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ABSTRACT

Conditions for maximum oscillator frequency stability when
variations occur in the circuit parameters are derived, and a method
of designing VHF transistorized crystal oscillators to mieet the con-
ditions for maximum frequency stability is given. Two 200-megacycle
oscillators were built and tested. The experimental results show that
when the derived design conditions are met, the oscillator frequency
is least sensitive to smzll changes in the circuit parameters.
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Secuon I.  INTRODUCTION

The oscillator is a basic component in almost every electronic
communication system that has been devised. A large number of
oscillator applications occur in Army missile systems, including
radar, telemetry, and guidance subsystems, as well as in associated
communications systems. The diversity of applications of oscillators
is approached by the diversity of oscillator types. These types arise
from the different active elements, feedback networks, and frequency
controlling elements, which can be used in oscillator circuits. -Some
well -known oscillator types are Colpitts, Hartley, Clapp, Pierce, and
Pierce-Miller, The active element can be a device zuch as an elec-
tronic tube, transistor, tunnel diode, field effect transistor, or a cross : -
field device. The frequency controlling elements may be suitably
arranged resistances and capacitances, inductances and capacitances,
piezoelectric crystals, or cavity structures. '

From this multiplicity of oscillator types the transistorized,
piezoelectric crystal controlled oscillator with sinusoidal output at
VHF 1is the subject dealt with in this report. This type of oscillator
offers much promise in military and space applications where small
size, weight and power, as well as frequency stability and spectral
purity under conditions of shock, vibration, temperature change, and
supply voltage variations are required.
The oscillator design method is based upon linear network theory.
Although more exact equations for the buildup of oscillations to a steady
state condition could thecretically be written using nonlinear expressions
to describe the active device, the variable terms are not easily deter-
mined and finding the solution of the resulting nonlinear differential
equations is in practicality prohibitive. Vander Pol! and others have
derived nonlinear differential equations to describe electrical oscilla-
tions which can be solved énalytically or with-computers, however, ,
accurate quantitative oscillator design information can be obtained ‘
from the linear representation where small amplitude steady state
oscillations are assumed. (See Reich.?) The effect of incremental
variations in all equivalent circuit elements is then determined.

The primary design objective is maximum frequeﬁcy stability
when variations occur in the circuit parameters: As Gartner? states,
in a physical circuit the circuit parameters will vary as functions of
a number of environmental factors. New circuit conditions for maxi-
mum’ frequency stability are derived. Other possible design objectives
such as maximum power output and efficiency of power conversion are
not considered. i



The design method to be described is formulated specifically for
frequencies above 30 megacycles. The upper limit is about 200 mega-
cycles, or the highest frequency at which quartz crystals are presently
designed for operation, Design methods that are satisfactory for lower
frequencies only give a rough qualitative understanding of the require-
ments for oscillation when applied at VHF. Factors which degrade the
usefulness of other design methods and that are benign in the method
presented here are:

1) Complex. values of transistor input and output admittance and
forward transfer admittance,.

2} Stray capacitance, lead inductance, and variation from the
nominal value of all circuit elements which cause a considerable
change from the low frequency characteristics of a network.

3) Quartz crystal characteristics resulting from the use of high
overtone crystals. :



Scction 1. GENERAL FEEDBACK OSCILLATOR CIRCUIT

A feedback oscillator may be represented as a closed-loop system
having a source of energy within the system. f{See Martin. *) Thus,
the system is capable of being unstable. When functioning properly an
oscillator will have a sinusoidal ontput of reasonably constant amplitude
and frequency. "Reasonably" can cover quite a wide range depending
on the particular application, but here the design method is to produce
oscillators having short-term frequency stabilities of at least lpplo?
(i. e., within one cycle of the frequency specified at 10 megacycles).
Frequency stabilities of this order are required in a number of missile
and space systems. The amplitude of oscillation is automatically
limited by the decrease of the forward transfer admittance (¥y) of the
active device as the amplitude of oscillations increase. (See Reich. %)
Additional amplitude stabilization is desired since amplitude stability
and frequency stability are interrelated and is provided in the design
method to be discussed. '

A generalized representation of a closed-loop system is given in
Figure l.

. + B(s)
Vi) = Gls) ——% Vp(s)
His} Vals) *— H{e)

Figure 1. Closed-ILoop System

H{s) = feedback-loop transfer function.

G{s)

il

I

open-loop transfer function,
The pertinent relations are
B(s) = Vi(s) + H(s)Va(s)

Va(s) = G(s)B(s)
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It is now possible to relate the input and output voltages in the
relation

Vo{a) = G(s)V,(s) + G(s)H(s)V,(s)

from which the closed-loop transfer function may be written.

Vals) _ G(s) " ‘ (1)

Vi(s) 1~ G(s)H(s)

The circuit will oscillate if the poles of the closed-loop transfer
function are complex conjugates, and the oscillation will be sustained
with constant amplitude if the real parts of these poles are zero. The
condition for oscillation is obtained when the denominator of Equation (1)
is equated to zero.

1 - G(s)H(s)

1l
o

L]
—

G(s)H(s) (2)
It can be seen from Equation (1) that if V,(s) = 0 as in an oscillator
and V,(s) is not zero for a finite gain G(s) it follows that {I - G(s)H(s)]
must be equal to zero.

The condition for oscillation of a closed-loop system is now
applied to the equivalent circuit given in Figure 2. This is an almost
exact representation of many oscillator circuits if the amplitude of
oscillation is sufficiently low and the reverse transfer admittance (Yr)
of the transistor is neglibibly small, The requirement of a small
amplitude of oscillation is assured by proper design, and the require-
ment for a negligible Y, is met by such VHF transistors as the 2N917,
2N918, and T2028. These transistors have reverse transfer admit-
tances of approximately one millimho.

The equivalent circuit shown in Figure 2 was chosen because of

its simplicity and its generality. The admittances Yf, Yy, Yz, and Y,
are complex in general. Y, includes the output admittance of the active
device and the admittance of any external circuitry connected directly
across the output. Y; includes the input admittance of the active device
and the.admittance of any external circuitry connected directly across
the input. The terminals marked e, b, and ¢ would be emitter, base,
and.collector respectively if the active device were a grounded emitter
transistor amplifier. '
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rr T"” "

Figure 2. Simplified Oscillator Equivalent Circuit

I the gain and feedback functions, G{s) and H(s), are expressed in
terms of the equivalent circuit parameters,

_ Vi _ /Y,
B =Yg T T Y | )
v - i 1
Gisy = wo - ZYVi (4)
ViV, I
VA SR RVA'S
Equation (2) may be written as,
=Yg 1/,
=1 . (5)
1 1 +1 .
¥, 4 ————— /Y3 ) /Y,

/Y, + 1/Y,

Equation (5) may be rearranged in the following steps:

-Y¢/Y,
Y. /Y + ¥i/Y, +1

=1

+

Y. /Yy + Yy /Y, 4 Ye/Y, 41 =0,

Y]Yz + Y1Y3 1 Y[Y; + Yij =0 . (6)
Equation (6} is the general oscillator equatjon in terms of the
equivalent circuit parameters. The equations for frequency of oscil- !

lation, condition for oscillation, and frequency stability will be derived
from this expression, : .



