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AUTHOR'S SUMMARY

Quartz oscillators, used for aerospace applications, are subjected to very
severe environmental conditions, particularly as far as accelerations and vibra-
tions, which can be periodic or random, are concerned. The main effect of these
disturbances is to modify the natural frequency of the resonator and thus to

cause frequency instabilities in the oscillator.

In this paper the quartz resonator is studied both by itself, as a passive
element placed in a transmitting circuit, and installed in an oscillator, which

is its normal condition of usage.

The accelerations to which the resonators were subjected were steady state,
sinusoidal or random. The orientation of the acceleration relative to the quartz

crystallographic axis, as well as its direction, are of prime importance.

The same tests were performed on oscillators containing the resonators
previously studied. The results confirm the part played by the resonator in the
degradation of the stability of a quartz oscillator subjected to external

disturbances.
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INTRODUCTION

The primary standard used at the present time for frequency measurement is
the caesium clock. In general, atomic oscillators are used as primary frequency
standards. However, recent progress into the long-term stability of quartz
oscillators has given them performances which approach, closely, those of quantum

oscillators,

Time-frequency systems have numerous applications such as for aerial and
maritime navigation, anticollision systems, flights in formation, navigation
satellites, all of which require frequency standards to be fitted to terrestrial
or spacecraft., The necessary conditions of volume, weight and, also, price,
allied to their excellent characteristics, lead to a preference for quartz

oscillators rather than atomic oscillators.

Aerospace applications of quartz oscillators necessitate the study of the
influence of the environment on oscillator stability. The main disturbances,
accelerations and vibrations, mod:fy the oscillator characteristics by their

effects on the quartz resonator.

This paper begins by referring to the general, nonlinear theory of an elastic
body subjected to a predeformation. This theory allows us to give an interpreta-

tion of the experimental phenomena observed.

The first part of the experimental study deals with the influence of
steady-state, sinusoidal or random accelerations applied to the resonator alone.
In all cases a disturbance of the resonator frequency was seen. The problem of

crystal suspension is approached from the very particular case of two supports.

The second part is devoted to the use of the resonator in an oscillation
loop. The oscillator so formed is subjected to the same disturbances as was the

resonator.

All the results confirm the role of the resonator in the degradation of the

stability of a quartz oscillator subjected to external disturbances.

Part | - STUDY OF THE RESONATOR SUBJECTED TO ENVIRONMENTAL CONDITIONS

Chapter | Theoretical aspects of the phenomena

The acceleration applied to the resonator caused prestreses and predeforma-
tions due to the internal forces and surface stresses (these latter being due to
the fixing points). In the case of a steady acceleration these prestresses are

purely static, From the mathematical point of view this is almost true, also,




the sinusoidal or random accelerations since their maximum frequencies (5000 Hz)

are still small with respect to the natural frequency of the resonator (5 MHz).

This problem is analogous to that of the application of an external, static

stress to the crystal, as mentioned by P.C.Y. Leel or to the problem of thermal

stresses,

In this study we use the nonlinear relationships for quartz developed by

)
R.N. Thurston”,

Three states of the crystal will be distinguished:-

- the natural state where the crystal is not subjected to any force.

= the initial state where the crystal is subjected to a static prestress.

= the final state where a dynamic deformation, assumed to be of infinitely-

small amplitude, is superimposed on the static deformation.

The coordinates of a point in the crystal in its three states will be

defined by ai, xi and xi » and the corresponding densities by ChY P

The static displacement can be defined as:-

U = xo= Al
i i i
The dynamic displacement as:-—
u = X, - X
i i i
and the total displacement as:-
U = A
i i i

In the final state the equilibrium equation can be written as:-

32ui T,
e = F&) v oy

where Fi represents the internal forces

and T.. the total stresses.

1]

In the natural state this equation can be written as:-

azui 3P .
B o gt g
at aj

o R

(1)

(2)

(3)

(4)

"

e el e
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7
where J represents the Jacobien determinant
‘0
I
;
Ii the same way we can also introduce
- ’\U
T (6)
»
and P.. 1is the first Piola-Kirchhoff tensor
1]
aX.
B o - —'—‘l t, (7)
1 a 5
] - 4
t. represents the thermodynamic tensions which can be related to the stresses
1)
I.. by the equation
1]
t = J Rek (8)
St 1]

[he thermodynamic tensions have considerable magnitudes since it is through

them that the normal elastic coefficients are introduced.

t,., = (&&— (9)

where ¢ is the initial energy per unit volume

and
F
E.. = €. . -0 +-k0, n, N ik 10)
1] 1jkt kv e 1Jkimn k¢ mn 3
where M represents the deformations.
X\
The first Piola=Kirchhoff tensor l‘i.l 1s a function of the gradients
4 <
[ .\Xk/)nm only. It can also be written in the form of a series development 3
| limited to the first two terms:-
.\uk aF, .
P.. = 2 4._.___,_1.-L__ \ll\
1] 1] da ax \
m K
o -
\\‘11“/
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where Pij is the value of P,

expressed in the initial state,

ij

It we let ST

R
7 EED s .

1k jm Jx) ‘

k

J

Ja

m

the equilibrium equation (5), can be written

w JE. (X)) = JF. () +
1 X 1 x

and by putting equation (7)

X,
—— 1
L - e g e B re——
xlk‘]m 1tk jm ).lp

where is the Kronecker symbol,

ik

Ju
o
da. ikjm 3a
i m

into equation (12) we have:-

C.
Ja Jpmq
q

The equilibrium equation (13) is expressed in the natural state. It

of interest to express it in the initial state as:-

-— Ju

B. k
1skr -—

< dX
S r

| pmquyv —
e N n

{98
Jjpmq

S, &
e 1 D= .
i S e L EO I (T G T
- [\ 1 L h X
Jt
where we have let:-
B. §. + C |
1skr 1k sy 1skr
and
dX, éx dJdx. ox
C B e S k ro
iskr = 3da ya  da ya 'jpmq

18

In the case under consideration, we can consider that the accelerations

are independent of the deformations and hence:

Fold.)
L X

)
-1

B, (%)
R

pl

(12)

(13)

(14)

CI5)

(1e)

(17)

(18)

(19)
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where [ 1is the acceleration applied,

The equilibrium equation then reduces to:-—

du Ju
~ 1 ) k\ y
5 - = — | B, —_ . (20)
& 5 . ;

It Ix iskr Axr/

A particularly simple case is that of homogeneous deformation. In this

case the coefficient Bi Kr is independent of X and the equilibrium equation
5 .
can be written as:-
) )
‘-u 3-u
g
Rl x . Qn
iskr 3x 3x
at s T

This equation is analagous to that for a linear system with predeformation,
The coefficients B, simply replace the elastic coefficients C. . The
1skr ’ iskr
advantage 1s that this equation is of a general form and can thus be applied
to any elastic model subjected to prestresses due to acceleration to external

. 3
forces or to temperature gradients .,

It is now possible to consider the problem in two parts. The first part
is the study of the static deformation alone. Since the amplitude of the dynamic
deformation is very small (and this is always true, at least in part) it can be
considered to have no influence on the static deformation. This latter can then

be studied using a two-~ or three-dimensional linear model as needed.

The second part is the study of the dynamic deformation itself. This can
be treated with the aid of a one-dimensional model using equations (20) or (21)

depending upon whether the static deformation is homogeneous or not,

Let us consider the case of a quartz plate cut along AT vibrating in
shear across the thickness and let us assume the static deformation to be

homogeneous. Equation (21) reduces to:-




lIlll"llllll'..l..'lllllllll.lI B

10
The coefficient Bl’ o can be expressed by using equations (16) and (17)
as:-
BB #0.  F wg BB B
W, o o e s e T 661 | 662 2 663 3 664 4
J Blll2 = J 12 & Lbb bk 251 o Jbl + C
66
¢ ju,
+2C—53fi (23)
66 %3

where S. and T, define the deformations and static forces in single index
] 2

notation.

The vibration frequency can be written as:-

. (24)

When there is no prestress, the frequency is equal to:-

C

¢ = Zl f6 : (25)
0 EU '\/ wo
We also have:-
= = |
@, Rkl 5,) (26) %
’ .
from which we obtain:- ‘\\\?
JB. (1 =25)
£ w g 12 1% 2 ] (27)
[
The resonators used have electrodes fitted at the centres of the plates.

The plate can then be considered to vibrate mainly about its centre, and of the |
distribution of forces and static deformations, only their values at the centre
need be considered. It can be shown, easily, that if these deformations are due
to internal forces and if the resonator is symmetrical with respect to its

S and S are zero at the

principle planes (Fig 6), the deformations gl’ 2 3

3 4
tre g .
centre, as is 22
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Equation (23) reduces to:-

@ $ C Ju
- 64 4 2 .
Y Byapn . ™ Fgg kit * 'ZN b c% 5a heB)
Sic 66 66 3
H . =,
and since S, and 7::- are proportional to the applied acceleration I , we
L oda.
can write:- 4
S, = k,I (29)
4 ]
;vG
SIS k. T (30)
= S
sag 2
The relative frequency variation is then:-
£ = fu |
- = - (G 2@ e (31)
f 2 2
0 “Lﬁé 664 1 56

This follows a linear law and shows that its origin is due to the effects
of shear. It also explains why a change in the direction of the acceleration T

; s - D
produces a sign change 1n the frequency variation .,

Chapter 2 Influence of a constant acceleration on the resonator

The acceleration applied to the quartz crystal produces internal forces and
hence surface forces through the intermediary of reactions caused at the crystal
6,7

supports by the fixing points. These forces lead to static deformations of

the quartz which modify its elastic properties and also its dimensions. This

causes a variation in the natural frequency of the resonator.

