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FOREWORD 

This report was prepared by Collins Radio Group Rockwell International,  Cedar 

Rapids, Iowa, under USBM Contract No. H0133045. This contract was in i t i a ted  

under the the Coal Mine Health and Safety Research Program. I t  was administered 

under the  technical direction of the Pittsburgh Kining and Safety Research 

Center with Dr. H .  K. Sacks acting as  the  technical project o f f icer .  Mr. 

Frank Pavlich was the contract  administrator fo r  the Bureau of Mines. 

This report i s  a summary of the work recently completed as  part of t h i s  con- 

t r a c t  during the period June 23, 1973, t o  July 23, 1974. 



INTRODUCTION 

USBM Contract H0133045 consists of the design, build and t e s t  of 50 waveform 

generators. The waveform generator i s  a  small ULF  t ransmitter operating in 

the 1  to 3  KHz frequency range for  the purpose of locating trapped miners 

during a  mine d i sa s t e r .  

This contract provided for  the design, t e s t ,  and building of 50 waveform 

generators using a  discrete  component construction with an option of using 

hybrid construction techniques within 105 days a f t e r  the effect ive date of 

the contract .  Because of large quantity economic considerations, t h i s  option 

was not i n i t i a t ed .  Two engineering models were designed, constructed and tested 

and 50 f inal  production units were fabricated using d isc re te  construction. 

Complete documentation i s  supplied under a  separate package which includes 

f inal  schematics, parts l i s t ,  layout information, equipment specif icat ion,  

production t e s t  procedures and qualif ication t e s t  procedures. Ten uni ts  have 

been delivered to  the USBM. The remaining 40 units are  being retained for. 

packaging under contract H0242010 Transmitter Package and Receivers. 

A great deal of experience has been gained as  a  resu l t  of t h i s  contract .  A 

f inal  discrete  potted printed c i r c u i t  configuration has been arrived a t  

that  i s  now ready for  f i e l d  tes t ing .  After f i e l d  tes t ing ,  any desired changes 

should be incorporated into a  f inal  design. However, a s  a  resu l t  of the current 

experience gained building and tes t ing the production uni t s ,  t h i s  printed 

c i r c u i t  package together with potting procedure could be improved to  reduce 

future costs .  For example, the printed c i r c u i t  board could be increased in 

s ize  by 0.125 to  0.2 inches and a l l  components could be mounted d i rec t ly  to  

the board eliminating cost ly  hand stacking of components. The new printed 



c i r c u i t  board would be potted i n  the mechanical package el iminating separate 

potting of the waveform generator and i t s '  associated mold. Because the mechanical 

package would be the mold for  the  printed c i r c u i t ,  no overall s ize  increase 

will be needed for  the mechanical package the miner will eventually wear. 

However, i f  any additional c i r cu i t ry  i s  added to  the overall package a miner 

i s  required to  wear, the decision to  thin or thick film must again be examined. 

For example, should a down-link receiver be required, t h i s  c i r c u i t  along with 

low level portions of the transmitter could be incorporated in thin or  thick 

film c i r c u i t s  for both an economic and s i ze  advantage. 

The information i n  t h i s  report covers the e lec t r ica l  and mechanical design 

aspects of the waveform generator and concludes with recommendations. 



1.0 E l e c t r i c a l  Design 

1.1 Br idge Output Stage 

The i n i t i a l  design f o r  t h e  b r i dge  output  stage i s  shown i n  F igure  1 .  

This  br idge was tes ted  ex tens i ve l y  and provided 7.0 amperes R.M.S. 

i n t o  a  .2 ohm 100 UHY tuned antenna and 4.7 amperes R.M.S. i n t o  a  .4 

ohm 200 UHY antenna. This  b r i dge  i s  t h e  best  c o n f i g u r a t i o n  fo r  minimum 

saturated t r a n s i s t o r  drops, bu t  untuned antennas and o f f  resonance 

cond i t i ons  r e s u l t e d  i n  t r a n s i e n t s  t h a t  caused t u r n  on o f  two t r a n s i s t o r s  

r e s u l t i n g  i n  a  sho r t  across the  b a t t e r y .  This  reduced the  ou tput  

c u r r e n t  and placed an a d d i t i o n a l  d r a i n  on the  b a t t e r y .  To e l i m i n a t e  

t h i s  problem t h e  br idge con f i gu ra t i on  o f  F igure 2 was selected f o r  t h e  

f i n a l  design. 