The admittances in the equivalent circuit of Figure 2 can be defined
in terms of the conductances, inductance, and capacitances of Figure 3.

—
Q
|
-
g
—

Figure 3. Oscillator Circuit

Using Laplace transform notation, Y,, Y,, Y;, and Yy ate defined as

Yl :Gl + Scl

Yl = Gz + SCZ

Y G; + 1—
L 3 SI.J3

Y G; + !
£ T 51

U these admittance expressions ate substituted into Equation (6),

Gy Gy - 1
G¢G + =3
G, sLy sLg ¥ s2L Ly

+ GG, +5G,C; + sG,C,y + s2C,C; +

. G, C, G; C;
G,Gj + sL, + 58G,Cy + Ly + G,Gj + L, + 8G,3C, +L—3 -'0

The result can be simplified yielding

.54(C1C2) + Bs(GICz + G,_Cl + G3cl + G3C2)+ SZ GfGa + GIGZ +

C C Gf G, G, G 1
G1Gs + =2 + GGy +—3 + s|— + =2+ J1 4 L2} =0 .
1+ Ly 23 L3) S(L3 Lf Ly L, LSLf 0 (?)



Equation (7) has the form

ags* + ags® + a2+ asta, =0
where

a; = C;C,;

a3 = GC; + G,C; + G3C; + G,C,

a, = GfG3 +G1Gz + GIG_:] + gl_ + G2G3 + _(:_2_
L; Liy
G, G (G G
M _T-‘.;+Lf +L3+L3
_ 1
Y LI

The roots can be found by application of the Routh-Hurwitz criterion.
The Routh-Hurwitz array is constructcd below.

4! . I
Ch a, a, ap
s? a,q a, 0
Agdy — a4
g2 3 za 4] ag 0
3

a
-3 (asa; — a4a;) - a3,

a
st 2 - 0 0
’ 382 T 3Ry
d,
s® ag 0 .0

The requirement for steady state oscillation is that every term in a
row of the array bé zero. This requirement’can be mct by setting the
first term in the fourth row ecqual to zero.

—:—’-(a3az T a4y) = asdg (8)
3 \ .

This is the condition for oscillation. The frequency of oscillation is
found from the last nonvanishing row of the Routh-Hurwitz array.



e (9)
3

The- roots of Equation {9) give the frequency of oscillation. Solving
for s,

gt = Taydy
A3a,; ~ a4,

—a 2033 (10)
8 =) 233, — a43,

Substituting Fquation (8) into Equation {10) yields

s =ij El:ﬂ:jw F)
3

thus, the frequency of oscillation is

W = I;l . (L)
3 .

If the coefficients of FEquation (7) are substituted into Equation (11),
the frequency of oscillation can be obtained in terms of the circuit
constants.

w = |G/La + Go/Lg + Gy/Ly + Go/Ls
Ci{Gs + Gy) + Cp{Gs + Gy)

LiCi(Gs + Gg) + L3Cy(Gs + Gy)

In a like manner, the coefficients of Equation {7) can be substituted
into Equation (8) to obtain the condition for oscillation in terms of the
circuit constants. '

{GiCz + G2C) + GiCy + GyCy) (Gst +G G, + GGy + —E—' +
3

C S :
GGy + —L—:) - CyCo{Gy/ 1y +Ga/Lg + Gi/Ly + Gp/Lj) =

(G,C; + G,C, + G,C, + GyCyp )
LaLg (Gg/ Ly +'Ga/Lg + Gy /Ly + Gp/L5)




The expression can be simplified slightly.t-l

[CI(GZ t G) + GGy + Ga)] (G4G3 + G1G; + G1Ga + GpGy) +

ct CZ Gy 2 CiC _ ~ C\Cy
Gl Ls + .G‘ZLS + L3 (Cl + CZ) Gf L3 03 Lf -
(G1Cy + GaCy + GiCy + GaCa)? _ (13)

Most oscillator designers resort to a number of simplifying
approximations when an abstruse equation such as Equation (13) is
encountered, However, it is not necessary to make those approxi-
mations or to simplify Equation (13}, nor is it necessary to use the
condition for oscillation as presented in Equation (13). Instead, it
will be shown that the same information which is contained in
Equation (6) may be used to define the condition for oscillation in a
much simpler form,

The condition for maximum frequency stability can be derived by
finding the relationship between incremental changes in the admittances
of Equation (6). The validity of the derivaticn is dependent upon the
frequency of oscillation being largely controlled by one of the circuit
admittances., In a Pierce oscillator,. changes in Y,, Y,, and Yy with
frequency are negligible compared to changes in Y, with frequency
because Y; includes a very high Q crystal, Y, is also assumed to be
a function of frequency only. Thus, any changes in the crystal branch
Y, caused by the environment are not considered.

dy o -
dY; = a—}aw : (14)

If the condition for oscillation given in Equation (6} is used to
define Y,,

-Y Yz

Y32y, 1 Y,

(15) .

Y, is expressed as a function of ‘1}1, Y,, and Yy.



The total differential of Y, is by definition,

By 0Y, dY, 6
, _ 9 Ny St (1
Ay Y AY, + HYZAYZ + oy AYe )
The partial derivatives can bé derived from .Equation. {15). '
aYJ _ _Yz (Yf + Yl + Yz) + YIYZ
&, (Ye+ Y, + Y%
oy o _hal¥pt Ya) (17)
I, T (Yf+Y, 4+ Y,)
-aﬁ= —.Yl(Yf +’Y1)z . . (18)
aYz (Yf + Yl + YZ)

an = (Yf + Yl + Yz)‘

1f the partial derivatives are substituted into Equation (16),

4y, = =Y, {Ys + Y3) AY. - Y (¥ +Y,) AY. 4
3" (Yf+Y1 ‘*"le)‘2 1 [Yf+Y1+Yz)Z z
Y, Y,
SRR R D

Dividing through by Y, and using Y5 as expressed in Equation (15) on
the right side of the equation results in

dy, _Yit+ Y. fay,) _YitYi  favp)
Yg_Yf+Y1+Y2 Yl‘ Yf+Y1+YZ Yz

Ye  favg : (20)
Ye+ Y, 4+ Y, \Yf '