2.1 Measurement principle

When the quartz crystal is at its resonant frequency, the phase difference
between the current in the resonator and the voltage applied to its terminals is
zero (provided that the effect of the parallel capacitance C0 and the parasitic
capacitances are negligible). Any frequency change leads to a phase change, and
vice versa., The principle of the method of measurement is that of detecting this
phase change, using a phasemeter which gives out a dc voltage proportional to
the phase. This voltage is used to servo the synthesiser, externally, by means of

its interpolation oscillator., The quartz crystal is excited at its resonant
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frequency by the synthesiser. However, when the natural frequency of the quartz
is altered the corresponding phase change, which is detected, allows the
synthesiser to be servoed to a new value for the quartz resonant frequency. The

frequency variations can be measured directly by using the synthesiser interpola-

tion oscillator. The phase changes can also be recorded graphically on a graph- £
plotter.
2.11 Experimental equipment } ¥
A centrifuge was used to provide the continuous acceleration, allowing up
to 100 g (g is the unit of acceleration) to be applied to the crystal. Because
of the mechanical strengths of the quartz crystal supports the tests carried out ‘
were limited to 50 g in most cases.
The test equipment is shown schematically in Fig 1. The quartz crystal 4

was excited by means of the synthesiser too close to its resonant frequency. The
level could be adjusted with an attenuator. The power amplifier had a very low
output impedance, of | &, and provided a voltage which was practically constant
at the quartz crystal terminals regardiess of the current, The resistance

R allowed the current in the quartz crystal to be measured; its value was about
50 Q2. At the resonant frequency, the designed resistance of the quartz was of
the order of several tens of ohms. The crystal was placed in a chamber thermo-
statically-controlled at the temperature of its inversion point., The temperature

stability of this chamber was within 0.01°¢C per hour.

This experimental equipment also allows the parameters of the quartz
crystal to be measured. At resonance, the phase difference between A and B is
zero, the voltage VB is a maximum and the impedance of the quartz crystal is
equal to the resistance of its equivalent circuit (Fig 2).

Measurement of the bandwidth at 3 dB gives the values of the quadrilateral

frequencies f and f._ . The selectivity coefficient, Q , can be written

1 2
as:-
L
5 fo o 190
£, - f] R, +R
Now b
Q. = 10
0 R
1
and hence LT

189;




Rl + R
=0 32
QO x R k32)
Rl + R
; = — 33
1l 2 (E,. — £.) (33)
2 1 -
. | : :
7 C [y e . (34) 1
l_, ]m:) ?
-
G 1s the interelectrode capacity and can be measured directly when the

0
quartz is at a distance from its resonant frequency. The parallel frequency

can also be used to calculate C_ :-

0
E
£
; S :
) S (> S e e\ 35
o | 2(E - £ (35)
P S
where fg 1s the series frequency (fe % fr).
When the acceleration is applied, the interelectrode capacity CO can
1 vary with crystal deformation. This variation can be related to that of the
quartz frequency.
If we let CO be the capacity for which the series frequency is:-
R2
C 1
1
£, = |+ e (36)
2m C “L]
&)
and Cé = CO + y be the capacity for which we have:- k\‘\!
R%C!
C
. 1 ’
5t o | 4 gD (37)
0 2k C ~L1
[r ]
a new value of the series frequency for a given acceleration. [
LT 6{0 = [6 = fO is related to y = Ca - CO by the equation:-
1987 /
Ly 6y
Y = 4n 7 §f . (38)
2 0
l.l
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To satisfy the experimental variations of fo (some tens of Hz), the

corresponding variations of C_. must be of the order of several hundreds or

0

thousands of picofarads. Now C0 is of the order of several picofarads. Con-

sequently, we can exclude the effect of CO as far as the variation in frequency

of a quartz crystal subjected to a continuous acceleration is concerned.

Servo principle

This equipment (Fig 3) is designed to achieve the quartz resonant frequency |
very rapidly and to follow the changes in it. For that, we used the synthesiser
interpolation oscillator which had a linear response as a function of the applied

voltage.

The modulation slope of the synthesised frequency is a function of the
modulation pulsing. We chose a frequency range cf +10 Hz for a voltage of #5 V,
and hence for Af = Sv we have S = 2 Hz/v. The time-constant of the inter-
polation oscillator is T = l/2nfC » where fc is the cut-off frequency relative

to the synthesiser modulation frequency defined at 3 dB.
fc = 100 kHz, from which 1 = 2 ps.

The phasemeter gives out a dc voltage v proportional to the phase ¢
measured at the resonator terminals. To measure the phasemeter time-constant we
applied a reference signal (5 MHz from an atomic clock) to one of the channels
and to the other channel a frequency signal, initially the same but capable of
being varied slowly. The variation in the output voltage, proportional to the

phase, is shown in Fig 4.

The operation of the phasemeter can be represented by the following
differential equations:— \\\
R'C'V' + v = K¢ (39)

where R'C' represents the time-constant of the apparatus and v 1is the signal,

a function of ¢ .

The frequency for which the phasemeter output signal is attenuated by 3 dB
is equal to about 500 Hz. The different measurement ranges for the phase cause
the coefficient K to vary. The range used, +6° for v = + 0.5 V is the most
sensitive and determines the value of K .

15 LT
K = 3 V/ird . 1897




The servo system evidently does not make an automatic search of the quartz
resonant frequency. This must be searched for by a slow, manual sweep, which is
coupled to the apparatus when the servo-tfield is entered.

At this stage, the transitory states are only attributable to those of

quartz,

2111 Experimental results

The accelerations were applied systematically for all positions of the
quartz crystal (along the ox'y'z' axes) with respect to the direction of the
acceleration. The tests were carried out with different mountings having 2, 3,

4 or 5 supports for the crystal., Fig 5 represents the resonator in its
crystallographic axes ox'y'z', We indicate the slightly convex face of the
crystal, which is a plano-convex lens of 15 mm diameter and of thicknesses

l mm and 1.65 mm. All the resonators used were cut in the AT form, which is

the one most used for the production of ultrastable oscillatore. Moreover,

this cut has the advantage of being only slightly sensitive to thermal variations.

The plane face of the quartz crystal is in the x'oz'

plane and the convex
face along oy'. The supports were fixed immaterially in the z'oy' and z'ox

planes (Fig 6).

In Fig 6 the figures in circles on each of the arrows refer to the synthesis
curves (Fig 7) of the frequency variation obtained in each case. The experimental

curves, which follow, carry the same reference numbers,

2.111.1  Resonator with two supports (No.Ol, No.5048 ENSCMB)

The curves of Figs 8,9 and 10 represent the frequency variations when the
acceleration applied was in 24 different positions relative to the crystal.
With respect to each of the two senses defined by one axis, the quartz crystal

: . e 3 o . ; : :
occupies four positions, displaced by 90 , in a plane perpendicular to this axis.

It is established that the frequency variations always have the same sign

for a given direction and sense of the acceleration.

When the sense of the acceleration is changed, whilst keeping its direction
the same (cases | and 2, or 3 and 4, or 5 and 6 of Fig 6) a change in the sense
of the frequency variation is noticed and in all cases it can be stated, defi-

nitely, that this variation is directly proportional to the applied acceleration,
LT
1897
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2.1I1.2 Resonator with three supports

This quartz crystal, in a metal box, and of industrial manufacture, shows
(Fig 11) curves of the variations in frequency of which the main characteristic

is their high degree of linearity.

2.II1.3 Resonator with four supports

This quartz crystal, No.5057, specially made and held by four supports,
shows a behaviour somewhat different as far as the relative values of frequency {
variations are concerned (Fig 12)., This effect is due to the increase in the

number of quartz crystal attachment points.

Fig 13 shows the results from an industrial quartz crystal, supported at

four points, which we subjected to an acceleration of 100 g.

It would appear that the behaviour was similar to that of the previous

quartz crystal up to 50 g, but differed above that value. The linearity dis-
appeared and the shape of the curve between 50 and 100 g can be attributed to
nonlinear effects. The different points correspond to increasing excitations of
the resonator. There would appear to be no behaviour peculiar to the large

excitations.

2.JI1.4 Resonator with five supports. No.5065 (Fig 14)

This resonator was constructed specially at the ENSCMB piezoelectric
laboratory in order to study the action of a large number of supports as well
as the influence of the positions at which these supports are attached. It
would appear that the frequency inversion disappears for the oy' axis and that
the relative values are changed with respect to the first results. All the
available evidence shows that the anchorage points of the supports play a large
part in the quartz crystal behaviour. It seems, from this example, that a care- \\\

ful choice in their positioning can give compensation for certain effects.

Remarks

(1) In the case of resonators with two supports - the type least disturbed by
the presence of fixing points - it was noticeable that acceleration along the
ox axis produced the smallest frequency variation. Now ox (or ox') is the
only axis which keeps to the original crystal symmetry. It seems, then, that

the disturbance effect is the least sensitive when it is applied along a parti-

LT
1897

cular axis of the quartz crystal.

(2) In the case of a quartz crystal with two supports, we take a mean value of

the frequency variations. The variation is reasonably linear, and we can write:-
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Af = kI’
and the values of k for curves | to 6 of Figs 8, 9 and 10 are:-
: =3 |
kl = =3 x 10 Hz/g E
R 9
k, = 4.4 x 10 - Hz/g |
; =9
ky = = 1.2 x 10 Hz/g
= 5 =3 .
k, = 1.2 x 16" Hz/g
4
-3 g
B, = 1.6 x 10 ~ Hz/g |
=3
k = 2 x 10 7 Hz/g .
6 x iz/g
The maximum value of the coefficient k was obtained for a quartz crystal ' 4
with five supports and was 0.04 Hz/g. 4
2.1I1.5 Variation of the anti-resonance frequency g
In order to provide a better definition of the quartz crystal behaviour, :

the same measurements were carried out on the parallel frequency. However,
this is not very pronounced for a quartz crystal with a small interelectrode

capacity C_ . By placing a capacity of about 10 picofarads in parallel with

0
the quartz crystal, the anti-resonance frequency is brought close to the resonant

frequency and, in particular, the minimum current in the quartz crystal is then

much more easily displaceable.

The variations in the anti-resonance frequency maintain the same character-

istics as those found previously for resonance.

Figs 8, 9, 10 and 1] show these variations for the quartz crystals

considered. ‘\‘\

By using the relationships between the resonance (wo) and anti-resonance

(wa) frequencies it is possible to check that these frequencies are identical.

If
2 1
w W e
C
0 L1 |
and
" €
P Bt
Ll('O('l
we have




P

c
0, ¥ w, <| + ,,C') ; (40)
“*0

Let m; be the new value of w, during acceleration. w; is of the form

wx(l + Sa)' where w* is the constant value of the anti-resonance frequency.
a é a

Similarly:-

' x
uJO o wo(l + L\())

G - CTU +1n)

G CZ‘)U + )

and equation (40) is equivalent to:-

C* 1
0
and hence:-
C‘* C*
W = “’6 l+'2~c_g“+”_”) +m650 1+—2—C-lgu+n—y)

v

C* (,T U]*
mi'l # wa <I + EZ%) + ma -R-g (n = v) + mBSO + (0880 ?Cg (L +n-=1y)

mgﬁg # ma 60 + TZ-(_,; [(r] - v) + 60(1 2o [ \)]

from which

ul* C*
0 1
a F W% 2cH [(”")“ i Go] '

Now 60 is small with respect to | and n and y are very small with respect

. F R ) . . =4 Ve T s
to 60 and also (,7/206 1s of the order of 10 ., Consequently it is justifiable
to write:-
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It can be seen that § 1s practically equal to the variation éo of the
a

resonant frequency and so this calculation confirms the experimental results.

