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ABSTRACT 

Quartz  c r y s t a l s  have been opera t ed  in overtones for 
obta in ing standard frequencies .  Exci ta t ion  in overtones 
enables the inductance o f  the equivalent ser ies  c i r c u i t  
o f  the crystal t o  be made high enough ( inductance value 
i n c r e a s i n g  a s  t h e  cube of the over tone  number) f o r  obtaining 
a high degree of f requency s t a b i l i t y  and, also, the resis- 
tive impedance of the c r y a t a l  at resonance becomea high 
enough i n  overtone excitation f o r  p r o p e r  o p e r a t i o n  in t h e  
o s c i l l a t o r  c i r c u i t ,  

Along with t h e  advantage of high s t a b i l i t y ,  exci tat ion 
of quartz in overtones can have another  great advantage of  
being able t o  generate a high enough frequency at the out 
s e t  to reduce the frequency m u l t i p l i e r  chain linking the 
quartz crystal frequency w i t h  the  a tomic  frequency in 
atomic frequency standards, 

This paper describes a eimple and e f fec t ive  technique 
fox generating over tone  frequencies of a l m o s t  any required 
overtone number with ease a d  r e l i a b i l i t y ,  The method 
consists in coupl ing  a paral lel  3;-C c i r c u i t  t o  the qua r t z  
in the o s c i l l a t o r  network. As L-C is tuned i n  t h e  p rox i -  
mity of the  overtone frequency, the quartz c r y s t a l  takes  
c o n t r o l  t o  generate the overtone frequency. Thus, overtone 
frequencies in t h e  neighbowhood of 60 and 100 MHz using 
different crystals could be eas i ly  o b t a i n e d  in the first 
single stage of a multiplier chain, 



An i n t e r e s t i n g  effect not iced  was t h e  splitting of 
an overtone frequency in two values, the higher value 
being obta ined  when the resonance frequency o f  t h e  L-C was 
varied f rom the higher to the lower values. The lower 
overtone frequency was obtained when the  v a r i a t i o n  of t h e  
I - C  resonant frequency was in t h e  opposite direction. The 
frequency splitting probably ariaes as a r e s u l t  of the 
coupling of the two resonators,  the L-C and the quartz .  
Thia explanation is supported by the f a c t  that the s p l i t t -  
ing  between the overtone doub le t  decreased as t h e  coupling 
between the 5-C and the quarts  was decreased. Starting 
with any of the overtone doublet in each case only the 
lower frequency is obtained after  the interruption of 
voltage supply and, hence, f o r  repea t ib i l i t y ,  is the one 
t o  be used in practical application in the frequency 
multiplier chain, 

INTRODUCTION 

Quartz crystals a r e  essential e lec  txonic component8 
for generating standard frequencies. Ea r l i e r  t o  the 
development of a t o m i c  frequency standards ,  the q u a r t z  
c r y s t a l  i t s e l f  in an o s c i l l a t o r  c i r cu i t  served as the 
s tandard  of frequency, the ageing of t h e  c rys t a l  being 
allowed for by re se t t ing  the cryst a1 frequency through 
astronomical observations. Presently, the quartz crystals 
aerve aa slave oscillators in atomic frequency standards. 
In b o t h  the cases it is essential  t h a t  the frequency 
stability of the quartz c r y s t a l  be the highest. 

Warner (1-3) at Bell Telephone Laboratories haa 
developed d sign of quartz c rys t a l a  for obta in ing very high % Q ( 2 5  x 10 ), The improvement obtained in the Q ' s  is an 
order of magnitude higher than that obtained earlier. A t  
abou t  the  same time appreciable  progress has been made t o  
reduce the ageing r a t e  of the c ryp i ta la .  Thus, the frequency 
stabiliiy of the qua t z  c ry s t a l s  haa been pushed up f r o m  
1 x 10- t o  1 x 10-16. me t o  this fact ,  the  quar ts  crystals 
not only become better alave o s c i l l a t o r s  for the atomic 
frequency standards but also tend to compete w i t h  the 
atomic standards f o r  independent working over  a long 
p e r i o d  of time. 