F igure  1  I n i t i a l  Br idge Design 

-4 - 



Figure 2 Final Bridge Design 

This bridge does not have any tuning problems and returns energy back 

to  the battery through the C - E  diodes during off r2sonance switching 

for  untuned loads. The RMS current i s  5.7 amperes into a . 2  ohm t ~ n e d  

100 UHY antenna. R.M.S. current from -30°C to +60°C i s  not l e s s  than 

5.6 amperes. The bridge can be operated continuously with a shorted or 

open antenna. 

1.2 MOS Bridge Driving Circuitry 

The drive logic for  the bridge c i r c u i t  consis ts  of low power MOS 

inverter and nand gates.  The logic required i s  to  drive one 

side of the bridge high while driving the other side of the bridge low. 

1 .3  Crystal Osc i  11 a tor  

The crystal  o sc i l l a to r  c i r c u i t  shown in Figure 3 i s  a conventional 

pierce o sc i l l a to r  using a watch type quartz c rys t a l .  



Figure 3  Crystal Osc i l l a to r  Circui t  

Resistor R1 biases the  CD4007 in the  1  inear range. I t  i s  large  (22 

megohms) so i t  doesn ' t  a f f e c t  the  phase of the feedback network. Rcsistor 

R 2  and capacitor  C1 provide phase s h i f t  and l im i t  the  d r ive  t o  the  c ry s t a l .  

Capacitor C 2  provides the  proper input dr ive  level  f o r  t he  c i r c u i t .  

Resistor R2 i s  changed t o  accomodate the  frequency range of 33.6 KHz t o  

62.4 KHz. The 1050 Hz t o  3030 Hz output i s  obtained by dividing down by 

16 o r  32 w i t h  the MOS divider  CD4024. This c i r c u i t  has been t es ted  from 

-30°C t o  +60°C with l e s s  than 1 Hz variat ion a t  the  1  t o  3  KHz output .  A 

s t a t ek  type SX-IV c rys ta l  i s  speci f ied .  An a l t e r n a t e  c rys ta l  i s  ava i l -  

ab le  from McCoy t ha t  would work with some e l ec t r i c a l  and mechanical changes. 

An applicat ion note covering t h i s  o sc i l l a t o r  c i r c u i t  i s  attached t o  t h i s  

repor t .  The output frequencies have been assigned channel numbers. 

Beginning with 30 Hertz a s  channel 1 .  The output frequencies in Hertz can 

be determined by: 



F = (Channel No.) x 60 - 30 

The f requencies  and channel numbers supplied under t h i s  con t r ac t  a r e :  

Channel 

18 

26 

33 

43 

51 

Frequency 

1050 Hz 

1530 

1950 

2550 

3030 

All of t h e  34 channels  assigned a r e  tabula ted  in t h e  equipment spec i -  

f i c a t i o n  contained in  t h e  documentation package. 

1  .4 Duty Cycl e  Generator 

The duty cyc le  generator  shown in Figure 4 provides t h e  ga t ing  f o r  t h e  

100 millesecond on time and .9 second o f f  t ime. R3 + R4 and C3 provide 

t h e  long o f f  t ime cons tant .  R4 and C3 provide t h e  shor t  on time cons tant .  