All the variations in the resonant and anti-resonance frequencies show that
the effect of the acceleration on the quartz crystal i1s to cause a translation of
the 'current in the quartz crystal' curve as well as of the phase curve

(Fig 15).

2.111.6 Effect of hysteresis of the frequency variation

When the acceleration decreases the frequency does not go back to the samc
values which it had when the increasing acceleration was applied. No complete
explanation for this is given here, but it is comparable with the phenomena show
when a field is dpplicdg. [t 1s probably due to a progressive disappearance of
the stresses caused by the memory effect of the crystalline structure. When the
acceleration is zero once more, the difference between the initial and final
trequencies can reach 0,1 Hz and it is possible for the variation to change sigi
during the course of the deceleration (Fig 16). It often takes several tens of
seconds for the resonator to return to within one hundredth of 1 Hz of its initi

Lrequency.

2.111.7 Variation in the designed resistance

In order to determine the equivalent resistance of the resonator it 1is
sufficient to measure the voltage at the terminals, when the resonator is

e¢xcited at its resonant frequency. We then have:

\V _\Y
\ B
N e - R .
B
The voltages V\ and VB are measured by means of a phasemeter. If
¢
VA and AVB are the variations of these voltages, respectively, then AR] 3

he variation in the designed resistance, is such that:-

AV \ .\\'B
.\Rl > 0 if -\7—{— > v and vice versa,
A B
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AV, AV ;

> Vo » and from this it can pe
A B . .

deduced that the resistance Rl decreases as the acceleration 1ncreases. The

Measurements show that in all cases

variation in Rl 1s not always very linear and a mean value for it is about

0.5 & (for a resistance of 100 Q) at 50 g.

2.1V Effects of nonlinearities in a resonator subjected to an acceleration

This calculation is limited to the case where the acceleration I' 1s in
the same direction as the shear vibration., The model used is one-dimensional .
The aim of this section is to explain the effect of the curvature noticed for

large accelerations.,

We use the fundamental equations (Refs., 10, I, 12) amongst which are:-

- the equation for dynamjc equilibrium

9

R‘ui
P === w divw T, + B, (42)
3¢% i 1

1
internal forces,

where wu., T. and Fi are, respectively, the displacements, stresses and the
&

- the force-deformation equation:

as

E 1 ]

" R v et 888 e ey i 43
i R 6 1jkf jk"¢ “mim 1) Jt Sy

where Sj and Em represent the deformations and electric fields,

| Coep C,.. ., & ., and r.. are the 2nd and 4th order elastic coefficients,
1] 1)ke mi 1]
? the piezoelectric coefficients and the damping coefficients, respectively,
- the electrical displacement D“
D = ¢ .8 +¢ B (44)
n nj j mn m

where o is the coefficient of electrical polarisation,

- ] . T
We used the mathematical models developed by J.J. Gagnepain and applied L1
- 1897
by him to the determination of the influence of a continuous field on the

- e 14
resonant frequency of a quartz crystal

B CTT—
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In the case of a plate cut along AT , with thickness e , of infinite
iteral dimensions, vibrating in shear across the thickness, the deformation
duces to .\'( , the stress to l"( and the field E_ is applied along oy . W
) ) &
hall neglect the damping r.j which does not cause any nonlinearities.
1
Equations (42), (43) and (44) can be written:-
2 dT
d u (8]
L +
. dy
at
E I s .
1 = D, e S 2 K.
6 6o b6 6 6666 O 262
D -~ S, & g .F
2 26 6 DD
Ju
S PR <l P ( )
b Jy
an obtain the propagation equation:-
) ) ) o |
9 u D 3u I D aul 3 -
Bt - CB6 .8 " 7 “ohe ()_ 5+ of (49)
gt dy~ E el L ay
|
| ' hich are associated the two following limiting conditions:—
u = 0 for y = 0
m 5 s = 5 = €
Ib = 0 tor y = £
If we take a solution of the form:-
u = Fl)\y) + A(y) cos wt ")
D = D+ M cos wt >3
2 0 0 i

1897 anc put this into equation (49) we obtain the following equations:—




In each of these two equations the second term is small and allows solutions

to be obtained by successive approximations. Thus we obtain:-

r 2
B, = —5 (tey - ¥ (56)
2C
66

which is the general solution for equation (54) without the second term, and is

accurate enough for this calculation,
In the same way we have:-

A(y) = a sin % y (57)

and if we put equations (56) and (57) into equation (55) we obtain:-

D

& w . . il Ysses ST E au "
—— e N w e - — (te - 2y)cos — y i :
d 2 2 2 CD CD c c F

LR 66 66
2 2 \
~ 8B FBEY tie -~ 3P sin By
2 D c
c 2C
6
_éa3ﬁsin£ cos? ¥ (58)
4 4 c? 8 ¥
c
whose general solution is:- ]
CD
- w1 6666 . wy wy 2 . uwy 2 W
A a sin c y > CD (a]y sin ¢ + azy cos s " a3y sin s L a4y cos ..(.:X

66 LT ‘
1897 - ;
+ a y3 cos &L 4+ o sin e ﬂ) (59) |

5 c 6 c
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(--3”) - (60-1)
Lbb

3
where a = + ”

3 2 2
R T A ) pl e e o
%y o i R (J)) </4w 8c> k60=2)
. .66
2
- &0l >
\13 7 (CD> (60-3)
66
. N2
: = 4 2euw Pl n
a, = (cD > (60-4)
66
Z
= .‘.lﬁ UI' -
8 = (Z—D> (60-5)
66
)
_ 3 3a -
36 - TEg a 02 = (60-6)

The application of the second limiting condition leads to the following

equation:=

S -—0D, = 0 for y = #{e (61)

and from this we have:-

Ju d

J 5 3.;luo(y) + A(y) cos wt] .
If we put

26

Q o (6-’)
CD €
66 22

and
S = \ID,’ ) (bj)




we can obtain, by identification:-

3 .3 dA

e e
"MU - 3DONOb Z M()[j - —-dy E (64)
. du
S50 _3_ ) /i B [ e - i
Dy - @ - 7 My = 5 ( 2) 0 (65)
<& LD 3
where ‘ g = 5 ('66()61 F (66)

By using equations (59) and (60-1) to (60-6) equation (64) can be expressed

as:- é

7 3
-2 -3 - acosveu_yferY (33w 3,1 243 24
o T Vg T ¥y » smag H(D) I} 6c® *7° c] %"
(% (o
66
. we o pl e _e_4__¢_u_3+ 3 eaz‘“
B S D278 2 128 G
66
v
9 3@3 3we ]
+—‘-ﬁa :jcs—-é—a- fory=1-:-2-e (67)
with .
with CD |
H =%6666 ) (68) :
D
C k

The conditions which affect the field E. must then be applied:-

E, = - e S , (69)

had Eddy = V, cos ut (70)

~ie LT
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where V0 is the exciting ac voltage.
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After identification, two new equations appear:-

PRI
Po " %5 8 D 0 (71)
66
and
D 2
e €26 . we s Yeepe 2 for
v = M = a sin — |2 e
0 £ B 2c 6 D D
i 66 66
D
) 2
_a L6666 e we [[pl we3 ec) . #L ea2 23
2 CD 2c CD 24¢ 4w 32 C3
66 66
D
S 2
_ 3 Seess 3w . due o
128 cD 2 2 i =
66 ¢

By taking into account the orders of magnitude of the different coefficients,

equations (67) and (72) reduce to:-

D
G 4
_ L L =3 6666 2w
uMO = a n 1 ) 756 CD ea 7 (73)
66 i
D 2
e, C 5
SRR A Ry | S e R € ) (74)
0 €97 0 €99 16 CD CD
66 66

Since we are not interested in the absence of isochronism, that is to say
in the influence of the level of oscillation on the frequency, the terms in a
can be neglected. The dependence of the frequency on the applied acceleration

will be obtained by letting VO tend towards zero. We then obtain:-

2 2D

e..e G
10 26 66 2
5. = - 52 (o) (75)
0 Z & D 4
167 s C66

&
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where Gn represents the relative error between the excitation frequency and the
natural frequency of the resonator, and n the range used in the vibration

(here n = 5).

60 is clearly a quadratic function of the acceleration.

Chapter 3 Influence of a sinusoidal vibration on the resonator dq

o ) N

The problem of vibrations is different from the previous one in the sense
that it introduces dynamic deformations of the crystal and hence a low-frequency

modulation of the resonator natural frequency.

3.1 Measurement principle ' :

The method used consists of detecting the frequency variations by means of
the corresponding phase fluctuations in the current through the resonator. For
that, a spectral analysis is carried out on the output signal from the phasemeter.
Since the phase fluctuations are random, it is possible to extract from this noise

the harmonic components in direct relation to the sinusoidal disturbance.

3.I1 Experimental equipment

The experimental equipment is almost the same as that used for steady
accelerations, but the manipulations were carried out without the frequency servo-
loop. In this case we used the voltage output from the phasemeter connected across
the terminals of the quartz crystal. This voltage was recorded on an FM tape
recorder then analysed on a programmable analyser controlled by a computer. The
accuracy of the analysis depended upon the frequency range chosen. To give an idea
of the order of magnitude, the incremental accuracy was 1 Hz for a 500 Hz range of
analysis. The analysis dynamic was 50 dB and each of the spectrum graphs was

accompanied by a table showing the frequency and amplitude of each line with
! respect to a reference signal.

3.I11 Method of analysis

It is possible to analyse a certain frequency range in real time thanks to
compression of the signal in time and which also allows the time taken for

analysis to be 'accelerated'.

The analysis is carried out in an analogue matter but on the other hand the
signal acceleration is achieved by the use of numerical techniques (shift

register, acoustic delay line).

To explain the principle of this analyser, the real acceleration mode is

replaced by a symbolic acceleration mode. Suppose that a portion of a signal

x(t) of duration At 1is recorded with a writing speed Vv on a magnetic LT
1897
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tape-loop. The signal can then be read-off by means of a read-out head mounted
: = . 1
on an arm and turning at a speed V = av (a » 1). The signal x (t) read
a
during the first revolution of the read-out head will be the accelerated signal

and: -

xi(t) = x(at)
a

where o 1s the acceleration ratio.