When dY, from Equation (14) is substituted into Equation (20), the
relationship between small changes in the circuit parameters Yy, Y,,
and Y, and the resulting change in frequency is obtained. The partial
of Y, with respect to W must be evaluated at the quiescent frequency
{wo) and is assumed to be constant throughout the pertinent frequency
change. :

10



.

oY,

9w W = wO(A(:J) Yf * YZ (AY +
—_— T (Ye+ Y+ Y)Y 1
Y, ‘ -
Y + Yl 1 '
! (AY;) — (8Yg)  (21)

Y (Y¢+ Yy + Y;) Ye+ Y+ Y,

Hafner® derived an equation similar to Equation {20), and at this
point, separated the equation into its real and imaginary parts. He
stated that the frequency was determined only by the imaginary part
and derived conditions for frequency stability from this equation. The
entire equation will be used in this report since the coefficient of Aw
is complex. Furthermore, a change in amplitude of oscillation, which
is determined by the real part of the oscillator equation, will cause a
change in frequency because of the dependance of Y§ on the amplitude.

For any AY,, AY,, or AY;, Equation (21) shows that @ changes by
AW to maintain the equality. To have the smallest possible AW, the
Y,
dw
must be minimized., The coefficients of AY, and AY, are zero if

must be a maximum and the coefficients of AY,, AY,, and AYy

Y, = -Ypand Y, = Yy | (22)

These are the conditions for perfect frequency stability with respect
to changes in the circuit parameters Y, and Y,. Unfertunately, none
of these conditions can be met and still maintain oscillations,

If the conditions given in Equation {22) are substituted into the
condition for oscillation {Equation (15)), Y, must be equal to Y¢. This
is an impossible requirement sinte Y; has a negative real part. The
real part of Yy is necessarily nepative if Equation (22) is satisfied
because the passive elements Y, and Y, always have positive real parts.

Although the coefficients of AY, and AY, cannot be made equal to
zero, they can be made small. The condition for maximum frequency
stability then requires that the quantities (Yg + Y;) and (Y; + Y,) be
made as gmall as possible, This can be accomplished by making
B, = B, = ~Bf and G¢, Gy, and G, small., * The minimum values for
Gp, Gy, and G; are determined by the condition for oscillation given
in Equation (15),

11



The minimum value of G;, G;, and Gy can be found by first
separating Equation (15) into its conductive and susceptive components.
Substituting the relations

Y]_ =G1_ jBf

Y, = G; - B¢

v
A
H

Gf + _]Bf
into Equation (15) yields

o = Gy = iBg) (Ga - jBy)
7 7G, + G, + Gt - 1By

If Y,is separated into its conductive and susceptive components

2 F
(a6, + B(G, + G, + Gf) -~ BE(Gy + Gy)
- (Gl + Gz +Gf) H + B%

Ys

2

jBf [Gle = Bf (G + G} Gy + G Gf)] (23)
(G, + G, + Gg)2 + B

The admittance of the crystal network Y, can be bhilinearly transformed
to any point in the admittance plane where the conductive component is
positive. This will be demonstrated in Section IV. It follows that if
the real part of Y, required by Equation (23} is positive, the 'equation
can be satisfied by using the proper bilinear transformation. Since
Re (Y,)> €, Equation (23) requires

(ciG:+ B Gy + G, + Gf) - BEG, + Gy) >0,

which reduces to

BfG¢ > GG, (Gy + G + Gf) - (24)

Equation {(24) gives the condition for oscillation,

It can be seen that to satisfy the inequality for the condition Gy = 0
would require the impossible condition that G, or G, be negative.
Unless B% is considerably less than G,G,, the limiting case for Gy is
zero. Further, it may be said about the inequality that G, and G, may
be made small without limit. In an actual circuit G; and G, could not
be made zero since G, includes the transistor output conductance and
G, includes the transistor input conductance.

12



If By is zero, the inequality reduces to
Gf < - (Gl + Gz) . (25)

An increase in By from zero would require an increase in the inequality
of Equation {25). The needed increase in negative Gy soon becomes
physically impossible to achieve. The nebulous limits on B¢ when Gg¢
is negative are also dependent on the product G;G,.

The conditions for maximum frequency stability are summarized
below.

1) By = B, = -By,
2) G, and G; small,

3} Gf small but larger than zero,
or depending on the transistor parameters

1) B¢ ® B, ® B, ® 0, '
Z) Gyg slightly more ncgative than - (G, + G,).

Note that the first set of conditions involves a cancellation of
susceptances and a minimumization of conductance of the terms
(Y +Y,) and (Yf + Y,}, while the second set of conditions involves
a cancellation of conductance and a minimumization of susceptance.
These conditions for maximum frequency stability are for a Pierce
oscillator, but the same method could be used for the Pierce-Miller
* and other crystal circuits. '

Conditions for maximum frequency stahility for other oscillator . ,
equivalent circuits have been derived. Llewellyn® and Fair? derived g
circuit conditions for minimum oscillator frequency change when Tp ‘
r., and p of a triode vacuum tube vary. Oakes® derived stability
conditions for audio transistor oscillators when the transistor parame-
ters are purely resistive. Hafner® assumed a real forward transfer
admittance in his work, :

13



Sccrion 11I.  FEEDBACK OSCILLATORS

Feedback oscillators are classified according to the feedback
elements used and their position with respect to the terminals of the
active device. The Colpitts, Hartley, Clapp, Pierce, and Pierce-
Miller circuits are given in simplified form in Figure 4.

73
o [F Er e
- . w | 6 T,

COLPITTS r“ ]

HARTLEY

' Y
— 2
. AMP ‘_‘-|"‘7| —T"z
I I
CLAPP L ]
| l “lamP % | L:l_L
L \ 7 I

Y3

3 1
— | |- - —
AMP Tr,l T PIERCE~MILLER

PJERCE
Figuré 4. Feedback Oscillators

- In the original form of these oscillators the amplifier utilized a
triode vacuum tube. However, the oscillator circuits of Figure 4 may
be considered to have any type of transistor or tube amplifier, The
following discussion will be limited to the case of a single transistor
amplifier.

14
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P

A transistor amplifier may be rcpresented by the equivalent
circuit in Figure 5 if y,, is negligibly small. At VHF y;,, vz, and
¥z, are complex admittances.

e
v, it ) L Yaz| Ve
[ Y21¥ [

Figure 5, Transistor Amplifier Equivalent Circuit

The circuits given in Figure 4 may be redrawn using the amplifier
equivalent circuit The resulting circuit is given in Figure 6. The
admittances y;, ¥;, and Yy, are cither capacitive, inductive, or a quartz
crystal, depending upon the circuit under consideration.