Due t o  the a v a i l a b i l i t y  o f  Mgh Q c r y s t a l s ,  the 
question arises in what mode (fundamental or the overtone) 
should  the crystal be excited? Due t o  the very high QQ18, 
the s e r i e s  r e s i s t ance  o f  the quartz c r y s t a l  equivalent  
c i r c u i t  becomes so l o w  that it becomes difficult t o  e f f i c i -  
ently match t he  c r y s t a l  t o  the r e s t  of t h e  c i r c u i t  f o r  its 
e f f i c i e n t  ope ra t ion .  Warner has shown tha t  f o r  t h e  b e s t  
utilization o f  the  high Q c r y s t a l s  it should be operated 
in higher overtones. This is because the  equ iva len t  resis- 
t a n c e  of the quartz c r y s t a l  i n  the over tone  o p e r a t i o n  w i l l  
increase fast with the over tone  number because t h e  equiva- 
l e n t  inductance  o f  the s e r i e s  cis uit i nc reases  as t h e c u b e o f  
the overtone number and the Q = i t s e l f  w i l l  remain 
a l m o s t  unchanged, bo th  f u r  t h e  fundamental and t h e  overlane 
frequencies .  The o p e r a t i o n  in t h e  over tone g ive s  an 
a d d i t i o n a l  s t a b i l i t y  o f  operation due t o  increase  of i n a c -  
tance. It c a n  be shown ' that  

A f  - 
=: A xe - - A Xe 

f --- 
2 0  L c 3 1  

where Xe is tne e f f e c t i v e  reactazlce, L is the equivalent 
se r i e s  inductance sf t h e  quartz c r y s t a l  and S1 i s  t he  
s t a b i l i t y  index of t h e  c r y s t a l .  

The o p e r a t i o n  of the q u a r t z  c r y s t a l  i n  over tones  n o t  
on ly  he lps  t o  o b t a i n  a stable frequency in t h e  way i n d i -  
ca ted  above but also can be e f f e c t i v e  in reducing t h e  
frequency multiplier chain between 'the s lave  q u a r t z  crys-taJ 
oscillator and the a-tosclic frequency, Tor  - th i s  purpoae  the 
higher  the over tone  nmbex  t h e  grea te r  would,  o f  course ,  
be the multiplier chain campression, contributing t o  
increased p o r t a b i l i t y  of t h e  s t a n d a r d ,  r educ t ion  of c o s t  
and s i m p l i c i t y  o f  the e l e c t r o n i c  c i r c u i t r y  involved,  

For  excitation of t h e  q u a r t z  c r y s t a l s  in o v e r t o ~ e s  
d i f f e r e n t  workers have employed d i f T e r e n t  t e c h i q u e s i  4-7 4). 
The bas ic  conaidexaP;:ion in these  tec:iini.i.].ue is t o  suppre:?, 
by use of  f i l t e r s ,  cr* otherwise, th.? T u n d a z e r ~ t a l  and provl.ae 
enoughgalrl t o  t h e o a c i l 1 a f ; o r ~  c i r c u i t  at oris  af the over tmr; 
frequencies for o s c i l l a t i o n s  t o  take ~j1i;ce at t h i s  frequmcy. 
It may be mentioned t ha t  much e$tiyr t o  i h c  d e v e l o p m e o r  of 
high Q c r y s t a l s  Mason a n d  F a i r  5 iiad given a -technique 
f o r  overtone exc i t a t i on  in an o s c i l . l a t s r  c i r c u i t .  ?ioweverg 
t h e  method was complex and hardly any w e  seems -to have 
been made of it in aubseqixent fsequenc3- s tandard  work. 



This paper present8 a general, practical and re la t i -  
vely easy method of exciting the quartz crystal in the 
oscillator circuit  to almoat any overtone number des ired ,  
limited, of course, by the frequency capability of the rest  
of the circuit .  The technique for production of overtones 
simply consists of coupling an L-C network t o  t he  q u a r t s  
crystal and bringing the resonant frequency of the L-C 
network i n  the neighborhood of the desired overtone 
frequency. At atthis stage the quartz crystal takes c o n b l ,  
resulting in the generation of the overtone frequency. 