If we put

X(v) = TFx(t)

where TF 1s the Fourier transform
then we have:-

Xi(v) = Trxz(L)

A;/u
- x(at)e “TIVEqy
0
l
= — X(v/a) . (/6)
81

Thus the spectral spread ot a period of an accelerated signal and that of
the initial signal are in the ratio « . In order to obtain the spectrum of tle
signal  x(t) within the frequency range (B,NB) by means of N ecquidistant
filtering points, and with a resolution B = I/At , it is sufficient to analys.
Xﬂ(v) with a filter of resolution aB .

Again, the filter and the associated detection system have a response tin

| At . % : 51 e s .
of B ot which, for signal analysis, allows the use of a sliding filter ¥
(

whose central frequency Vg takes, successively, the values aB, 2aB ... NaB at

: ; At N = |
the time instants of 0, — «s. -(—--——-—)- 8t «
o o
- : . . At ., v 3 ;
I'he analysis time T = N — 18 equal to the signal duration in N = «
A )

and the system operates as if the signal x(t) , of duration At , had been
analysed by N filter points. In reality, the signal x(t) 1is applied

continuously to the analyser input, which gives out an elementary spectrum

lhis spectrum passes through a quadratic circuit and then its mean value ovel

frequency range is found.

k " s y ;
X (Vi” s (J = 1 to N), the spectrum obtained during the kth analysis soqu. co.

e

————————————————————————————
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x(t) (X (v3)
J b K

e | AnAlySET P Meaner G (vj) x S(\)J.)

5 . . k 2
uk(\.) spectral tunction is thus related to lX (vj)l
J
by
K

K .+ e 2
G (vj) T = :E: [ X (vj)[ (77)
k=1

S(v) , the power spectral density assoclated with x(t) 1is such that
: PRI R : f .
S(v) # 'h[:h (x)t] where A 1s a scaling constant peculiar to the apparatus.
K
)

Hence G (v.

1s a correct estimate of the power spectral density S(v) .
J

3.1V Experimental results

We have applied to the resonators sinusoidal vibrations within a frequency
range of 10 to 5000 Hz and from severar g to 40 g. The quartz crystals were
placed in a specially-constructed, thermostatically-controlled chamber to undergo

the vibrations (Fig 17).

The resonators used could form different sources, thus enabling the testing
of quartz crystals having two, three, four or five support points. For low-
frequency external vibrations the effect of the supports is due to their moments
of inertia. Only those resonators manufactured by the ENSCMB laboratory were
subjected to the highest accelerations. The quartz crystals with two supports
formed part of the normal laboratory manufacture but those with four and five

supports were manufactured especially for this study.

3.1V.1 Manipulation of the frequency servo with closed loop

Although frequency servoing was not necessary, a series of tests was
carried out under these conditions. The vibration frequencies were chosen spon-
taneously at any suitable values, but different from those of the sector and of
its harmonics. Fig 18 shows the fluctuations in the natural frequency of quartz,

S-l , when the quartz crystal does not undergo any disturbance and Figs 19 to 2l
0

show the fluctuations for exciting frequencies and accelerations of:-

<

}2 Hz, g Fig 19

<

3
60 Hz, 3 g Fig 20
3 g Fig 21. T
1897

87 Hz,
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The appearance of harmonics of the vibration frequency can be seen, which
can only be explained as due to the servo loop. With the loop open, the harmonic
peaks disappear. In fact, when the loop is closed, the synthesiser is guided by
a voltage whose harmonic content (fluctuations in the resonator frequency) is
regenerated within the synthesiser. Each spectrum shows the presence of a large
peak of fixed frequency (particularly Fig 18). This arises from the mixing
between the natural frequency of the quartz crystal, shown by the synthesiser and

the 5 MHz calibration frequency which guides the synthesiser.

This remark allows us to deduce the relative amplitude of the disturbance

peak with respect to the carrier.

1 ¥ o
_______,"_______

If we consider the scheme above,

w

where W is the quartz crystal resonant angular frequency

W, is the reference angular frequency = 27 x5 MHz.

- . + U &
At A we have VA V] sin wot V] sin wrt

" L 1 + U i .
and at B e have VB V2 sin wot V2 sin wrt

The resonators have a quality coefficient of 1.5 x ]06 to 2 x 106 and the
5MHz component is practically nonexistent at the quartz crystal output, since

this plays the role of a filter, and so Vé can be neglected.

The phasemeter gives an output voltage comparable with that from a 4-diode

ring demodulator.

VIVZ
Vs = VAVB = 3 cos Awt + g(ZmOwr + wo)
where Aw = w. T Wy is the difference between the angular frequencies:
g(ZwOmr + wo) represents the terms with a frequency of 10 MHz.
Vi iy
Consequently, —%117——- represents the ratio between the voltage at the
I 2
2

quartz crystal terminals and the parasitic peak.
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The values currently in use are:-=

Vl = 20 mV
Vo ™ 10 mV
V; = 500 pv

which give a ratio of 72 dB.

Since the analysis gives the error, in dB, between the parasitic frequency
peak and that of the disturbing frequency, it is simple to obtain the ratio between
the amplitude of the quartz crystal resonant frequency and that of the external,
disturbing vibration.

As 1n the case of the steady accelerations, three particular cases will be

considered.

}.1V.2 Direction of vibration parallel to ox

[his arrangement is such the natural vibration of the crystal and the
disturbing vibrations are in the same direction. Figs 19 to 21 show that the
cttect of the vibration diminishes as the trequency increases and that the
iwcceleration remains constant. In the case where the frequency is fixed and the

weeleration varies, the amplitude of the peak increases with the acceleration,

) )

s Figs 22 to 24 show, where the acceleration has the values of 2 g, 4 g and 8 g,

respectively, at a frequency of 30 Hz.

These results are the same whether the external vibration is directed

long the +ox' axis or along the -ox' axis of the crystal.

1.1V.3 Direction of vibration parallel to oy'

In this configuration the two faces of the crystal are perpendicular to the
vibration. Again, the position of one particular face with respect to the
disturbance is of no importance. It appears, however, that in this position the
resonator is much less disturbed than in the previous case. Moreover, for
increasing acceleration at a fixed frequency, the disturbance is practically

unchanged (Figs 25 and 26). However, it decreases when the frequency increases.,

3.IV.4  Direction of vibration parallel to oz’

This position gives results which are in all ways comparable to those for
8 3

the tirst case and the conclusions are the same.

LT
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Besides the phase information, the phasemeter gives a measurement of the
signal amplitude. It provides a dc¢ voltage, proportional to the amplitude of
the observed signal, and whose fluctuations are represented by those of the dc
voltage. We have proceeded with the analysis of this voltage without being able
to detect the presence of the disturbing peak, which has led us to think that the
phenomenon seen for the whole of the quartz crystals is a frequency modulation
phenomenon without amplitude modulation. Referring to Fig 15, we see that the
external vibration phenomenon operates on the phase curve and produces a dis-
placement of the external disturbance frequency. This confirms the frequency

modulation phenomenon.

Fig 27 summarises all the measurements carried out. Each curve represents
the ratio AM/AO in dB, that is to say the ratio of the amplitude of the dis-
turbing peak, of frequency «/2n , to the amplitude of vibration of the quartz
crystal at its resonant frequency. The effect of the disturbance increases as
the frequency drops and as the acceleration increases. The positions for which
the ox' and oz' axes of the quartz crystal are vertical (designated by
vertical positions) give larger disturbances than are obtained when the oy' axis
is vertical (shown by the horizontal position of the quartz crystal).

The vertical position o0z' appears to be more sensitive than the ox'
position for low frequencies. This is due to the influence of the supports,

which disappears above 100 Hz.

Technological limitations in the exciter did not allow more than 4 g, at
10 Hz, to be applied. Also, the dynamics of the analyses (50 dB) has limited
the researches to disturbance frequencies greater than 500 Hz and for which the
effect is extremely small. However, we shall show that they show up clearly in

the oscillator phase spectrum,

We have tried to obtain a mathematical description of the curves relative
to the vertical position ox' by using the method of least squares. In an

orthogonal reference they can be written in the form:=

= a.I'" + b.T (78)

where a, «b, .

cntony el Dt e




Q is fixed for each curve and Fig 28 shows the variations in a; and bi
as functions of the vibration frequency @ . The slope of this straight line is
g f = %% . Consequently, the variation of the resultant disturbance amplitude
undergone by the quartz crystal obeys a l/fz law. The same results are true

for the vertical position oz' .

1.V Conclusions
A UOLONG

Whilst being subjected to a sinusoidal vibration, the quartz resonator
gives out a frequency which is modulated by the vibration frequency. The modula-
tion increases as the vibration frequency drops and as the acceleration increases,
Finally, the position of the crystal determines the size of the disturbance

efrect.

Chapter 4 Vibration of the quartz resonator supports

The behaviour of the quartz resonator is modified by its supporting elements
which, by their natural resonance, can induce considerable disturbances in the

quartz crystal,

We shall examine the quartz crystal with two supports, which is the
traditional method of manufacture, by considering, successively, the transverse

bending vibrations and the symmetrical vibrations of an arched structure.

4.l Transverse bending vibrations

The model used is shown in Fig 29. The mass M represents the quartz

: : : A ; 4 ¢ o 15, 16
crystal and the support housing is animated by a sinusoidal vibration .

The general equation for free transverse vibrations of a bar can be

written:-—

2 2 2
3-—,; EI 8_)27 = = nS 3—% (76)
ax” X ot

where y(x,t) defines the transverse displacement of the centre of the section

E = Young's modulus

I = the bending moment of inertia
P = the density

S = the cross-section of the bar.

