpyt) (L)
m = r-m-s modulation voltage
r-m-s cerrier voltage
and

Wo>> Wy
Under equilibrium conditions, the capsacitor will charge to
a voltage
5, = IR (5)
where I 1s the 2verage rectifier current.

lhe voltage ocross the rectifler is then

e T E' cos wot -ly (6)
and
Eg = E' cos © (7)

where 8 1is half the 2ngle of conduction per cyéle of carrier
frequency as indicated in Fig. 36.
Combining equations (1) and (6) yields
i = k (E' cos wot -£4)9, for e>0 (8)
=0 , for e<0

Letting wot = @', then the average current becomes
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Ip =1 {1 a6 =1k (B' cos o' -E,)@ ag!
v
0

sxpanding the integrand end carrying out the integration,

12 7—42
Iy :%[(% + Eg?) O + ﬁ—'—-ﬁ-@-’lﬁ- 288! sin 8] (9)
Using sin 20 = 2 sin © cos O, eqg.(9) becomes
2 =y 2
B B! ,
Iy :;% [(—5— + Eaz) ® + sin © (*z*cos e - 23 E')J (10)

Substituting eq.(7) into eq.(10) and regrouping yields

_k @ 2y _ 3 2
Iy = ﬁ-(z + 6 cos<e -~ > sin @ cos 8) E!
I, = K E'? (11)
Returning to eq.(l), another relationship 1s obtained for T'2,

E12 = ECZ (1 #+ m cos wmt)2
2

= Bg7 (1 + 2m cos wyt + mnlcos wmzt)
or approximately,

e = Ecg (1L + 2n cos wyt), for 1>>m (12)

Combining the results of eq.(1ll) and eq.(12),

2 cos wyt) (13)

Ip = K (Eg2 + 2mE,
The detector output voltage is then (by eq. 5),

By = KR (Bg2 + 2mE,2 cos wyt) (1h)

If an apparent modulation index (m,) is now defined as

r-m-s detector output voltsge at modulation freguency

ma:
rectified d=-c output voltage

then by inspection of eq.(1lh),
Zm "“\2
KR == 24

. 1 : T

That is, the apparent modulation index for a square-law de-

tector is N2 times the actual inout r-m-s modulation index.
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APPENDIX III

CONVERSION OF F.M. TO A,M. IN A RESONANT CAVITY

WWhen a wmaicrowave carrier is tuned to the slope of a reson-
ant cavity, any small deviation of the cesrrier fregquency will
be converted to an equivalent amplitude modulation of the carrier
envelope. The purpose of this appendix is to derive an expres-
sion for a given frequency deviation 1n terms of the amplitude-
.nodulation index which results from a cavity conversion. Ampli-
tude modulation present on the carrier envelope prior to the in-
troduction of the cavity will be neglected.

The resonant cavity, shown in Fig. 3/, has the sazne type
of relative response curve as does a simple tuned circuit. For
very large values of Q, which are always c¢haracteristic of X-Band
cavities, the relative response curve can easily be shown to have
the equation

v
V = max (1)

1+ jQ (;Lo- 22)

where
Wo = resonant frequency of ceovity, rad/sec.

Q = resonant frequency
bandwidth of response curve to half-power points
Substituting the velue a = ¥ 1into equation (1) yields
Wo
v = 1 (2)
Vmax 1+ JQ (9_-}._)
a

If the magnitude of the relative response is denoted by W,

s

Vmax

then by.taking the magnitude of eq.(2),

1 ]
W= (3)
‘\/Vl + Q%(a - %)2




-li8-

AV
V max

0.707 , A /\ /

Vo

Vmox

Ja\e

_T_V \V/ =

d
d
'w,t

FIG. 37 RELATIVE RESPONSE CURVE OF A RESONANT CAVITY



-119-

Consider now a carrier of such frequency fi’ that the car-
rier falls at a3, where the response is down 3 db, as shown in

Fig. 37.

From eq.(3), the response falls 3 db when

Q (a-1)=1
a

8o that
ag = l14+=—, for 32100 (L)

Assume that the carrier deviates in frequency sinusoidally

by a small amount Af. Then since fj = ¥o 55 Af, and Q >100,
2w

=8 - af (5)
fO

By inspection of Fig. 37, it can be seen that W, the rel-
ative voltage deviation, which is produced by a, the relative

frequency deviation, is given by

— AV | - | ,dw
] T | = | (= a (6)
Viax da’,|®
where (%%) is the slope of the relative response curve at the
aj

half-power point.
To calculate the slope of the response curve at the half-

power point, and thereby get AW in terms of Aa, we proceed as

follows;
We = ; 15 from eq.(3) (7)
1+Q(a~-3)
or
1l = 2(a - 12 8
o2 1+ Q(a a) | (8)

Differentiating equation (8) yields
—ow=3 W 2 -1 -2
2W ia QRS 2(a a)(1 + a” %) (9)

At the half-power point aj, the response W is equal to 1.,

vz
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Substituting this value of W, and the value of aj from equation

(4) into equation (9), and reducing yields

(2¥) z-L.20%1 , which for Q@ 100 yields
da )
ai 2 2(1+1

Q
(3

da ay ) = (10)

Jz

Bquation (10) 1is the expression for the magnitude of the slope

of the relative response curve at the half-power point. Substi-

tuting this expression into eq.(6), and making use of eqg.(5),

2 £,
Q

AV

Vmax

Af =~ cps. (11)

I'ne above reletion gives the value of a frequency deviation

in terms of the voltage deviation it produces. The spectrum
analyzer however, measures amplitude-modulation index, For a
relation between f and m (amplitude-modulstion index), we note
from Fig. 37 that the voltage output at the carrier frequency
from the resonent cavity is 1 times the maximum output voltage.

&
This fact leads to the result that

AV 1] AV
me= |2=| = =| 2% (12)
Vo| +2|Vmax
and eq.(1l) becomes
af = fon  cps. (13)
Q

For X-Band: fo = 10,000 me.

Q 5,000 (this value is sonewhat con-

servative, most X-Band cevities having larger Q values)
Assuming a modul=tion index (m) of 105 db below one volt (5.62
microvolts), eq.(13) gives 8f = 11.24 cps. In this research the

relationship Af = 10 cps for m = -105 db will be used.
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