EXPERIMENTAL DETAILS 

Pig. 1 depict8  a representat ive  example of the use of 
the technique for producing overtones, the oacle l lator  circuit 
u s e d b e i n g o f t h e C o l p i t t s  f a s h i o n .  In  o r d e r t o  p r e v e n t  d . c .  
shorting of the bias on the crystal a blocking capac i to r  
(Cj) is used as shown in fig. 1. Change of t h i a  capacitor 
also enables var ia t ion  of the coupling between the LC and 
the quarta crystal. 

I n  o r d e r  t o  show t h e  working o f t h e  c i r c u i t  of f i g .  l f o r  
o v e r t o n e  g e n e r a t i o n  t h e  c a ~ a c i t a n c e  o f t h e  -C c i r c u i t  was 
varied continuously f rom higher C values $0 lower and vice- 
versa so that  the overtone frequency of the quartz c ry s t a l  
l a y  in the range of reaonant frequencies of the LC c i r c u i t .  
S ta r t ing  f rom higher or lower  limits of C, a xegion was 
obtained when the frequency became insensitive to further 
v a r i a t i o n  o f  capacitmce, t h i s  frequency being the des i red  
overtone frequency. 

As expected, the frequency s t a b i l i t y  in thia region 
was the maximum, ahowing that the quartz crystal had taken 
control of the frequency generated. It w a s  found t ha t  aa 
the capacitance was vzxried from e i t h e r  s i d e ,  t h e  on- 
s e t  and te rminat ion  of the overtone generation in the 
regions I & I1 of stable frequenciea (fig,2&3) were i n d i -  
cated by the production of a momentmy shift of the C.R. 0, 
waveforms appearing at the output  of the o s c i l l a t i n g  c i r c u i t ,  
This shift in the waveform can be used t o  monitor v i s u a l l y  
when the frequency c o n t r o l  by the qua r t s  crystal  is taking 
place. As expected, no such shift waa observed when the 
quar tz  crystal waa replaced by i t  a equivalent e l e c t r o d e  
capacitance, Figuree 4 and 5 i l l u s t r a t e  the  voltage wave- 
forme of the th ird  and f i f t h  overtones generated by a 
quartz crystal of fundamental resonance frequency of 1.87MHz 



by use of c i r c u i t  of f i g .  1. The ampli tude of the overtones 
was f~und t o  be comparable t o  tha t  of the fundamental. 

An interesting fact noticed from the figures 2 & 3 
is, what may be called, frequency splitting of each of the 
t h i r d  and f i f t h o v e r t o n e s i n  two v a l u e s  andthe p r o d u c t i o n  of a 
hysteresis-type curve l o c a t e d  in the region of t he  produc- 
t i o n  of the overtone frequencies. It was found that only 
the lower overtone frequency was stable against i n t e r rup t ion  
of  voltage supply and w i l l  be, of course,  the one t o  be 
used in p r a c t i c a l  applications,  The s p l i t t i n g  of the over- 
tone frequencies was foundto be a d i r e c t  function of the 
coupling of the L-C circuit with the  quar t z  crystal. 
Table ( I )  d e p i c t s  these  r e e u l t s .  In this  t a b l e  the coupl-  
ing  capacity between t he  XI-C circuit and the  quartz crystal 
is progressively changed from one s e t  o f  values t o  the  
o t h e r a  f o r  obtaining the corresponding in t e rva l  between the  
overtone -frequency doublet .  

The method o f  obtaining overtone frequencies described 
i n  the paper was t r i e d  in d i f f e r e n t  kinds  of quartz c r y s t a l  
oscillating c i r c u i t s  a p a r t  f rom that descr ibed  in f i g . l .  
In a l l  cases,  the overtone f requenc ies  were easily obtained. 
In one c i r c u i t  using the quartz c r y s t a l  o f  20MHz fundamen- 
ta l  frequency overtone frequencies of nominal va lues  60 & 
100 MHz were obtained.  Fig .6 ,7  and 8 depic t  the fundamenbl 
third and f i f t h  overtone frequencies (20,60 & 100 MHZ) of  
a quartz c r y s t a l .  

I n o r d e r  t o i l l u s t r a t e  t h e e f f e c t i v e  c o n t r o l  o f t h e q u a r t z  
c r y s t a l  for producing the overtone frequenciea the follow- 
ing  observations were obtained f o r  a particular c i r c u i t ,  
using a quartz crystal of 20 MHz as fundamental frequency. 