In the case where E and I are constants, the equation becomes:-

W ——

LT
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2 ¥ 4
L%.-r%i% = 0 . an
at AR ox
The use of normalised functions Y(x) gives a solution of the form:-
| y(x,t) = Y(x)e' (78)
i
; where Y(x) = a cosh ax + b sinh ax + ¢ cos ax + d sin ax (79)
|
! with
4
o' = o 83 (80)

a, b, ¢ and d are constants of integration defined by the limiting conditions

imposed by the methods of fixing the supports.,

In our case, the support housing was excited at the pulse-rate 2 by a

forced-vibration

y = A sin Qt .,
The limiting conditions are:-
- at the housing
v(o,t) = A sin Qt > Y(0) = A (81)
%1) = 0+Y'(0) = 0 for fa + c = A
*h=0 a(b +d) =0
a# 0
e ae (82)
= at the free end
YLy = 0 (83) ]
; ; 1
because the flexing moment is zero.
However, the force T = - EIY'''(x) is equal to the inertial force due
to the mass
82
at vl

JT
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and hence

2
EIY'''(L) = - MQTY (L)
2
MQ
Y'' (L I F
(L) *ET-Y(L)
Now:-
)
MO = Mu4 B MQAL _ M QL
El oS 0SL m
where m 1is the mass of the lamina
and
v ARy -gal‘LY(L) s (84)

By putting u = M/m and taking into account equation (82), Y(x) becomes:-

Y(x) = a(cosh ax - cos ax) + b(sinh ax - sin ax) + A cos ax (85)

and equation (84) gives:-

a(sinh X - sin 1) + b(cosh A + cos )) + A sin A = ud [a(cosh A - cos 1))

+b(sinh \-sin) + A cos ]|

siuissiee (186)
where X = aL ,

Equation (83) becomes:-—

a(cosh \ + cos \) + b(sinh A\ + sin \) = Acos A = 0 (87)

a and b can be calculated from equations (86) and (87):-

a = % [2u) cos X sinh ) + sin X\ sinh \ + cos \ cosh \ + 1] (88)
b = % [+ 2u) cos A cosh A + cos \ sinh )\ + cosh \ sin )] (89)
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where A = ul(sin X cosh X\ = cos )\ sinh )) -~ cos ) cosh A - 1] (90)

and

A sin (it ; ;

y(x,t) = ——-§r—-{(cos ax = cosh ax)(! + sin A sinh A + cos ) cosh )

+ X\ cos A sinh 1) + (sinh ax = sin ax)(sinh ) cos )

+ cosh A sin A + 23A cos ) cosh 1))

+ Ccos ax[p\ (sin A cosh X - cos )\ sinh \) - cos \cosh\-ﬂ}.

el )
When the imposed pulse-rate ! is such that A = 0, the lamina begins to

resonate, This happens when 1 coincides with one of its normal free mode pulse-
rates.

We require the first root of the transcendent equation (90), in which

b = 34, because the mass of the quartz crystal, M = 0.785 g, is supported by
two strips of mass m = 1l.6 mg.
We find
\ = 0.544
0
4
and from A =aqlL and o = 9" %T we can deduce the pulse-rate @ for which the

system begins to resonate:-

Y

A 4
"o [EeIp s
0 R [ps:l 4 (92)

We have designed a mounting analogous to the quartz crystal support (Fig 30),
in which the resonator is replaced by a circle of duralumin, Since their densities
are similar, the crystal dimensions can be maintained. To this circle is cemented
a miniature accelerometer of very low mass (140 mg) and the whole is equal to the

mass of a partial quartz crystal 5, that is to say 0.785 g. The accelerometer is

a pietzite which gives a load variation at the amplifier input. An automatic sweep

of the excitation frequency is made and a recording is made of the output voltage

corresponding to the response of the element under study as a function of frequency,

The system is shown, schematically, in Fig 31,
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As a numerical example, let:-

g = 0.544
g s 10
. : 1 2
E = 2x10 N/m
_ 10713 4
by = TR
3 3
P = 8.9 x 107 kg/m
. )
S = 10 ¢ m
v T o
b 12 .

Ia and Ib are the moments of inertia corresponding to positions (a) and (b),

respectively, of Fig 29,
For position (a) we have, by applying equation (92):-

=2 = 329 Hz .
LT

Fig 32 shows the response curve for such a case and indicates the presence

of the main resonance peak at 28] Hz. This is confirmed by experiment. The

difference between the two values is easily explained by the choice of an

analytical model which is not an exact counterpart of the real case.

9] i
bl | 33 Hz. This is the position which offers the 4

n

For position (b),

2
&
; ; : ; ; :
smallest moment of inertia to flexing. Referring to Fig 27, we see that for
30 Hz, the disturbance A\/A0 has the greatest value. This shows the direct \\\1
M4 _
action of the support in such a case,.

The solution y(x,t) also enables us to find the pulse-rate for which the ‘
displacement of the mass is zero, by solving the equation y(L,t) = 0 . We shall

not do this, here, as it is only of limited interest.

4.11 Symmetrical vibrations of an arched beam

}
|
|

The assembly of two supports and the crystal forms an arched beam. We have
studied its symmetrical vibrations whilst neglecting the longitudinal and trans-
verse vibrations of the strips. Also, the model used is that of an arched beam

with its load distributed over its horizontal part (Fig 33).
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The method 1s to find the static deformations of the beams and to introduce

these into the system energy.

Consider 0.,J (Fig 34a).

To find the static deflexion § 1in J we superimpose a fictional force F

on the distributed load q .

At H, , the flexing moment is:-

M, (x) = C - 1 @w-x"-FL-x .
b 2
The deformation energy W 1s given by:-—
L
W S [ M: (x)dx
) &%, | H,
2°2 2
, & B , 2.5
N, = -_._..’l_'l 6% < gR° w Eaas e e P dmt e 2l ‘715 . (93)
- LN J 4 &

Considering U]U, of Fig 34b, let C] be the couple resulting from the

action of 0.J at 0, .

“H. 1
and
(o ]
C = C=421°+«FL 1
I :
Mlkx)=n—1(9-f-+r)-ML—x) \
i 2 1
I §
and
o
™ | [ 2
R i
x 2E T, | ”nl“)d‘
0
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The deformation of 0,0

Let W = Hl + W, where W 1is the total deformation energy of the system.

3 is symmetrical with respect to J . Hence at the

deformation there is a horizontal tangent J . This is expressed as

W .
» = o6 ¢ 0 , where « represents the angle of rotation of the tangent to J .
Likewise, the horizontal displacement of J 1is zero, from which we have

oW
h == .

a¢

Thus we obtain the following system:-

-
1 ,,_,(11; ) C ) {,,,_ 2 qB}__
T {[.L 2L |42+ FJ| L, = oLi} + e J0CL ~ FL 3L' = 0
11 22
> (95)
! gl . % bz 3 o5l
e () - *3,1,1} i
7
which allows the calculation of C and ¢ 1in terms of F . Now F 1is
fictional, and hence equal to zero:-
& (48 L L + 3L.E I 2
i 22 %
¢ = Efold e il S g (96)
6§ \E,IL +4EJT 6
2 E L L 2
) 2
Ve JLLL (EIL] l+’EIL>_:%—B' ol
I b e S o 2
We can also d i g, =S8
€ can also determline LJ ST :
Translator's note This equation cannot be read from the copy supplied (98)

for translation at the bottom of page 38.

We now calculate the beam deflections:

For 0102 _—

" N
ElIlyl(x) = MHl(x)
and
LZ 2 L2 3
- y =L._ - L <
L]I]}](x) o (3 B 12D)x™ + q 3L| DX
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For 02J 3=
A B -
Balp¥, %) My, L)
and
x4 qL 3 (12 2 L3
: = ¢ -4 @3- L - .
bzlzyz(x) 9 57 ral 3 (3 B)x" + 3 ( 1)x
In order to study the vibrations of the arched beam we put:-
dy]
= St 1 —_— =
yl(x) Lll(X) with s 6fl(x)
, dy,
yz(x) = 6[2(X) prop 5f2(X) .
The kinetic energy of a section of the beam of length dx ijs:-
| 2
< d
3 b (ﬁ)
and the total kinetic energy of the whole arched beam will be:-
{. l:l
8 e 2
¥ = = Spl2 j £, (x)dx + 2 / fl(x)dx . (99)

The sum of the total deformation energy W = W] + W, and the total kinetic

energy T 1is constant, since the system is not dissipating.

Hence W + T = constant and we shall calculate f](x) and f?(x) .

8E_1 o
fl(X) = = Jq é——~£¥———L:2 X" o+ fl x3
AE I L° B |
11
4E,T, 4 .
Ea(m) = L [l- “ Lx” + A x .
AE I]L4 e
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On order to calculate the coefficients A, B and D we shall use the following

numerical values:-

=15
10 ¢ | 2 o
1l = o m' . ll w 2 X 10 N/m"~ | l.l S e m ,
. -12 4 | 10 2 -
o 261 x 10 m‘ 5 l‘.,) = 6686 X 10D N/m~ , L= 7,5 x 10 ;Ill 3
from which we obtain:-
A = 4,999 = g
B = 2,999 = 3
D = 3.355 x 107>
Thus we obtain:-
! y l'l)
j l"l_(x)dx = -’3.7')0—7
10
0
I"y
2 8
E,(x)dx = 4,284 x 10°L
0
and:-
g 5 . ’
- o bl ] 8 2
I' = Sp§5°[4,756 =% + 40284 ~ 107, = fA§ &
L
Similarly:-
k ([‘l,“l.‘
W R Je25 ey
| 24
]
2. 5
} q L

W, = <)..*.~—.L-l—- . (100) LT
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By replacing § by its value in w| and w2 we have:-

oL 2 2 : -2
W = 11.5 FO lj i 1 : 5 Gz = af &
202 1 15 4
{
-
. and since W + T = constant we find:- 1
E
9
S o+ i g = 0 where ‘Q° =2 (1o1) 3
f B ‘
Hence:- 9
D e vl oo 3
vr e 0l || 4
’ e E. I } 2
- S0 3 110y & 4
Q 8 T‘lx; *
Spl4.284 x 10L + 4,756 - i |
It ]
Calculation gives
93 4
T— = 2166 Hz .

Consequently, if the arched beam is excited at this frequency it will start to
resonate. We have checked this by experiment on a model which was dynamically

similar to the resonator (Fig 35).
The main resonance appears at about 2000 Hz as shown in Fig 36,

The method used to obtain this frequency 1s based on the hypothesis of a
small, static deformation, which is justified here. On the other hand, the N\\\
hypothesis of a purely=-solid fixing for the strips is much more difficult to
satisfy in practice. This would explain the differences between the theoretical

and experimental values.

In he two cases studied, the overpressure due to the resonance vibration
of the supports is in excess of 25 dB, giving a coefficient of 18 which multiplies
the acceleration of the applied vibration., For a small acceleration, 2 g for
example, some 36 g are obtained at resonance, which could lead to breakage or at

least a high degree of degradation in both the supports and the crystal.