Y3

¢ Yaz| | 1) . J2 I
FIM :

Figure 6. Transistor Oscillator Equivalent Circuit

If Y, is defined as the sum of y; and y;;, and Y; is defined as the
‘sum of y, and y,,, all the oscillator circuits reduce to the basic
equivalent circuit given in Figure 2.

When this basie eq{livaler_tt circuit is used, the {five oscillater
circuits can be classified as basically a Colpitts or a Hartley type.
A.given oscillator circuit is then said to be a Colpitts circuit if the
susceptive components of ¥ and Y, are positive and Y, has a negative
susceptance. The Clapp and Pierce circuits are, {rom this viewpoint,
the same as the Colpitts circuit. In the Hartley and Pierce-Miller

15



circuits, Y, and Y, have negative susceptances and Y, has a positive
susceptance. Cady,? Martin,? and others have classified oscillators
in this manner.

A wide range of values for Y,, Y;, Y3, and Yy may be used in any
of the oscillator circuits. There are obviously many different combi-
nations of circuit values which satisfy the condition for oscillation as
expressed in Equation (13). An equal number of combinations satisfies
Equation {15}, Thus, one is free to adjust the circuit for maximum
frequency stability. within a wide domain of possible circuit designs.

16



Section 1V,  CRYSTAL OSCILLATORS

The unique feature of the oscillators devised by Pierce and Miller
is the utilization of the piezcelectric effect. The piezoelectric effect
is the slight deformation of crystals when voltage gradients are estab-
lished in particular directions, and, conversely, a voltage gradient is
created by a deformming force. Quartz crystals are used almost exclu-
sively as the piezoelectric element in crystal oscillator circuits. By
properly cutting the quartz crystal, it can be made to have certain
resonant frequencies. The resonance phenomenon is both mechanical
and electrical because of the pievoelectric effect. The resonant quality
factor of a quartz crystal, @, is typically of the order of 10% to 105 at
VHF.

in 1918, A. M. Nicolson was the first to use a piezoelectric crystal
with electrodes attached in an oscillating vacuum tube circuit.
Professor W, G Cady independently experimented with similar circuits
in 1921. Cady discovered that the frequency stability of a quartz crystal
controlled oscillator was much greater than any other type of oscillator.
Two years later a two-electrode crystal was connected between plate
and grid of a triode by Pierce.'® Stable oscillations were observed.
Both Pierce!! and Miller!? invented oscillators having a two-electrode
crystal connected between grid and cathode. These two oscillators
are now called the Pierce and Pierce-Miller oscillators,

Figures 7, 8, 9, and 10 show the Nicolson, Cady, Pierce, aud
Pierce-Miller oscillator circuits respectively.

1
T |

Figure 7. ,Nicolson's Crystal Oscillator Cirguit
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Figure 8, Cady's Oscillator Gircuit

Figure 9. Pierce's Oscillator Circuit

I
it

Figure 10, Pierce-Miller Oscillator Circuit

In 1952, transistorized crystal oscillators were briefly described
by Oser, Enders, and Moore,}* All their oscillator circuits had a
parallel or series resonant circuit in series with the crystal. In 1953,
Sulzert proposed two oscillators, one having a crystal connected
between collector and base (see Figure K 11) and one having a crystal
connected between collector and emitter, None of these early
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investigators classified their circuits as Pierce or Pierce-Miller
oscillgtors although they were, no doubt, aware of the analogy between
the vacuum tube and transistor circuits, '

0.0l ’DF i

Figure 11. Transistorized Pierce Oscillator

By 1960, transistorized crystal oscillators had been developed
which had frequency stabilities comparable to the best vacuum tube
oscillators at frequencies below 10 megacycles. A precision oscil-
lator described by Smith!® employed a five-megacycle AT cut quartz
crystal. The circuit temperature was held constant to within + 0.1° C,
and the crystal temperature was stabilized to better than 0. (1° C by a
crystal oven, Supply voltage regulation and automatic gain control
were included. Short-time stability of Smith's oscillator was 2pplQ®
per second {(a change in frequency of 0.001 cycle at five megacycles).

Transistorized crystal oscillators at YHF, up to 200 megacycles,
have been investigated recently because of their possible applications
in single sideband systems and solid state microwaye signal sources,
(See Layden'® and Hines.'") Moderate precision oscillators at lower
frequencies without temperature control or supply voltage regulation
have been studied by several investigators. Keconjian'® built a one-
megacycle transistorized crystal oscillator which had a frequency
stability of lpplﬂ" per degree centigrade and 1pplo® per +10-percent
supply voltage change. In 1957, Witt!? repertsd.the design of a one-
megacycle oscillator with .4;31:\10a frequency change when the supply
voltage changed one pe¥cent. Knapp® and Boyle® developed oscillators
at 5.megacycles and 10 megacycles respectively. Short-time stabilities
of their oscillators were typically 1ppl0®.

Sherman®? described several transistor oscillator circuits using

quartz crystals. Sherman and others of the General Electric Company
built oscillators which operated at frequencies up to 175 megacycles.

19



In 1962, non-temperature controlled quartz crystal oscillator
design procedures were developed by Firth and Yope. 2% Their investi-
gation covered the frequency range from 1 kilocycle to 200 mega-
cycles., Test data given on three of their VHF transistorized oscillators
are +2.5ppl0%, 11.4pp10%, and +2.2ppl0% frequency change at 120, 150,
and 193 megacycles respectively for a $10-percent supply voltage change.
Total frequency change over the temperature range ~10° C to +80° C
was about ?0pp106 for the 193- and 150-megacycle oscillators.

The quartz crystal resonators commonly used in oscillator circuits
consist of a quartz crystal disk from 0, 18 to 1. 50 inches in diameter
and about 0. 005 inch thick with a circular electrode attached to each
side of the crystal disk. The crystal is mounted inside an evacuated
enclosure by clips attached to the outer circumference of the crystal
disk. Figure 12 shows a 2. 5-megacyele quartz crystal unit developed
by Bell Telephone Laboratories,

POLISHED, SHAPED
QUARTZ PLATE

NICKEL RIBBON
W=0.080
T=0.003

CENTERING
SPRING

Figure 12, 2, 5-Megacyqgle Quartz Crystal Unit Developed
by Bell Telephone l.gbouralories
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A crystal resonator always has a fundamental and overtone
responses which are integral multiples of the fundamental, as well
as spurious responses. A typical spectrum of the spurious responses
is shown in Figure 13, The magnitude and frequency of the spurious
responses are dependent upon the diameter and thickness of the
electrodes. The crystal frequency specified by the manufacturer is
either the fundamental or one of the overtone frequencies.