Temperature and vol tage t e s t s  on t h e  engineering model r e su l t ed  i n  l e s s  

than 3% va r i a t ion  in duty cyc le  from -20°C t o  +60°C and from 3 .5  t o  4 .5  

V ' . D . C .  The duty cyc le  of some of t h e  50 u n i t s  have been a l t e r e d  f o r  

experimentation purposes. I f  f u r t h e r  f i e l d  t e s t i n g  ind ica t e s  a  des i red  

change of t h e  duty cyc le ,  i t  can be accomplished by changing R3, R4 

and C3. I t  would not be d e s i r e a b l e  t o  change t h e  per cent  duty cyc le  t o  

a  l a r g e r  value because t h i s  would increase  t h e  power d i s s ipa ted  in the  u n i t .  



Figure 4 Duty Cycle Generator 

1.5 Thermal 

The output bridge driving 7.5 amperes into a .2  ohm re s i s to r  with a 

10% duty cycle resu l t s  in junction temperatures be1 ow 1 1  0°C. The max- 

imum rated t rans i s tor  junction temperature i s  150°C. For safe re -  

l i ab l e  operation a derating factor  of 75% i s  desirable and i s  at tained 

in t h i s  design. If the i n i t i a l  duty cycle of 20% was retained the 

thermal design would be marginal. 

The method of obtaining good heat t ransfer  from the t rans i s tor  case t o  

the printed c i r cu i t  board i s  by plating on the c i r cu i t  board and tying 

t h i s  plating to  the outer plated layers of the board. A thermal con- 

ductive epoxy bond i s  used between the t rans i s tor  col lectors  and the 

printed c i r cu i t  board. 



1 .6  I n t r i n s i c  Safety 

The waveform generator has been designed in accordance with i n t r i n s i c  

sa fe ty  guidel ines .  The waveform generator by i t s e l f  i s  i n t r i n s i c a l l y  

sa fe  and has been t e s ted  a t  the  USBM f o r  i n t r i n s i c  sa fe ty .  The wave- 

form generator in combination with c e r t a i n  inductive antenna loads can 

be unsafe. The determination of sa fe  antenna loads will  be accomplished 

under contrac t  HC242010 Waveform Generator Package and Receivers. 

1 . 7  Battery Life 

Life t e s t s  with t h e  or ig inal  bridge resul ted  in operating l i f e  of 

greater  than 12 hours. A ba t tery  was f u l l y  charged and then operated 

with a  cap lamp load f o r  8 hours. The cap lamp was turned o f f  and t h e  

waveform generator was connected t o  the  ba t t e ry .  The antenna load was 

a  tuned 100 LlHY antenna ( . 2  ohms D.C.R.) the  R.??.S. current  was a s  

fol 1 ows: 

Time Current 

turn on 5.1 Amps R.M.S. 

5  hours 4.9 

12 hours 4.2 

The uni t  was turned off  overnight (12.5 hours).  The next morning i t  

was turned on with an i n i t i a l  current  of 4.2 amperes. After 3 hours 

of operation the  current  was 2.1 amperes. A t  t h i s  time the  bat tery  

was e s s e n t i a l l y  dead. 

Later t e s t s  with the  f ina l  bridge configurat ion resul ted  in operating 

times of g rea te r  than 24 hours. The f ina l  bridge configurat ion r e s u l t s  

in longer l i f e  because of s l i g h t l y  reduced output current  and t r a n s -  

i s t o r  dr ive  power. Under the  same condit ions a s  before r e s u l t s  a r e  



as follows: 

Time - Current 

turn on 4.52 Amps R.M.S. 

9 hours 3.54 

11 hours 2.83 

14 hours 2,26 

19 hours 2.1 2 

24 hours 1 .98 

Resuits of another l i f e  t e s t  under the  same conditions are  as  follows: 

Time Current 

turn on 4.95 Amps R.M.S. 

4  hours 4.95 

16 hours 4.5 

20 hours 4.24 

24 hours 3.7 

28 hours 3.6 

The variation of current shown in these l a s t  two l i f e  t e s t s  i s  due 

mostly t o  di f ferent  ba t te r ies ,  although per cent duty cycle, tuning, 

and the amount of time the unit was r u n  continuously during measurements 

are a lso factors .  Life t e s t s  were r u n  using ba t te r ies  t h a t  were approx-  

imately 1  year old,  b u t  essent ia l ly  new with l e s s  than 10 charge cycles. 