We have, therefore, sought to obtain a type of support tor which the

LT response shows no over-pressure in the range 20-2000 Hz,
1897
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Our choice has fallen on four supports of trapezoidal profile, held by
thermo-compressed rivets (Fig 37). The ENSCMB piezoelectric laboratory have con-
structed several of these resonators which have withstood sinusoidal vibrations

with high accelerations and have enabled the measurements to be completed.

The vibration experiments were carried-out on an analogue model (Fig 38)
which gave a response which was perfectly flat over the range of

frequencies
being considered (Fig 39).

Above 3000 Hz the exciter itself is resonating and
the response from the model is false. The slope of the response curve shows a
slight over-pressure, equal to 1.4, at 2000 Hz.

4,111 Conclusions

The influence of the resonator supports is not negligible since they
introduce natural modes of vibration which can lead to destruction of the quartz
crystal. The resonator is sensitive to low-frequency vibrations and the
supports themselves should not increase this effect. The choice of four supports
seems capable of supplying

the requirements of mechanical strength in a severe
environment .

Chapter 5 Influence of 'white noise' vibration on the resonator

The study is similar to that for sinusoidal vibrations but, with 'white

noise' the disturbance covers all frequencies within the chosen range. The

The disturbances applied were in the range
20 to 2000 Hz, adjustable in 80 steps, each of 25 Hz.
ot

measurement principle is the same.

The power spectral density

the acceleration was constant but the amplitude of the vibration varied as a
function of frequency. The experimental apparatus was analogous to that used

for sinusoidal vibrations as were also the methods of measurement and analysis.

The application of white noisc allows us to define the law for the effect
of the disturbance as a function of frequency. The 'response' of the crystal
to this excitation is an overall one, whilst in the case of sinusoidal vibration

it was a discrete one. We shall see that the results confirm those obtained for

sinusoidal vibrations.

5.1 Experimental results

1 Once again we shall consider three particular positions for the quartz

: crystal. Fig 40 shows the spectrum for the undisturbed resonator when the white
- 97

noise (2 x 10 g"/Hz) vibration acts in the same direction as the natural vibra-

tion of the quartz crystal (vertical position ox' ) there are considerable

increases in amplitudes for the very low frequencies (Fig 41),

The power spectral LT
Is\)l
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density of the frequency variations, SAf , satisfies a law in f—a , which
0

agrees well with a law for amplitude decrease as a function of frequency, in

2 ; p A ;
f , as we showed for the sinusoidal vibrations. The same results are true for

the vertical position oz' .

In the horizontal position, the quartz crystal is less sensitive to vibra-
tions. On the other hand it is true to say that an increase in the vibration

has less effect on the crystal in this case than in the previous positions.

1 2
g Mz

(about 30 g, effectively). It is obvious that the vibration density must be more

Fig 42 shows the frequency fluctuations for a vibration density of 4.50 x 10°

than doubled in order to obtain an effect comparable with that of Fig 41. Again
there appears to be an f_2 law for the variation of the modulation amplitude as
a function of frequency. This accuracy is important because the slope was less

significant in the case of sinusoidal vibrations.

5.I1 Long-~term effect of 'white noise' vibration on the natural frequency of

guartz

We know that the vibration causes either a frequency modulation, if the
disturbance is sinusoidal, or fluctuations in the natural frequency of quartz if
there are several modulating frequencies. It can be asked how the initial
frequency behaves when the disturbance is applied for a long time, that is to say
if there is a displacement in the initial resonant frequency during the vibration.
For that, it is sufficient to close the servo loop and to use the method of
measurement developed for the continuous accelerations. In fact, no precise law
comes out of it to indicate how this initial frequency develops during the vibra-
tion period. It seems, then, that the conclusion can be drawn that the integral
with time of the effect of sinusoidal or random disturbances on the quartz crystal
is zero. In the same way, there appear to be no sensible variations in the P
resistance to motion of the resonator during sinusoidal or random vibrations. On
the other hand, if the frequency of the sinusoidal excitation corresponds to a
vibration frequency of the quartz crystal and support assembly, the voltages at the

resonator terminals show very considerable fluctuations.

All the measurements carried-out for a white-noise excitation of the resona-

tor confirms the previous results.

Conclusions from Part |

In this first part we have studied the resonator alone, placed in a trans-
mission mounting so that its parameters could be measured. For continuous

acceleration measurements show that the frequency variation depends upon the




s

intensity and direction of the applied acceleration with respect to the
crystallographic axes of the crystal. In the case of sinusoidal vibrations,
analysis shows that their effect is to produce a low-frequency modulation of the
quartz natural frequency. 'White noise' vibrations lead to fluctuations in the
quartz crystal frequency whose amplitude spectrum varies as f - . The crystal
position is still preponderant in the case of vibrations. A model of a crystal
mounting is proposed which can withstand very large continuous accelerations

100 g) or vibrations of the order of 40 g within the range of frequencies used.

Part 2 = OSCILLATOR SUBJECTED TO ENVIRONMENTAL CONDITIONS

In this second part we go on to study the characteristics of an oscillator
ubjected to the same disturbances as was the resonator, previously. We note
thie main criteria which characterise the instability of an oscillator and the
¢thods used in this case.

In order to carry-out the manipulations, we built an oscillator of medium

iality in which all the electronics were made compact by moulding in resin,

I'his precaution enabled all the tests to be carried out using the same
lectronics and several resonators. In particular, and wherever possible, we
carried out the environmental tests either on the electronics alone but associated

with a resonator or on the complete oscillator,

Comparison between the results will enable us to show what an important role

s played by the resonator.

Chapter | Notes on the characteristics of an oscillator

[ Representation of a quasi-sinusoidal signal

The voltage produced can be represented by:-

v(t) = I}O + a(t):] cos [mot + ¢>L:|

where a(t) and ¢(t) are random functions, which vary slowly with respect to

t , and which represent the amplitude and phase variations, respectively.

08 W
i 0
The instantaneous angular velocity is:
w(t) = & (w.t + gt} = . + @)
dt 0 0
: LT
where ¢ (t) represent the fluctuations of the angular velocity about Wy 1897
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The effects of the amplitude fluctuations are negligible, for an ultra-
stable oscillator, in comparison with the phase fluctuations and so we can write:~

v(t) = A() Ccos lm()l + ¢(t)]

The stability of a quasi-sinusoidal signal will be studied in the spectral

region (purity) and in the time field (instability 1I(t)).

I.11 Stability in the spectral region

This is characterised by the radio trequency, phase and frequency spectra.

Thus we define the power spectral density

of the frequency variations Siu’
of the random process $(t) by the Fourier transform of 1ts autocorrelation

function R; (1) :-

o

SO pey N PN B
b@ (f) = f l\w" (1)e¢ dy
o . . . . . .
where R (1) = f(t)&(t = 1) , with the bar indicating a mean value in time.
. 8
b

The physiCill spectral density S ° . f with only positive values
= I ¢ physzcal ( ) ? y i & ¢
can be written:-

S (E) = .[ R&\l) cos 2nf1 dv .

The stationary phase fluctuations can also be written as:-—

—i2nf
Sot) = / R (1)e ' "t[dl

The phase and frequency spectra are related by

S°(f) = 4 2(25 1 A
‘b() 1 ¢()
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It is possible to introduce the reduced variable

0 . S .
y(t) = oLe) and define Sy(f) 8

0 “
“0

f

From the experimental point of view, the phase spectrum S@(f) is obtained
by analysis of the output voltage from an ideal phasemeter whose input is the
signal under study.

The spectrum S@(f) arises by analysis of the output voltage from a perfect

frequency discriminator to whose input is applied the signal under study.

Radio-frequency spectrum

The power spectral density Sv(f) of the signal v(t) gives the power
distribution in the spectral region. This spectrum is obtained by direct analysis

of the signal from the oscillator:

. 3 L L2mT
bv(f) = / Rv(l)e dm

-—0

For ultra-stable oscillators, the phase and radio-frequency spectra are
related by the following equation when the approximation to a small modulation

index is satisfied:
= c o~ }1 Q =
xv(t) 5 [b¢(f + fo) + S¢(f fo)] 5

1.III Stability in the time field

The instability in the relative frequency 1I(t) 1is characterised by the

standard deviation of the frequency variations ¢  (t) measured over a period 1 .

I(1) = Ejﬁf%%ﬁnll
0

O . . . .
where (¢ )t,r 1is a stationary, random variable which represents the mean value

of the oscillator pulse rate over a period of observation t , and hence:-

LT
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t

1 T
5 1 . ¢(‘ +7)- "(L—T)
(¢ det,r = = ./ ¢(e")de' = = =

T

T

i ¢
t=5

The variance measures the dispersion of the different values of

(¢)t,1 about its mean value:-
2 o\ o 2
o K¢ e, r] = [t —<¢»°,\L,1l .
Now
2 o o 2 . o
o Rkere el = () since (¢ )t,r = 0 .
I(t) can be written in the form:-
{ 3
(¢ ) (¢ )
I(1) = oll¢ e, P 7t
LUO W

JEf 3 - ol -3F

1.1V Relationship between the time field and the frequency field

The variance and power spectral density of a random variable are related

by the autocorrelation function.

We have:-

o 2
02[<¢‘>t.rl - —.,IR¢‘(O) - R¢(v)] .
T
Now: -
R = -l- S )) cos wrtrd
\b(t, A= -/ .@(u cos wt dw

C




and
8° %s (w)
" (w) = w @(w
and we obtain:-—
2 Y
v gin &
o : il
QKJEli;l) R .;; / S % (w) '——f;:— dw Y
“o o L Lr

o

¢
[(t) can be determined from S;(w).

The importance of S_(w) shows up in this equation since the instability

This equation allows us to change from the representation of the stability

in the spectral region to the representation in the time field.

In practice, estimations of I(t) can only be made from a large number of
measurements, independent of the frequency, over a time period 1t . The character-
istics in the time field are easily obtained by using time or frequency counters.
This possibility has led, in addition, to theoretical justifications by recommend-

ing the use of the Allan variance.

Allan variance

If we have a system of N measurements of the relative frequency, each of

| duration 7t :-

to+
(1T
— 1 2
; PR y(6) ds
)k T /
'k
3
where k = gy seis N
tk#l = tk 1

where T 1is the period between the start of two successive measurements, T is

the measurement period.