/] X 30
\

A
\ A VW P, g
/ 60 ©
{70
— 4 4 %
L5me 050 1.00 1.50 2.00

FREQUENCY, PERCENT AWAY FROM 1.5 mc
Figure 13, Spurious Responses of an Qscillator Crystal

Van Dyke® has shown that the electrical equivalent circuit of a
quartz crystal resonator consists of an RLC series brahch in parallel
with a capacitance (Cg) due mainly to the electrodes attached to the .
quartz. The RLC series branch elements are called the motional
impedance elements. The equivalent circuit given in Figure 14

describes the crystal resonator in the vicinity of the resonant frequency
1

. 4.2?1 -‘ngCl

. mental or overtone frequencies, but the values of the elements in the
equivalent circuit are different for cach {requency.

“This equivalent circuit also.applies at or near the {funda-

" . The calculations below show that the impedance of the c¢rystal,
when plotted in the rectangular impedance plane, is a circle. The
circular locus is traced out as frequency is varied near the series
resonant frequency of the crystal.
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Figure 14. Quartz Crystal Equivalent Circuit

Let x = wly - w_(_'l‘,_ , and using this relation the crystal impedance
}

{Z) can be expresscd as
7z o= : 1 - K - j)‘/ {26)

1
jwC _—
J °+Rl+jx

7 may be divided into its real and imaginary parts

5 . Ry, Jix-wCox®~ wCoR}
(I - wCox)? 4+ (WCoRy)? ~ (L - wCux)? + (wGoRy)*

Solving the real part for x

(1 - wCex)? + (WC Ry =

(1= wCox) = [2 - (weor,?] 7

1 R 7
_ - 12 - z] ]
where R is the real part-of Z(Z = R + jX).

Substituting x from Equation (27) into the imaginary’part of Z results in

1 - R 1 1 ) -
« P [‘ - [“Rl - f“’_"—oﬁl)'] /Z] - ve [l -2 [-]:-11‘- (wCoH.)‘J ey 3&1 - [ucoa,)"] - R}

B - WCoRY + (WCoR,J?

22



e e e e

Simpl.lication of Equation (28) yields

X =

Ry
R wco [ WCq

Equation 29) can be rearranged to give the desired form,

(x+ ) '(R Eco) (& - weoryy]

1
—_n
( (JJ CQ) R+ R (R——'z—az)

Completing the square gives

1 \2 1 Z 1' 2 3
(X + wco + IR - ZRIUJZCEO = ERIUJZC(Z) . { 0)

This is the equation of a circle in the impedance plane. A plot of
Equation {3C) is shown in Figure 15. The quantity WCq, is assumed

" to be constant for small frequency changes. (See Gerber.?*) Because

the crystal Q is very high, most of the circular plot is obta1ned by
changmg the frequency less than 0. 0l percent.

A

ANt

n

Figure 15. Crystal Impedance Plot
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A Smith chart presentation of the crystal impedance locus is
convenient for measurement and interpretation at VHF. The impedance
locus of a crystal is also a circle in the reflection coefficient plane as
depicted on a Smith chart, (See Witt.!?) This is true because the
impedance points on the Smith chart can be obtained using a bilinear
transformation to transform the rectangular impedance plane into the
circular reflection coefficient plane. The equation of the transforma-
tion is

_‘Z"ZO

k= ——
Z + Zg

(31)

where k is the reflection coefficient and Z, is the characteristic
impedance of the transmission line.

The impedance circle of the crystal is tangent to the k = 1 circle
at approximately the point Z = 0 + jX. 4. Since the impedance of the
RLC series branch is large at frequencies a few kilocycles from
resonance, the series branch is essentially an open circuit and only

the reactance {X¢p) of Cy remains.

Quartz crystal measurements at frequencies from 150 to 400 mega;
cycles were investigated by Witt. '* He plotfed measured values of the
crystal impedance at a number of frequencies near the resonant .
frequencies of the crystal on a Srnith chart and obtained a circular
curve at frequencies near each of the. crystal overtone responses as
shown in Figure 16. '

A method of plotting the admittance of érystals as frequency is
varied near the crystal resonant frequency was devised. (See the
appendix.) The admittance locus can be plotted directly on an X-Y
recorder by this method. The recorder is calibrated to plot the locus
on a-circular admittance chart which is a slight distortion of the Smith
" chart. Figure 17 gives the admittance locus of a 200-megacycle crystal

which was plotted by this method,

Hafner®® found that experimental results of § measurements on
quartz crystals at a number of frequencies indicate Q times frequency
is a constant Vi'n perfect crystals. Figure 18 shows the measured Q's
of the best AT cut crystdls available. At frequencies above 100 mega-
cyclés, the Q is not sensitive to lattice imperfections and the measured
Q's fall on the ideal straight line. However, at lower frequencies
lattice imperfections cause measured Q's to be below the straight-line
values predicted for perfect crystals., An important result of this
relationship between frequency and (¢, as pertains to crystal oscillators,
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Figure 16, Overtone and Holder Responses of a Quartz Crystal
Measured by Witt -
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Figure 18. Q of AT Cut Quartz Crystals as a Function of Frequency

is that better frequency stability can be obtained at frequencies from

1 to 30 megacycles than at VHF because of the higher Q's available.
The resonant frequency of a crystal is a function of the tempera-

ture as shown in Figure 19 for four crystal cuts. The oscillators
described in Section VI use AT optimum angle crystals. Because of
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the change in the crystal paramelers with temperature, the frequency
of oscillation of crystal oscillators is temperature dependent.
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Figure 19. Variation of Crystal Resonant Frequency with Temperature

Three methods have been used to prevent'changes of frequency
with temperature. The oldest method is to place the crystal in an
oven which keeps the crystal temperature relatively constant. An
oven is used today in frequency standard oscillators. In applications
where the additional power, weight,” and voliume of an oven are pro-
hibitive, temperature compensation is provided by mechanical forces
applied to the erystal or by a varicap-thermistor circuit. Newell??
and Rennick?® have designed temperature compensated crystal
,_oscillators using varicap-thermistor circuits. Newell achieved an
oscillator frequency stability of 2. 5ppl0? over the temperature range
-40° C to +70° C.

It was shown above that when frequency near resonance is varied
a plot of the admittance of a quartz crystal on the Smith chartis a
circle: If other circuit elements are not included iu the crystal branch,
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one would be limited, in the Pierce oscillator for example, to a condi-
tion where the value of ¥ could lie on the crystal admittance circle
and could satisfy the oscillator equation. This handicap of being
restricted to values of Y; that fall on the crystal admittance circle can
be removed by including series and parallel reactances in the crystal
branch to transform the admittance to-any desired value. Since the
transformation is bilinear the transformed admittance curve is also

a circle.

Figures 20 through 23 give some of the transformations that can
- be obtained. These curves were plotted on the admittance plotter
described in the appendix, Points marked 0 kc are at 200 megacycles.
Foints marked +1 kc are one kilocycle above 200 megacycles, and
points marked -1 kc are one kilocycle below 200 megacycles.