From these l i f e  t e s t s  i s  appears t h a t  adequate operating time i s  avai l -  

able for  location during an emergency. These operating times will be 

extended in actual f i e ld  use since the defined antennas are  now n o t  

l e s s  t h a n  .4 ohms ( D . C . R . )  A 20% increase in l i f e  can be expected. 



For information concernirg battery c h a r a c t e r i s t i c s  with age, t h e  

following data i s  presented f o r  th ree  b a t t e r i e s  obtained from YSA 

t h a t  were ready f o r  d iscard .  

Unit - 1 - 2 - 3 

Internal  R 1 0 1  52 .113~2 , 1 0 1 ~  

Cap Lamp Life 5 hrs .  7 hrs .  8 hrs .  

No Load Voltage 4.09V 4.04V 4.23V 

Cap Lamp Load 3.89V 3.88V 4.02V 
Voltage 

1 .8  Antennas 

The i n i t i a l  speci f ied  load f o r  the waveform generator was .2 ohms 

D . C . R .  and a 100 U H Y  inductor. The present defined antennas a r e  the  

90 foot  of #16 portable antenna which i s  *47 U H Y  (.3C ohm D.C.R.) and 

the  400 foot  #10 fixed antenna which i s  233 U H Y  ( .4 ohm D.C.R.). 

A l o t  of the t e s t i n g  of the  waveform generator has been done using 

the  .2 ohm antenna which i s  much more than a worst case condition a s  

f a r  as  power d i s s ipa t ion ,  bat tery l i f e  e t c .  i s  concerned. In general 

the  waveform generator has been operated more severely than will  be 

required in actual  f i e l d  use. 

*Calculated from N.B.S. c i r c u l a r  C-74. 



2.0 Mechanical 9esiqn 

The i n i t i a l  package s i z e  o b j e c t i v e  was 1 . 3  x 1 . 3  x . 5  inches.  W i t h  an 

option a t  105 days ARO t o  go t o  a  hybrid package. A t  t h i s  time four  

approaches became apparent .  A two 1 ayer  package 1 . 3  x 1  . 5  x . 5  inches ,  

a  s i n g l e  l aye r  1 . 3  x 3.25 x .25 inches,  a  t h i n  f i lm  1.25 x 1.25 x .5  

inches and a t h i c k  f i l m  1 .25  x 1 .25  x . 5  inches.  

Considering c o s t ,  technical  r i s k  and heat conduction t h e  dec is ion  was 

made t o  use t h e  s i n g l e  l aye r  1 . 3  x . 3  x 3.25 inch d i s c r e t e  approach. 

Budgetary c o s t s  a r e  shown in Table I .  

The 1 . 3  x 3.25 x . 3  inch package i s  potted with a  sylgard compound 

f o r  water proofing,  r e s u l t i n g  i n  a  f i n a l  s i z e  of 1 . 4  x .35 x 3.45 

inches. The po t t ing  process with a  s i n g l e  mold has proven t o  be t roub le -  

some, time consuming and expensive so t h a t  f u t u r e  bui lds  should consider  

placing t h e  c i r c u i t  board i n t o  t h e  t r a n s m i t t e r  package c a v i t y  and then 

pouring in t h e  pot t ing  ma te r i a l .  

E lec t r i ca l  connections from the  waveform generator  c o n s i s t  of f i v e  6- 

inch #20 bus wires with t e f l o n  s leeving .  The package has been operated 

while immersed in  water with no problems. A p ic tu re  of t h e  unpotted and 

potted waveform generator  i s  shown in Figure 5 and 6.  
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3.0 Probl ems -- 

The experience gaineo from the production of 50 waveform generators 

has indicated tha t  the C-NOS integrated c i r cu i t s  variation in production 

l o t s  i s  a  problem. 