The variance of this system of measurements is:-
LT
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Akt N 1 “k

n=1 k=1
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which is a random variable which can be defined by its mean (UZ(N,T,T)) . Under
the best case, (UZ(N,T,T)) is very slowly convergent when N + « , Very often
(UZ(N,T,T)) diverges (when N » «) and in practice it is very difficult to allow
N to increase indefinitely. Thus N has to be limited and adjacent measurements

have to be made. The Allan variance currently used is defined by:-
2 ¥
g (27,710 denoted o (1)
¥ y
and corresponds to the ideal variance calculated from an infinite number of pairs

of measurements,

The experimental estimate gives:—

g Y~ R
9yl M 2 *

This variance has the advantage that it converges for the types of

noise applied, here, to the oscillators.

I.V Noise in the oscillators

Fig 43 is a schematic diagram of the oscillator. The noise arising inside
the oscillation loop is called 'internal'; that of the output circuits is called

'external'.

The macroscopic noise is due to temperature variations, to shocks and to
variations in the supply voltage. Their effect is most noticeable in the study

of the long-term stability.

The microscopic noise is due to thermal electron agitation and to noise in

the semi-conductors themselves.

Internal additive thermal noise

This arises in the oscillating loop and forms the ultimate natural disturb-
ance suffered by the oscillator. Numerous studies have led to the following

equations:-

9
w kT
s (f) = —2-7
¢ 21)Q“'




I(t) =

where k 1is the Boltzmann constant
T 1is the effective temperature of the noise source (K)
P is the power delivered to the resonator (W)
Q 1is the selectivity coefficient
T 1is the measurement period (s).

-4

The stability curve for I(t) has a slope which varies at 1 * .

External additive thermal noise

The effects of this noise are studied by superimposing a noise voltage
e(t) , of thermal origin, onto the signal from the loop (and supposed to be noise-

free). This noise voltage arises in the circuits external to the loop.

There appears to be a component eq(t) , 1n quadrature with the amplitude

signal AO , which gives rise to phase variations:-

e (t)
i

%o

~

gty =

and to frequency instability:-

¥ =w_T 4
1 N e
b e 5l LEat
“0
and if w1 » |
e
P
=R N
Ie(r) = Wy T P

where w, is the filter cut-off frequency
PN is the power of the noise generated in the output circuits

AZ

ek 0
P

This noise shows a slope of r-l for the stability I(t) .

LT
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Scintillation noise

The physical causes of frequency 'flicker' noise are the slow and random
variations, of macroscopic origin, of those parameters which define the mean
frequency. The result is a frequency modulation and the observance of a 1/f
spectrum at very low frequencies. This noise causes an instability I(t)
independent of 7t(t » 1 second), which thus produces a limit in the oscillator

stability.

1.VI. Experimental method of measuring the instability I(t1)

Principle (Fig 4.4)

A frequency comparator with error multiplication is used to elaborate a
frequency whose fluctuations represent K times those of the oscillator being
compared. This signal, of | MHz + KAf controls a 'standard time interval
generator'which supplies pulses separated by an interval equal to 10P periods of
the input signal. These pulses control the starting and stopping of a very
accurate chronometer, which thus counts the duration corresponding to lOP periods.
The variations in this measurement allow us to calculate the instability in the

time field for a sampling period of T

Frequency comparator with error multiplication

The frequency fO , considered as a reference, is multiplied by a factor of
10 and then mixed with the frequency f] multiplied by a factor of 9. Each stage
elaborates this operation. The output signal F(t) , therefore contains the

frequency fluctuations multiplied by the coefficients of four stages.

The pass-band of the comparator input circuits is about 4 kHz. However,
between stages 2 and 3, and between 3 and 4, there are two quartz filters with

narrow pass—-bands (about 50 Hz).

The consequences of this band width can appear in the calculation of

stability:- B = wy T Wy
iy .
ckgde,el ) _ L1 [ go (sin %m) R
w wa | ¢ fwt
(0] 0
B wp




To obtain the natural noise of the measurement chain it is sufficient to
apply the same signal to the two circuits,

This system of measurement appears to be sufficient to study oscillator
drifts, but its short-term characteristics limit it to the study of medium—
quality oscillators.

In the following paragraphs we shall see that another possibility exists
for measuring the stability of an oscillator when the sampling time is 1 second.

Second method of measuring 1(1) when 1 = 1 second - drift measurement

A second method used to measure the stability of an oscillator over | second,
as well as to evaluate its drift, consists of dividing the reference and oscillator
signals to obtain a train of IHz pulses. This operation is carried out using

(& . . . - . -
5 x 107) of high quality and of high accuracy. Each train of

[}

fixed dividers (N
pulses initiates the starting and stopping of a very accurate chronometer through
the intermediary of a chronology control. The accuracy of this method is limited
only by fluctuations in the reference (atomic clock) and the resolution of the
chronometer (+1 us).

The chronology control ensures that orders are given to reset to zero, to
place in the memory and to record. Thus, every second, we obtain the measurement
of the error, © , between the trains of pulses from the reference and from the

oscillator under test (Fig 45).

Comparison chain

Fig 46 shows a block-diagram of the system. All the measurements are
recorded on magnetic tape to a given format. The sampling time % determines
the rhythm by which the measurements are obtained. Each measurement is labelled

with the time (minute, second, tenth of second) at which it was made. We also

I know the time history of the measurements, and this enables the oscillator drift to
be known.
Recording

Each measurement 'word' is formed from 25 characters of which two indicate

the start and end of a word., The word contains the time as well as the measurement

from the two chronometers used. Individual recording blocks are formed from

|
: 99 words separated by an indication of the end of the block. Each test, containing

a certain number of blocks, constitutes one set of data which is distinguished by

the appropriate orders. LT
1897




53

Depending upon the sampling time, Ty ? the time taken to record a block

varies from 20 seconds to 3 minutes.
Data analysis
saea alalysia

The recordings are analysed with a program on an IRIS 80 computer. However,
between recording and data analysis there takes place an operation which trans—
forms the original tape (7-channel EBCDIC) into one compatible with the 9-channel
EBCDIC reading-head of the computer,

The calculations carried-out give both the instability 1I(t) , calculated
from the Allan variance, and also the drift corresponding to a measurement period

of one or several recorded blocks.

Chapter 2 Uscillator subjected to a continuous acceleration

We use the two methods of measurement of the instability 1I(t) which we
have described earlier. The first gives I(t) for values of T between 1| ms

and | second, and the second allows the oscillator drift to be found.

2.1 Measurement of instability, I(t)

: : ; = i oo : 18
Analysis of the operation of the error multiplication comparator shows

that the instantaneous frequency which it gives out is equal to:-

- _ , 0
F(t) = fo + K ()

b

where fO is the nominal output frequency

and K is the multiplication coefficient.

From this the total phase of the signal F(t) can be deduced,

o(t) = wot+l\'¢(t) .

The phase variation during the time interval (t,t + 1) is equal to:- d

T+ Kfo(e + 1) = ¢(t)]

¢t + 1) = ¢(t) = Wy '

and hence:~

K
Ta = 1 *==fo(t % 1) « ¢(t)] .
;A'O
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Now the mean value of the frequency variations during the time Ty <an be

written:-

¢(t - l()) - ¢ (L)
(®0) o o

0 Yo

trom which we have

trom which, by taking the standard deviation of ecach expression, we have:-

o (u)
E(r) = i
0
m E = 2
) 2. | k=1 k .
where \‘y(L,l.l) = Ez—‘—-—j-—'——-— . (102)

)

2.1 Experimental results

We have traced the variations of 1(1) as a function of the applied
acceleration when 1 takes different values (Fig 47). 1t can be seen that the
slopes of the curves diminish as 1 decreases. It would appear, then, that the
short=term instability is degraded less quickly by a continuous acceleration than
is the medium—term instability. This confirms the results from the resonator
alone which give the deviation of the frequency from the quartz crystal under the
eftect of an oscillation. This deviation corresponds, here, to an 'accelerated'
drift ot the oscillator frequency. Hence the long=term stability is degraded

more quickly by the acceleration.

Fig 48 shows the shapes of the curves of  1(1) for a particular position

of the quartz crystal and tor different values of the acceleration.

Fig 49 shows the influence of the crystal position with respect to the
acceleration., The measurement time 1 = 100 ms is the same tov all the curves.
The increase in (1) as a function of acceleration is seen. The variations of
1(t) do not show the same slopes and this difference can be attributed, at least

in part, to the method of mounting the crystal,
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2.111 Oscillator drift

The effect of the continuous acceleration is to cause a displacement in the
'phase-frequency' curve for the resonator. An ‘accelerated' increase of the
oscillator drift might thus be expected, due to the variations in the resonant
frequency of the quartz crystal. Measurements of the error 0 , made as described
earlier (Fig 46), allow us to know the variation of 0 over a known period as
well as its sign with respect to the initial error, 0. , corresponding to the

0
oscillator at rest.

As far as drift is concerned, we can let

y(t) = LO + th + n(t)

where y(t) 1is the instantaneous frequency deviation

C is the frequency at t =t
0 i 0
CI is the slope of the drift
and n(t) 1is the random noise in the oscillator.

For any one position of the quartz crystal and for a given acceleration,
observation of the variations of 0 over a period At allows cl(r) to be
determined. The figure gives the variations in ¢ (observed every second over
a period of 120 seconds) as a function of the acceleration. Fig 45 shows that
if the oscillator frequency increases, 0 decreases, and vice-versa, which
leads to:-

cl(l') >0 L AO < O

cl(r) < 0 1f A8 >0 .

Fig 50 summarises the results. The increases in 0 for positions (1),
(3) and (5) of the crystal should be noted. These correspond very well with a

decrease in the resonator frequency (Fig 7) and hence of that of the oscillator.

Positions (2), (4) and (6), for which 0 1is negative, do, in fact, indicate
an increase in the oscillator frequency and confirm the results found for the

resonator alone,

We have tried to apply the acceleration to the electronics alone, whilst
maintaining the operation of the oscillator. However, in order to do this the
resonator must be placed at the centre of a rotating arm and the electronics at

its extremity. This requires the use of long lengths of cable which create

e

——————————————————l



56

variable, parasitic capacities and upset the oscillator frequency. It is not

then possible to use the comparison chain for the measurement of I(1) .

Analysis of phase noise

Fluctuations in the oscillator phase have been analysed by a method
described in the next chapter. The analysis shows that there is only a slight

increase in phase noise for the low frequency components.,

Chapter 3 Oscillator subjected to a sinusoidal acceleration

The same vibrations which were appiied, previously, to the resonator alone
were applied to the oscillator. All the measurements carried-out will enable the
various results to be compared with those for the resonator. In order to deter-
mine the influence of the external sinusoidal vibration in the spectral region

we have carried out an analysis of the oscillator phase noise.