Figure 20 gives the admittance circles for several different values
of susceptance in parallel with the crystal. Curves one through five
were traced on the admittance plotter by varying frequency near the
resonant frequency of the crystal. Curve one was made with a capaci-
tive susceptance in parallel with the crystal. Curve two was made with
only the crystal. Curve three was plotted with an inductive susceptance
in parallel with the crystal which almost canceled the effect of Cg,.
Curves four and five were made with the same circuit as curve threce
but with more inductive susceptance in parallel with the crystal.

Figure Zl'gives the admittance circles for {ive different values
of susceptance in series with the crystal.

The curves in Figure 22 were ploited with a fixed parallel suscep-
tance and five different values of series susceptance.

The curves in Figu.re 23 were plotted with a larger fixed parallel
susceptance than that used in Figure 22 and five different values of
serieg susceptance, : .

When the frequency was constant at the crystal series resonant
frequency, the major effect of a change in parallel susceptance was
to move the adﬁittance point around the chart parallel to the constant
conductance gircles. When the frequiency was constant at the crystal
series resonant frequency, the major effect of the change in series
susceptance was to move the admittance point along a constant resistance
curve. This curve is shown in Figures 21, 22, and 23. '
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Figure 22. Admittance Circles of a Series-Parallel Circuit
Consisting of a Fixed Susceptance in Parallel with a

200-Megacycle Crystal and Alternately Five Different
" Series Susceptances
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Figure 23. Admittance Circles of a Series-Parallel Circuit

Consisting of a Larger Fixed Susccptance than

in Figure 22 in Parallel with a 200-Megacycle Crystal’

and-Alternately Five Different Series Susceptances
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The final step in the design procedure given in Section Vis to
choose a suitable transformation to place the admittance of the crystal
branch at a calculated value. ' '

In Section III it was assumed that a transistor amplifier could be
represented by the equivalent circuit given in Figure 5. This is a
two-port parameter characterization of a linear active network where
a transistor and its bias circuit form the network, The parameters
of a linear active network are determined from a set of measurements
made at the ports and no direct relation to the physical, internal
properties is considered. At given frequency, temperature, and bias
point, the two-port parameters exactly characterize the transistor.

A two-port network representation of a linear active network is given
in Figure 24. ’

I I,
f B

Figure 24. Two-Port Network

In general, any of six possible sets of parameters can be used to
describe the network. (See Gartner. 3) The admittance set of parame-
ters is chosen to simplify the oscillator design calculations and because
‘the y parameters are eashy measured on the general radio admittance
bridge. The admittance parameters of the general two-port network
of Figure 24 are defined as follows:

L | : . '
¥n = v‘— = input admittance for radio frequency short-
SO circuited output.
V, =20 ’
I .
Yiz = v—l = reverse transfer admittance for radio frequency
z short-circuited input.
v, =0 .
I
Yo = vz— = forward transfer admittance for radio frequency
1 short-circuited output,
V,=0
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1
Yzz=ﬁ

output admittance for radio frequency short-
circuited input. A

V]-‘—'O

An equivalent circuit using the above admittance parameters is given
in Figure 25. If y,, is zero, the circuit of Figure 25 reduces to the
circuit given in Figure 5,

-1 2t I

Ntz (Yar¥i2) W yz22

O O

Figure 25. Transistor Equivalent Circuit

The operating point of the transistor is chosen such that the
transistor has the desired radio frequency parameters and such that
these parameters are linear for small voltage and current variations.
The operating point will change from the design point since the operating
point is a function of quantities having unavoidable variations. These
variations occur with changes in bias supply voltage and temperature
and with component aging. Changes in temperature produce changes
in the transistor characteristics I.,, a5, and Vg and changes in the
bias resistors which in turn affect the operating pbdint of the transistor,
The small signal parameters also vary with temperature even if the.
operating point does not change. This strong tendancy of the transistor
parameters to vary would prohibit the use of transistors in high stability
oscillators without special biasing circuits. Shea® has described a
single battery bias network for stahilization of the operating point which
is employed in the oscillator circuits described in Section V. Small
variations will still occur in the transistor parameters unless the
environment is carefully controlled.

In a transisior-oscillator circuit any change in the amplifier y
parameters requires a corresponding change in the parameters of the
feedback network if the circuit continues to oscillate., This change in
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feedback network parameters is accomplished by a change in frequency
since the impedance of reactive elements in the network are functions |
of frequency. Ina crystal controlled oscillator the high Q crystal pro-
vides nearly.a.ll of the required reactance change in the feedback network
and does so with a frequency change that is only slight. Utilization of
the design conditions giving maximmum frequency stability as derived in
Section II reduces the frequency change to a minimum.

The admittance parameters of the transistor amplifier can be
modified by addi~g an admittance in one or more of the terminal leads.
(See Gartner. 3) Such a modification can be used to help satisfy the
conditions for maximum frequency stability found in Section II.
Formulas for the modified parameters y}; and y}, for the admittance {(y)
positioned as shown in Figure 26 are calculated below.

Figure 26. Modified Transistor Equivalent Circuit

The input admittance with the output short-circuited is

I3 1
= =1 o ————
yh Vi II/Y + l/Yll
‘ V=0
or
. YYn : , '
! i yn+ty ' (32)

The d'efining relation for the forward transfer admittance is

v} -1
21 ~

V : '
Y vi=0 . - -



When V3 = 0, it follows that I} = y,,V,. Consequently,

v
y-z.="“T{* o o (33)

From Figure 26 it can be seen that

Vi . Y : . (34)
Vi yu+y .

Substituting Equation (34) into Equation (33) gives

= Yay : (35
Yh e ‘ )

Equations (32) and (35} can be used to calculate the modified yy;
and y;, parameters of the two-port network., vy,; is unchanged by this
modification. .



Section V. 'DESIGN OF SOLID STATE CRYSTAL OSCILLATORS

The crystal uscillator design method is divided into design of the
transistor amplifier and design of the feedback and output networks,
The conditions for maximum frequency stability derived in Section II,
the transformations of the crystal admittance circle described in *
Section IV, and the rnodification of the transistor amplifier parameters
described in Section IV are applied.

The following procedure is for oscillators where the crystal is in
the Y;branch and the maximum frequency stability conditions B; = B, =
-Bf and G;, G,, and Gf small are used. The same general procedure
could be followed if the crystal were in the Y, and Y, branches. In that
case, other maximum frequency stability conditions would be used and
Y, would be interchanged with the branch admittance containing the
crystal everywhere they appear in the following procedure,

1. Amplifier Design

1} A transistor is selected having hkigh gain at the desired
frequency of ascillation. The gain will be sufficient if
the maximum {requency of oscillation of the transistor
is three or four times higher than the desired oscillator
frequency. Either silicon or germanium transistors may
be used, however, silicon transistors are less sensitive
to temperature changes.