The resonant  L-C frequency was changed between two 
l i m i t s  in two d i f f e r e n t  s e t s  (I & 11) of observations, the 
values in s e t  I lying below the  overtone frequency and 
those in s e t  I1 lying above the overtone frequency. Table IZ 
d e p i c t s  t h e  results. It can be seen f r o m  the  table t h a t  
even for a big enough i n t e r v a l  between t he  t w o  frequency 
l i m i t s  in each s e t  the overtone frequency is obtainable ,  
its frequency hardly changing between the two l i m i t s  of 
set I, though there is a greater corresponding change for 
l i m i t s  of a e t  11. The excent o f  c o n t r o l  t h e  quartz  crystal 
can have, seems to depend also on the  type o f  o s c i l l a t i n g  
circuit used. 



The s i g n i f i c a n t  difference i n  the  overtone frequendes 
corresponding t o  use of s e t  I and I1 i s  t h e  frequency 
splitting already described in fig.2 for use of the 
1.87 MHz cryatals, 

It haa been shown tha t  uae of a L-C c i r c u i t  d i r e c t l y  
coupled t o  the quartz c r y s t a l  i~ effective in generating 
overtone frequencies. In pr inc ip l e  any overtone number 
can be generated consistent  with the frequency c a p a b i l i t y  
of the o s c i l l a t o r  c i r c u i t .  For example, in circuit of 
fig.1 the thirteenth overtone frequency of the 1.87 MHz 
c r y a t a l  was obta ined ,  no attempt being aade t o  obtain  
a t i l l  higher overtones. The usefulness of the  coupled 
L-C network is shown by the f ac t  that as soon as, during 
the produc t ion  of overtone frequencies, the L-C is mechani- 
c a l l y  decoupled o n l y  the fundamental frequency g e t s  
gsnerat  ed. 

The overtone frequency splitting is probably due t o  
we l l  known coupling of two tuned circuits o f  t h e  same 
individual resonance frequencies ( 16-1 71, The doublet  
will tend t o  vanish as the  c ~ ~ p l i n g i s d e c r e a s e d ,  as a c t u a l l y  
found , 

It may be expected that  by use of ac t ive  s o l i d  s t a t e  
devicea of the  oecillator circuit o f  high enough frequency 
capability, generation o f  overtone frequencf e a of the 
order of 500 MHz should be f e a s i b l e ,  in the first stage 
of a frequency m u l t i p l i e r  chain for an a tomic  frequency 
standard. For this purpose, it would of course be d e s i r -  
able to have the fundamental frequency of  the  c r y s t a l  as 
high as p o s s i b l e .  

SUMMARY AND COIFCLUSION 

The paper  presents a new method of generat ing avertme 
frequencies of quartz crystals .  A para l l e l ,  tunable L-C 
c i r c u i t  is coupled t o  t h e  quartz crystal i n  an o s c i l l a t o r  
circuit. On tuning t h e  L-C f o r  i t s  resonant  frequency t o  
l i e  i n  the  neighbourhood of  an overtone frequency, the 
q u a r t z  crystal t akes  c o n t r o l  f o r  genera t ing  the  pu re  over- 
tone frequency of amplitude comparable to t h a t  obtained 
fax  t h e  fundamental o s c i l l a t i o n s .  



Each overtone frequency exhibits a s p l i t t i n g  in t w o ,  
the  higher frequency being obta ined  when the  2 - C  resonmce 
frequency approaches the overtone frequency from the 
higher values. The reverse is the case when the  overtone 
frequency is approached f rom the lower  values.  The l o w e r  
overtone s p l i t  frequency is stable aga ins t  the interrup-t;l3n 
o f  the vol tage  supply and, therefore,  is the  one t o  be used 
f o r  p r a c t i c a l  applications. 