Q
3.1 Measurement of phase noise S@ (Fig SI)‘)

The reference oscillator (synthesiser) was servoed in phase with the
oscillator under test. For that we used a mixer which gave a voltage proportional
to the phase fluctuations outside the pass-band of the servo system. The time-
constant (several seconds) reduced the servo system pass-band to very low
frequencies. A low-pass filter (0 to 500 kHz) eliminated the possible component
at the oscillator frequency. A low noise amplifier, of gain 1200, gave direct
access for the analysis of the signal in the range 0 to 5000 Hz with a 10Hz filter.
[t was also possible to record the noise and to analyse it by means of a program-
mable spectral analyser. Both methods gave the same results and thus the phase

spectrum S¢ was obtained.

3.11 Experimental results

The oscillator was subjected, in succession, to the same sinusoidal vibra-

tions as was the resonator. The very low frequencies appeared very clearly in

the phase spectrum., With respect to the S¢ spectrum when the oscillation is

not disturbed (Fig 52), it can be seen that the 80 Hz, 10 g (Fig 53) vibration

not only appears, but that it increases the noise level by about 30 dB. A 380 Hz,
20 g vibration (Fig 54), shows a smaller effect on the oscillator phase noise.
When the vibration frequency is increased, the disturbance peaks are again present
in the oscillator phase spectrum. Figs 55, 56 and 57 show the effect of
frequencies equal to 1750 Hz, 2700 Hz and 4080 Hz, respectively, all for the same
20 g excitation. For a frequency of around 4000 Hz, the natural resonance of the

exciter intervenes to generate other frequencies, which explains the other peaks
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close to the excitation frequency. The decrease in amplitude of these different

peaks should be noted.

In order to obtain a direct and continuous measurement of the effect of the

external vibration frequency we used the system shown in Fig 58.

The vibration generator was controlled in frequency by the spectrum analyser
itself which displaced its analysis filter at a given velocity., There was also
synchronisation between the external vibration frequency and the central analysis
frequency. Hence we were able to obtain the oscillator phase noise and its

response to a sinusoidal vibration in the range 20-2000 Hz (Fig 59).

. : 3 ' oy .
The decrease in noise obeys a 1/f law. The position of the crystal

vis-a=vis the disturbance is also critical.

It is interesting to note that the vibration frequencies appear, here, very
clearly superimposed on the natural noise of the oscillator. In the study of
the resonator, the analysis did not permit frequencies above 500 Hz to be detected.
In the present case we see that the crystal is effectively sensitive to vibra-
tions greater than 500 Hz and their detection is facilitated by the operation of

the oscillator.

It can be stated that the oscillator, disturbed in this way, sees its

frequency modulated at the frequency of the external vibration.

Chapter 4 Oscillator subjected to a pseudo-random 'white noise' vibration

The external vibration applied to the oscillator is contained within the
range between 20 and 2000 Hz. The oscillator used was the same on as was used

previously and the resonators used were those already studied in Part 1.

Analysis of applied noise ™~

The vibrations were maintained at a constant power spectral density within
the range of frequencies chosen. Spectral analysis of the applied noise showed
a climbing of the spectrum beyond 2000 Hz and some peaks about 3500 Hz. These

latter frequencies correspond to the resonance vibrations of the exciting element.

4.1 Instability I(t1)

Fig 60 shows a comparison of the results obtained when the oscillator is

Lo )
subjected, successively, to 3 x 103 g /Hz at 2.5 g and 10 g (o e
e

Y
eff' 7 Boff
the three usual positions. The arrangement which corresponds to the horizontal

position of the quartz crystal has an instability curve whose slope is always in

1 . ; " : y
LT T and values greater than those for which the oscillator is not disturbed.

1897 The increase in the disturbance seems to enhance the stability degradation.
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The two other vertical positions of the quartz crystal show a very high
range of instability values whose mean slope is sensibly modified to the form
-0.6
1

This modification of the slope is no doubt attributable to the increase in

the internal natural noise of the resonator.

On the other hand it would appear to be difficult to relate each instability

value to a level of applied disturbance.

We have measured the instability of the same oscillator placed under the
same vibration conditions but with the resonator screened from the disturbance.
The measurements gave the instability curves shown in Fig 61, for which we see
f a slight increase, but, however, less than the smallest instability recorded when

i the resonator was also disturbed.

This instability appears, moreover, to be independent of the vibration

applied to the oscillating electronics alone.

4.1I1 Oscillator drift

Using the second method of measuring I(t) when 1 = 1 second, we calculated
the variation of the initial displacement as a function of time passed and
applied acceleration., The results showed a drift which was always negative (the
oscillator frequency increased) and the highest values were obtained for the two

vertical positions of the quartz crystal.

4,111 Phase spectrum of an oscillator disturbed by 'white noise'

We used the same experimental apparatus as has already been described for
the sinusoidal vibrations. Fig 62 shows the phase spectrum S¢ for the undis-
turbed oscillator. When the quartz crystal was in the vertical position the ) -
spectrum S¢ was very clearly disturbed (Fig 63) within the frequency range
0 to 2000 Hz. The effect was slightly less for the horizontal position of the
resonator. The phase noise returned to its normal level above 2000 Hz, and this
phase noise was recorded for analysis by means of a program. The slope of the
noise appeared very strongly (Figs 64 and 65) to be of the form l/t'3 and we
have identified it with a frequency flicker noise. The curves have been super-
imposed in order to facilitate comparison between the spectra when the oscillator
was undisturbed, (curves | of Figs 64 and 5 of Fig 65), then disturbed in the
horizontal position (5 g curve 2, 10 g curve 3) and, finally, in the vertical

position (5 g curve 6, 10 g curve 7).
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Oscillator noise was measured when the electronics alone were subjected to
vibration without the resonator. This analysis (Fig 66) shows that the vibration
has a slight effect on the electronics by introducing a noise whose slope 1is
again of the form l/fJ . However, the noise level is much less than when the

quartz crystal was affected by the external vibration along with the oscillator.

In particular, for the oscillator alone, the phase noise returned to the
normal level above 1000 Hz (with vibration applied within the range 20-2000 Hz),
whilst in the case where the oscillator was complete, the applied white noise

acted, effectively, over the whole range, that is to say up to 2000 Hz.

Conclusions from Part 2

A quartz oscillator disturbed by a continuous acceleration shows a long-
term frequency variation which is a function of the intensity and direction of
the applied acceleration. When subjected to a sinusoidal vibration, its frequency

is modulated by the vibration frequency found in its phase spectrum.

The effect of 'white noise' is to produce a phase noise in the accelerator
of form f , that is to say a frequency noise flicker. Measurements of the
instability, 1I(t) , show the variations as a function of the applied acceleration

and of the position of the oscillator with respect to the direction of the

disturbance.

It is iInteresting to note the presence of frequency flicker noise when the
oscillator is excited with 'white noise'. It can be said, then, that the random
vibrations are one of the origins of this noise, and are very important in the

study of oscillator stability,

General conclusions

In the first part of this study we were interested in quartz resonators
alone, subjected to steady-state, sinusoidal or random accelerations. From both

the theoretical aspects and the experimental results we have been able to describe

the behaviour of the crystal in each case. When it undergoes a steady accelera-

tion, six positions determine the variation in the crystal resonant frequency

perfectly, and show it to be linear, to a first approximation.

Sinusoidal or random vibrations modulate the natural frequency of the
resonator at very low frequencies, or create fluctuations in the natural

: , =4

frequency whose spectral density varies as f

The different results arising from measurements on the oscillator, subject

to the same disturbances, showed the importance of the contribution from the

IS &

i a2 B
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resonator in the oscillator frequency fluctuations. It would appear, then, that
the frequency fluctuations of a quartz oscillator, when subjected to severe
environmental conditions, are essentially due to the effects of the disturbances

on the quartz resonator,

In particular, random vibrations gave a phase spectrum in f , that is

to say a frequency noise flicker whose origin is shown in this paper.

These results should have a beneficial result in determining the best
conditions for the production of quartz oscillators designed for aerospace

applications.

The next studies should be orientated towards seeking new ways of cutting

the quartz which might decrease the effects of the environmental conditions.
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Figs 2-5

Fig 2 Layout for measuring the
quartz parameters

s P < B

1

N

Fig 3  Servo-system

Fig 4 Phasemeter output Fig 5 Quartz crystal cut
voltage along AT
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Figs 6&7

Key:
supports

) supports
face bombee

convex face

Fig 6 Relative positions of the quatz
crystal with respect to the
; directions of the acceleration

0]

Fig 7 Frequency variations as a function
of acceleration
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Fig 8
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Figs 13&14
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Fig 15 Displacement of the phase-frequency
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Fig 22
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Fig 23
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Fig 25
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Fig 26
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Figs 28&29
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Figs 30&31

Fig 30  Mounting analogous to that
of the resonator

Key:
amplificateur
de charge = load amplifier
enregistreur
graphique = graph-plotter

Fig 31  Apparatus for measuring
the vibrations
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Figs 33-35
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Fig 35 Mounting analogous to
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Figs 37&38

_LJ_‘”

Fig 37 Quartz crystal with 4 supports

Fig 38 Mounting analogous to that
of the resonator with 4
supports
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Figs 43844

fhuanatens Key:
—0+—- Resonateur = resonator
= Boucle d'oscillation = oscillation loop
boucte Ciicuts amplificateur = amplifier
* @’oscilistion ‘{;:,J’ Aigesl circuits de sortie = output circuits

r\j>»,, Fig 43  Schematic diagram of oscillator
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Key:
Reférence = reference |
Oscillateur = oscillator
Comparateur a multiplica-
tion d'erreur = comparator with error multiplication
Generateur d'intervalles
de temps etalons = generator of standard time intervals
Chronometre = chronometer
Mémoires = Mmemory
Enrégistreur = recorder
Remise a zéro = re-set to zero
Mise en memoires = store in memory

Commande d'enrégistrement = recorder control
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Fig 44  Apparatus for measuring I(t)
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Figs 50&51
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Fig 54
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Fig 55
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Fig 59
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Fig 59 S¢ as a function of the frequency of the
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Fig 61
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Fig 64
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Fig 64 S for an oscillator subjected to 1.25 10'2 g2/Hz (2)

and 5.10_2 gZ/Hz (3) for a resonator in the vertical
position
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Fig 65
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Fig 65 S¢ for an oscillator subjected to 1.25 1072 gz/Hz (6)

and 5.1072 gz/Hz (7) for a resonator in the horizontal
position
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