The C-MOS used for  t h i s  contract i s  specified for operation from 3.0 

to  15 volts.  For logic operation such as the drive logic for  the 

bridge c i r c u i t ,  the C-NOS operation i s  adequate. B u t  fo r  the l inear  

operation such a s  in o sc i l l a to r  c i r cu i t  and the duty cycle generator, 

the degradation of the t ransfer  charac te r i s t ic  of some of the C-MOS 

a t  low voltages causes problems. A no s t a r t  problem with a  load 

connected before applying power has occured in some units and variation 

of the duty cycle on and off  times i s  a  roblem in some units.  For the 

build of 50, a capacitor was added to  eliminate the no s t a r t  problem 

and some selection of integrated c i r cu i t s  was necessary to  control 

the duty cycle time. 

For future builds the RCA TA-6178 low level (1.1 to  6 vol ts)  C-KOS 

should be considered i f  i t  becomes a  standard 1 ine and i s  available 

in production quant i t ies .  Also the new l i n e  of C-MOS by Fairchild has 

been tested and has a  superior t ransfer  charac te r i s t ic  a t  low voltages. 

4.0 Recomnenda t i on s  

Because of low voltage problems, for future builds i t  i s  recommended 

that  the RCA low voltage TA 6178 integrated c i r c u i t  be used i f  i t  

becomes available.  A1 so, the Fairchild C-NOS should be used because 

of i t s  superior t ransfer  charac te r i s t ic  a t  low voltages. I t  i s  an- 
t 

t icipated tha t  eventually other C-HOS manufacturers will improve the i r  

C-llOS so that  i t  may not be required to  specify Fairchild C-EOS. The 



potting process provides good water and humidity protection b u t  should 

be modified so tha t  the board i s  placed in the transmitter cavity 

and then f i l l e d  with potting compound rather than potting each wave- 

form generator in a separate mold. The separate or  mu1 t i p l e  mold 

process has proven to  be time consuming and troublesome. Also, t h i s  

would allow the board t o  be made s l igh t ly  larger to f a c i l i t a t e  d i r ec t  

placement of a l l  conponents on the board to  ease assembly ra ther  than 

stacking some components as i s  done on the present board. 

The waveform generator should now be tested in actual f i e ld  use to  

determine i f  there are any desired changes. Future builds would 

require a modest amount of engineering to  incorporate a l l  of the  above 

recommendations. With these final  recommendations, the waveform 

generator will be a tested producible product. 



APPLICATION NOTE 0002 

APPLICATION NOTES FOR 
LOW POWER CRYSTAL CONTROLLED OSCILLATORS 

This appl i c a t i o n  m i e  i s  intended t o  p rov ide  the  engineer w i t h  a  bas i c  low power 
c r y s t a l  o s r i l  l a t o r  design. Two examples us ing  a CMOS i n v e r t e r  (CD 4007) con- 
t r o l l e d  b y  a  STATEK quar tz  c r y s t a l  a r e  i l l u s t r a t e d ,  and the bas is  f o r  s e l e c t i o n  
o f  var ious  components a r e  given. 

I n  the  f i r s t  example, F igure  1, 
complementary MOS i s  used i n  the 
o s c i l l a t o r  and b u f f e r  a m p l i f i e r  
of the  c i r c u i t .  The supply 
vo l tage V d  must be s u f f i c i e n t l y  
g rea ter  t f an the sum o f  the  
th resho ld  vol tages o f  the  N- 
and P- channel MOSFETS t o  pro- 
v ide  a b i a s  c u r r e n t  through 
the  amp1 i f i e r ,  thereby g i v i n g  
the u n i t  s u f f i c i e n t  g a i n  t o  
s t a r t  and ma in ta in  o s c i l l a t i o n .  
The c i r c u i t  can be designed t o  
operate w i t h  a  vo l  tage i n  the  
range o f  3 VDC t o  15 VDC. A l -  
though, cons idera t ion  must be 
g iven i n  the  design so as no t  
to d r i v e  the  c r y s t a l  i n  excess 
o f  2 vo l  t s  peak t o  peak. 
Table 1  l i s t s  t y p i c a l  com- 
ponent values f o r  ope ra t i on  
o f  t h i s  c i r c u i t  w i t h  supply 
vo l  tages 1  ess than 9 VDC. 