The method f o r  obta in ing overtone f requencies  makes 
it e a s i l y  p o s a i b l e  t o  exc i te  high Q crystals in the higher 
overtones for which the quartz crystals would have im- 
pedance l e v e l s  b e t t e r  matched to t h e  oscillating c i r c u i t  
and a l s o  have higher s t a b i l i t y  index. In t h i s  way 
standard frequencies can be generated e f f i c i e n t l y  using 
high Cj c r y s t a l s ,  Also,  exc i t ing  a c r y s t a l  o f  preferably 
high fundamental frequency in an high enough overtone the 
frequency multiplier chain l i n k i n g  the quar tz  c rys t  a1 
frequency with the a t o m i c  frequency in an atomic frequency 
standard can be appreciably compressed, this f a c t  leading 
to be t t e r  p o r t a b i l i t y ,  lower c o s t  and s imp l i f i c a t i on  of 
e lec t ronics  involved. As ELXI exmple, an overtone frequency 
of 100 MKz was easi ly ob ta ined  for the first stage of a 
frequency m u l t i p l i e r .  
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TABLE (I) 

ILLUSTRATION OJ? OVERTONE PRBQUENCY SPLI'PTING AS 
A ZTTNCTION OF THE COUPLING BETWElEN THE QUARTZ 
CRYSTAL (of fundamental frequency = 1.87 M e )  AM) 
9 L-C CIRCUIT,  

OVERTONE COUPLING OVERTONE DOUBI;ET 
NUMBER CAPACITANCE SEPARATION IN HERTZ 

THIRD 



TABLE (11) 

ILLUSTRATION OF EFFECTIVE CONTROL OF QUARTZ AT 
OVERTONE PRGQUEICY WITH THE CORRESPONDING L-C 
FREQUENCY VARIATIONS IN THF, REGION OP PRODUCTION 

SET L-C FREQUENCY QUARTZ OVERTONE FREQUENCY 
NO. VARIATIONS FOR THE FLANGE OF L-C 

FREQUENCY VARIATION 

49,8128 MHz 60,001 124 MHz 

11 62,3241 MHz 60.003794 MHz 

67.4629 EJMz 60.009162 MHz 



F l p  I CIRCUIT DIAGRAM OF  A C H Y S T A L  C O N T R O L L E D  O S C I L L A T O R  

SHOWING T H E  USE O F  A  P A R R A L L E L  TUNED L - C  CIRCUIT 

ACROSS T H E  O U A R T Z  C R Y S T A L  F O R  T H E  G E N E R A T I O N  OF 

O V E R T O N E  F R E O U E N C I E S  

T ~ u  2 GHLOUCNCI  Y IH IAT ION W I T I I  01HtC110NAL I.H*NGL 0 6  L4PAT.ITAnCE FROM LUWFR II.L#~C? I i) 

I I IGHFR A N D  BACV, FOR I X C I T I T I O N  U b  QUARTZ  IN THIRD I 1 Y t R T U N k  



 FIG.^ GENERATION OF T H I R D  OVERTONE FREQUENCY ( 5 . 6  MHz) 
OF A QUARTZ CRYSTAL OF 1.87 MHz FUNDAMENTAL 
FREQUENCY. 

H o r i z o n t a l  Sca le  1 d i v ,  = 0.1 p aec. 
V e r t i c a l  Scale 1 div. = 2.0 volts 
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PIG, 5 GENERATION OF FIFTH OVERTONE FREQUENCY (9,314~~ ) 
OF A QUARTZ CRYSTAL O F  1.87 MHz PUNDAMENTAL 

H o r i z o n t a l  Scale 1 div .  = 0.1 p sec. 
Ver t ica l  Scale 1 div .  = 2.0 volts 

FIG 6 GENERATION OF FUNDAMENTAL PREQUENCY OSCILLATIONS 
OF A 20 MHz QUARTZ CRYSTAL. 

Horizonta l  Scale 1 div. = 0.1 p sec, 
Vert ical  Scale 1 d i v ,  = 2.0 v o l t s  



FIG. 7 GENERATION OP THIRD OVERTONE FREQUENCY (60 M H Z )  
OF A QUARTZ CRYSTAL OF 20 MHz FUNDAMENTAL 
FREQUENCY. 

H o r i z o n t a l  Scale  1 d i v .  = 1.0 p sec .  
Vertical  Scale 1 d i v .  = 2.0 v o l t s  

FIG.8 GENERATION OP PIFTH OVERTONE FREQUENCY (100 MHz)  
OF A 20 MHB QUARTZ CRYSTAL, 

Horizontal Scale 1 d i v ,  = 1.0 sec ,  
V e r t i c a l  Scale 1 d i v .  = 2.0 v o l t a  



QUESTION AND ANSWER PERIOD 

NO DISCUSSION 