2) The manufacturer's data shect usually gives a bias point
which may be used in the oscillator. A bias point may
also be chosen by observing the transistor characteristics
‘on a curve tracer and picking a point on the curves where
B is high-and the curves are linear.

3) Eithér a grounded base or grounded emitter-amplifier
configuration is chosen.

4) The transistor admittance parameters are measured at -
the bias point selected above and at the desired oscillator
frequency. The amplitude of the signal applied to the
transistor by the measuring instrument should be less than
10 imillivolts.

5) A bias network required to establish the bias point is then
designed. Several different bias networks may be used.
A good type network and a simple procedure fur calculating
the resistor and supply voltage values are given in

Section VI. . - e -
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6)

The transistor amplifier parameters are modified to
make G, and Gy smaller by placing the admittance {v)

in series with the amplifier input. yj, and y}; are calcu-
lated using Equations (32) and (35) respectively.

2. Feedback and Output Network Design

1)

.2)

The design condition B, = —By is.first applied. The
forward transfer admittance is defined by

Yf =yl = Gf + jBf. The admittance Y,, as defined in
Section II, is the output admittance of the transistor
amplifier plus the total admittance (Yg) which is connected
directly across the output of the amplifier., The oscillator
load is included in ¥,. :

Yy =y + Yo
or in terms of the conductive and susceptive components
Y‘ = Gzz + GO + szz + jBo ) (36)

The design condition requires

Bo = -Bf - By, o (37)

The value required for B, is calculated using Equation (37).

Gy should be small for best frequency stability; however,
as G is made smaller, power output decreases. Ten
millimhos was found to be a reasonable value for G5 in

- the oscillators built.

Once G, and By are determined the output net'vork is
adjusted to the desired admittance. One type of output
network is given in Figure 27.

. Ly

~
"

R

Figure 27. Output Network
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The capacitor Cy, is a blocking capacitor. Ry, is the
load resista}nce. If Ry, is known, the required values
for L, and L, can be determined with the aid of a Smith
chart. First, the load resistance point and the Y, point
are marked on thne Smith chart normalized with respect
"to Ry as shown in Figure 28. A circle is drawn in on the
chart having the same radius as the unit constant resistance
circle on which Ry, lies and tangent to the outermost circle
at the zero reactance point. The intersection of this drawn-
in circle and the constant conductance circle on which Yq
lies determines the value for I.,. The susceptance of L,
is equal to the difference between the susceptance at the
peint of intersection and the susceptance of Y,. Next,
draw a line, as shown in Figure 28, through the point of
intersection and the center of the chart. The point of
intersection of this line with the constant resistance circle
on which Ry lies determines the required reactance of L.
In some cases L; and/or L, may nced to be replaced by
capacitances.

L, and L, are measured on an admittance bridge and then
Yo is measured on the admittance bridge after the network
is connected. The circuit susceptances can be varied over
a wide range by varying the lead lengths to obtain the '
desired value. The output network should be connected
into the circuit with the same lead lengths and position of
components as when the admittance measurements were
made. '

3} Y, is calculated using Equation (36).

4) The admittance connected across the amplifiers input
needs to be only a susceptance, therefore '

Y; =yly + iBcz . {38)
‘or

Y,

11 + JBlh + jBea

The design condition requires
Bl = Bil + BCZ = "Bf

.. —— - .-

. — BCZ = "'Bf - Bh o ) (39)
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* Figure 28. Graphical Construction for Design of an Output Network
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5}
6)

7)

8}

9)

The value required for B¢, is calculated using Equation (39).
The susceptance B, is measured on an admittance bridge
and adjusted to the required value. The comments above

on measurements and connections apply equally here.

Y, is calculated using Equation (38).
Y; is calculated using Equation {15).

Y3 is measured on the admittance plotter and adjusted to
the value calculated above, Y; is the transformed crystal
admittance. The discussion on transformations of the
crystal admittance circles and Figures 20 through 23 are
used as aids in obtaining the desired transformation.

Y, Y;, and Y, are connected to complete the oscillator
circuit,

The circuit will oscillate near the crystal resonant

frequency. Adjust the frequency slightly by varying the
series element in the crystal network. :
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Scciion V1. DESIGN TEXAMPLES

The design procedure given in Section V was used in the construc-
tion of a Pierce oscillator. Figure 29 shows the oscillator circuit.
A T2028 transistor, in a common emitter configuration, was chosen
as the active element for the oscillator. The T2028 is a germanium
PNP transistor designed for use as a VHF or UHF amplifier, and has
a maximum frequency of oscillation of typically 1600 megacycles. The
quartz crystal is a nineth overtone 200-megacycle crystal manufactured
by the McCoy Electronics Company.

RFC

l_\“w’—o ~17vde

7.5pf

‘[—H;—O-

47k

35k

Figure 29. 200-Megacycle Crystal Oscillator

The transistor was biased by the circuit shown in Figure 30. Shea?
described this type bias circuit, which helps stabilize the transistor
cperating point against changes in temperature and supply voltage. The
bias peint recommended by the trangistor manufacturer (Vees = -1lv,

I. = 1.5 ma) was chosen. To determine the bias resistors and supply
voltage values required to establish this bias point, the Thevenin
equivalent for Eg4. and the voltage divider R, — Rp was first found.

v —



The Thevenin voltage (Ey) is

_ _EdcRp ' 40
EI—Ra+Rb ( )

The Theveénin resistance (R,) is

_ RaRp 41
B v oy (1)

Figure 30. Shea Bias Circuit

Figure 30 is redrawn in Figure 31 using the Thevenin equivalent for
E4c and the voltage divider portion of the circuit. )

Figure 31. Equivalent Bias _Circu..it_;‘

Angelo:“j has shown that the ratio ;—l should be small for good bias
[

point stability. Accordiug‘ly, a value of five was cl%osen for the ratio.

4.
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So that no appreciable conductance would be added across the input
of the amplifier by the bias circuit, a value of 20 kilohins was chosen
for R,. Any conductance. added across the amplifier input will reduce
frequency stability, as shown by the conditions for maximumn frequency
stability, and will reduce the gain of the amplifier by allowing part of
the input current to flow through the added conductance rather than into
the base of the transistor.