For opera t ion  w i t h  a  supply 
voltage, Vdd, i n  t he  range 
o f  5 to 15 v o l t s  t he  c i r c u i t  
i n  F igure  2 i s  recommended. 
I n  t h i s  example, an N-channel 
MOS-FET i s  used i n  t he  o s c i l l a t o r  
and the  f i r s t  stage b u f f e r  
amp1 i f  i e r  . A compl ementary 
MOS i s  used as t h e  ou tput  
stage o f  the b u f f e r  amp1 i f  i e r .  

FIGURE 1 CMOS CRYSTAL OSCILLATOR 

For  Operat ion w i t h  a 3 t o  9 V o l t  Supply 

TABLE 1 TYPICAL VALUE OF COMPONENTS USED IN 
THE STATEK CMOS CRYSTAL OSCILLATOR 

, 
Frequency 

Range 
KHz 

10-40 

40-100 

cl 
pf 

20 

10 

C2 

p f  

5 

0 

R2 
M ohm 

22 

22 

R, 
K ohm 

100 

100 

R3 
K ohm 

680 

150 

R4 
K ohm 

1 0  

10 



I n  t h i s  c i r c u i t  the  
c r y s t a l  d r i v e  vo l tage i s  
1  i m i  ted  to 0.6 t o  1.4V by 
R and C . M i t h i n  t h i s  
vd l  tage +ange the  STATEK 
c r y s t a l s  w i l l  n o t  be over  
d r iven.  The supply v o l -  
tage V can be 5  t o  15 
v o l t s  f o r  f requencies i n  
the  range o f  10 KHz t o  60 
KHz, and 9 t o  15 v o l t s  
f o r  f requencies over 60 
KHz. Table 2  l i s t s  t y p i c a l  
component values f o r  use 
i n  t h i s  c i r c u i t .  The av- 
erage c u r r e n t  f o r  t h i s  
design i s  g iven i n  F igure  3 
f o r  var ious  supply vol tages 
and opera t ing  f requencies.  

A b r i e f  exp lanat ion  o f  t h e  
f u n c t i o n  o f  each component 
i n  the  example c i r c u i t s  
i s  g iven below. The 
t y p i c a l  component va l  ues 
show the  range used i n  op- 
t i m i z i n g  the  c i r c u i t s  f o r  
minimum c u r r e n t  a t  var ious  
supply vol tages.  

(1) Res is to r  R , sets  the  
ga in  o f  t he  amp 1 i f i e r  i n  
the o s c i l l a t o r ,  and deter -  
mines the  o s c i l l a t o r  ou t -  
p u t  vo l t age  Vo and the  
c r y s t a l  d r i v e  l e v e l  V . I t  
a l s o  reduces the osc i  5' l a  t o r  

FIGURE 2 N-CHANNEL MOSFET CRYSTAL OSCILLATOR 

For  Operat ion w i t h  a 5 t o  1 5  V o l t  Supply  

TABLE 2 TYPICAL VALUE OF COMPONENTS USED I N  
THE STATEK N-CHANNEL CRYSTAL OSCILLATOR 

c u r r e n t  d ra in .  The value 
o f  t h i s  r e s i s t o r  i s  100 K 
ohm t o  1.0 megohm f o r  CMOS o s c i l l a t o r  design (F igure  I ) ,  depending on the  oper- 
a t i n g  frequency and the supply vo l tage Vdd. I n  the  N-channel o s c i l l a t o r  design 
(F igure 2). R1 i s  500 K ohm t o  1.5 Megohm depending on frequency and supply 
vo l  tage. 

(2 )  Res is to r  R , the  b ias  r e s i s t o r ,  must be l a r g e  enough so as n o t  t o  appre- 
c i a b l y  a f f e c t  t i e  phase o f  the feedback network, t y p i c a l l y  20 Meg ohm o r  
grea t e r  . 



(3)  R e s i s t o r  R i s  used t o  l i m i t  t h e  
c r y s t a l  d r i v e  l s v e l  w h i l e  p r o v i d i n g  a  
vo l  tage s u f f i c i e n t  t o  d r i v e  t he  f i r s t  FlGURC 3 AVERAGE CURRENT v s .  SUPPLl VOLTAGC 

AT V M I O U S  OPCRATING FRCQUCNCIES 

stage o f  t h e  b u f f e r  a m p l i f i e r .  I t  

( 5 )  Capac i to r  Cl i s  used t o  determine t he  d r i v e  v o l t a g e  Vd and a l s o  p rov ides  
t h e  a p p r o p r i a t e  phase s h i f t  i n  t he  feedback network, t y p i c a l l y  10 t o  100 p f .  

a1 so  p rov ides  t h e  a p p r o p r i a t e  phase 240 

s h i f t  when t h e  t ank  c i r c u i t  i s  oper- 
a t e d  s l  i g h t l y  below ant i - resonance.  

zoo . 
R3 should be  approx imate ly  equal t o  .. 
XC w i t h  va lues rang ing  f rom 0  t o  k 

': 160,. 

1  fileg ohm. 0 

- 
I 

(4 )  Res i s to r s  R4 and R determine l a l . .  

t h e  o u t p u t  v o l t a g e  o f  t k e  f i r s t  
and second s tage b u f f e r  ampl i- 80.. 

f i e r s ,  r e s p e c t i v e l y ,  and 1  i m i t  
t h e  c u r r e n t  i n  t h e  b u f f e r  amp- 40.. 

1  i f i e r s .  T h e i r  va lue  must be  
l a r g e  enough so t h e  amp1 i f  i c a -  

(6) Capac i to r  C2, determines t h e  i n p u t  v o l t a g e  o f  t h e  o s c i l  l a t o r  ampl i f i e r .  
I t s  va lue  i s  optimized between f requency s t a b i l i t y  and gain,  t y p i c a l l y  0-20 p f .  

,. 

. 

2 4 6 8 10 1 2  

( 7 )  Capac i to r  C3, t h e  decoupl i n g  capac i t o r ,  i s  chosen i n  c o n j u n c t i o n  w i t h  R1 
t o  g i v e  an  RC t ime cons tan t  which i s o l a t e s  t h e  o s c i l l a t s r  f rom l o w  f requency 
noise, t y p i c a l l y  0.01 t o  0.1 m ic ro fa rad  i n  t h e  CMOS o s c i l l a t o r  design, F i gu re  1. 

t i o n  s tage w i l l  s a t u r a t e  and 
14 

sma 11 enough so t h e  amp1 i f  i e r s  SUPPLY VOLTK~ vdd VOLT?j 

w i l l  have s u f f i c i e n t  d r i v e  
c a p a b i l i t y .  R4 i n  t h e  CMOS o s c i l l a t o r ,  F i g u r e  1, i s  t y p i c a l l y  one- tenth t h e  
va lue  o f  R1. I n  t h e  N- channel o s c i l l a t o r ,  F i g u r e  2, R4 i s  t y p i c a l l y  50 K t o  
300 K ohm. R5 i s  t y p ' c a l l y  5  t o  15 K ohm. 

CIRCUIT THEORY 

The b a s i c  c o n f i g u r a t i o n  o f  b o t h  o s c i l l a t o r  designs i s  commonly r e f e r r e d  t o  as 
a  P ie r ce  c i r c u i t .  I n  a  P i e r c e  o s c i l l a t o r  t h e  c r y s t a l  and two capac i to rs ,  C1 
and C 2  f rom t h e  feedback network. 



The fundamental c r i t e r i a  governing this  
design i s  i l lustrated in Figure 4 .  For 
osc i l  lation to occur the Barkhausen 
c r i t e r i a  must be met: (1) the loop 
gain must be greater than one; (2) the 
phase s h i f t  around the loop must be 
360". 