1

R, was calculated by substituting R, = 20 kilohms into the ratio

= :
—1 -

The resultiné value for R, was four kilohms,
Substitution of the circuit quantities into the equation
Ege ® jReIc + Vee
r_esulted in a value of ~17 volts for the supply voltage (Eg¢).
E, was ca.lcglated using the equation
E; = Rl + IpRy
E, wa‘s found t;J be 7.2 volts. The E; and Egc values were substituted
into Equation (40), and the R, value was substituted into Equation (41).
These two expressions were solved for R, and Ry. The required

resistance values were found to be

R, = 47.3 K

I

and

Rp

u

34.8 K
Nexf, the transistor y parameters were measured at 200 megacycles
with the transistor properly biased. The measured parameters were:

-

¥y = 10 + j8. 4 millimhos
ya = 10.2 - j26 millimhos

I}

¥zz = j1. 4 millimhos

iz =0



R

The parameters were modified to help satisfy the conditions for
maximum frequency stability by placing an admittance of —j50 millimhos
in the base lead. The modified parameters were:

vy = 4.48 - j32. 3 millimhos

and

v

13.6 + j6. 8 millimhos,

vh

Since smaller conductive components are desired for y; and y,;;, the
modification gives some improvement by reducing the conductive com-
ponent of y,. However, part of the advantage of the modification is
offset by the increase in the conductive component of yy;.

‘Following the procedure given in Section V, Y, was adjusted to be
13.6 + j32. 3 millimhos in order to meet the B; = -Bf = 32. 3 millimhos
condition for maximum frequency stability.

With a 50-ohm oscillator load the output network was adjusted to
a value of 10 + j30.9 millimhos at the amplifier output. Y, was then
equal to 10 + j32. 3 millimhos which satisfies the By = -By = 32.3
millimhos condition for maximum {rcguency stability.

The admittance of the crystal branch (Y;) was calculated, using
Equation (153, and adjusted to the value .5 - j27. 5 millimhos by varying
the variable capacitors and inductors in the crystal branch. The circuit

oscillated at 199,987,500 cycles per second when Y; was adjusted to this

value,

A second Pierce oscillator was constructed using the given design
method. The active element was a 2N917 transistor {NPN) in a grounded

‘emitter configuration. Stable oscillationa were observed at 200, 005, 500

cycles per second when the nineth overtone 200-megacycle quartz
crystal was connected.

Hf— " 7" _———— ..



Section VII. RESULT

The oscillator described in Section VI was tested to determine its
short-tirne stubility, frequency change with temperature, frequehcy
change with supply voltage, and spectral purity. Tests were also made
with the circult altered from the maximum frequency stability condition
to demonstrate the poorer stability of other designs. '

Figure 32 shows the short-time frequency stability of the oscillator
during the first 44 seconds after the supply voltage was connected. A
Hewlett-Packard frequency counter, having an accuracy of + 7ppl0%°
per second, counted the frequency over a two-second period. The
major cause of instability was probably temperature change of the
crystal, since it can be seen from Figure 33 that a change of only
0.1° C would change the frequency by 3. 3ppl10%.
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Figure 32. Short-Time Freguency Stability
of the 200-Megacycle Oscillator
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Figure 33. Frequency Versus Temperature
for the 200-Megacycle Oscillator

The measured frequency of oscillation as a function of ambient
temperature-is plotted in Figure 33. The oscillator was placed inside
a temperature chamber and temperature was measured by a thermo-
couple taped to the oscillator. Frequency was counted as in the short-
time stahbility test., The curve in Figure 33 is almost idehtical to
curve two in Figure 19, which is a plot of the crystal resonant frequency
ad a function of temperature. Thus, pracrically all of the oscillator
frequency change with temperature was apparently caused by the crystal.

Figure 34 shows the oscillator frequency spectrum photographed on-
thre Hewlett~-Packard model 85514/851A spectrum analyzer, The
measurement was made with a resolution of 1 kilocycle and a’'divper-
sion of 100 kilocycles. It can be seen that sideband noise is at least
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approximately 50 decibels below the center frequency at 15 kilocycles
away from the center frequency.
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Figure 34. Frequency Spectrum of the 200-Megacycle Oscillator

Figure 35 shows the frequency change with changes in the supply
voltage for five different values for B,. Curves are given for B, values
both above and below j32. 3 millimhos, the predicted value for maximum
frequency stability. It can be seen that the slope of the B, = 29. 4
millimhos curve is the smallest. This is the curve having B, nearest
to the predicted optimum value.

The frequency change with change in supply voltage for five
different values of B, is shown in Figure 36. Curves are given for
B, values both above and below j32. 3 millitnhos, the predicted value
for maximum frequency stability. .Again the experimental curves have
a minimum slope near the predicted value for maximum frequency
stability. ' ' ' '
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Section VI CONCLUSION

The method of designing transistorized, crystal oscillators at
VHF was found to be accurate and practical. The expeiimental results
show that when the derived design conditions for maximum frequency
stability, By = B, = By, are et the oscillator frequency is least
sensitive lo changes in the supply voltage.  This indicates that the
oscillator has maximum frequency stability with respect to changes in
the circuit parameters, Y,, Y,, and Yy, since the eftect of a supply
voltage change is to change the transistor parameters.

There was an improvement by a factor of three in frequency
stability with temperature and supply voltage change over oscillators
designed by Firth and Yope.?* Very little other experimental data on
VHF crystal oscillators has been published which can be compared
with the data given in Section VII.

A crystal oscillator operating at 200 megacycles was designed
using the metbod described. This frequency was chosen because it
is the highest frequency that crystal manufacturers specify for operation
of their crystals. However, the design nmelhod could be used at higher
frequencies. Crawford® and Witt'? have observed crystal overtone
responses above 200 megacycles. Also, it can be seen from Figure 18
that a (Q of 26, 000 is possible at 500 megacycles. This is sufficiently
" high to assure a frequency stability greater than can be had with other
types of oscillators at this fregquency. Thus, it apparently would be
. feasible to build crystal oscillators operating at frequencies up to
500 megacycles or possibly higher using the method given. The tnethod
might be applied in the microwave region to oscillators contralled by
crystalline materials having higher Q's than quartz.. Yttrium irén
garnet, for example, hag a  almost 10 times higher than can be
obtained with quartz at microwave frequencies, (See CGultwein, 32)
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Appendix. ADMITTANCE PLOTTER

The admittance plotter was devised so that the crystal branch
admittance could be accurately and speedily determined. With the
system shown in Figure 37, the crystal or crystal branch admittance
was instantaneously plotted as a function of frequency simply by varying
the frequency of the signal generator. Corresponding frequencies were
read from the frequency counter. The admittance was plotted on a chart
which is slightly different from a Smith chart. The special admittznce
chart was drawn to make the calibration of the system easier. A com-
plete discussion of the theoretical basis and calibration procedure for
the admittance measurement system is given in a previous report. 33

Power applied to the crystal during measurermnent was less than
0.1 milliwatt.
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