For analyzing the design the equival ent 
electr ical  c i r cu i t  of a quartz crystal 
i s  used. Figure 5 shows the electrical 
equivalent c i r cu i t  of a typical STATEK 
quartz crystal .  The Lm, C,, and 
are generally referred to as the e 7 ec- 
t r ical  ly equivalent of the mechanical 
parameters inert ia ,  restoring force 
and f r ic t ion ,  respectively, and can 
be measured with a crystal impedance 
meter. The two branches of L,, C,, 
and Rm represent two modes of vib- 
ration: (1) i s  the fundamental and 
(2) i s  an overtone (approximately 
6 times the fundamental frequency). 
Cs  i s  capacitance between the elec- 
trodes on the t o p  surface of the 
tuning fork, and Cgs i s  the geometric 
capacitance due t o  the quartz thick- 
ness and electrode area. This 
c i r cu i t  can be simplified by the 
equivalent resistance and react- 
ance of the crystal a t  frequency 
f which are designed as Re(f) 
and Xe(f), respectively. 

Figure 6a shows the AC equivalent 
c i r cu i t  of the amplifier and feed- 
back network of the Pierce osci l-  
la tor .  In this  c i r cu i t  g and rd 
are  the forward transcorid!ctance 
and o u t p u t  impedance of the amp- 
1 i f i e r .  R 1  i s  the resis tor  used 
t o  determine the ampl i f  ie r  o u t p u t  
or crystal voltage V o .  The sum 
of the o u t p u t  capacitive reactance 
of the ampl if  ie r ,  the input of the 
buffer amplifier and the external 
added capacitor for adjusting the 
proper phase relation between input 

+PHASE S H I F T  81--4 

( 1 )  a . p  2 l 

( 2 )  81 + Q 2  = n  x 360° 

kp PHASE S H I F T  82.-4 

FIGURE 4 BASIC PIERCE OSCILLATOR 

FIGURE 5 ELECTRICAL EQUIVALENT CIRCUIT 
OF STATEK QUARTZ CRYSTAL 

Figure 6a AC EQUIVALENT CIRCUIT 
OF PIERCE OSCILLATOR 



and o u t p u t  vo l t age  o f  t h e  a m p l i f i e r  i s  represented by X . R e s i s t o r  R3 i s  used 
t o  l i m i t  t h e  c r y s t a l  d r i v e  l e v e l  w h i l e  p r o v i d i n g  su f f i c ( i 8n t  o u t p u t  d r i v e  vo l t age  
t o  a  b u f f e r  a m p l i f i e r  s tage.  I n  o rde r  t o  o b t a i n  the  maximum t r a n s f e r  r a t i o  
between t h e  i n p u t  and o u t p u t  v o l t a g e  o f  t h e  feedback network, t h e  tank  c i r c u i t ,  
i . e .  t h e  arm o f  Xe, Re, Xc2 i n  p a r a l l e l  w i t h  X C ~ ,  must be near ant i - resonance.  
Under t h i s  c o n d i t i o n  t h e  c u r r e n t  f l o w i n g  through t h e  c r y s t a l  w i l l  be maximum. 
To s a t i s f y  t he  an t i - r esonan t  c o n d i t i o n ,  t h e  f o l l o w i n g  equat ions must be f u l f i l l e d :  

2  xcl = [Re + i X e  - x ~ ~ ) ~ I / ( x ~  - xC2) 

and Xe - XC2 must be i n d u c t i v e .  The ope ra t i ng  f requency ( f  ) w i l l ,  t he re fo re ,  
be s l i g h t l y  g r e a t e r  than t h e  s e r i e s  resonance frequency o f  ?he c r y s t a l  (f,) and 
can be approximated by 

7 

where Cm i s  t h e  mot iona l  capaci tance o f  t he  
c r y s t a l ,  which i s  o f  o rde r  o f  10-3 p f ,  Ct  i s  
the  capaci tance o f  t h e  s e r i e s  combinat ion o f  ' 0  

, C 2  and C . The l a t t e r  i s  on t h e  o r d e r  
o  1  p f .  ~ h %  ope ra t i ng  frequency ( f o )  , t b 

"d V0 

t he re fo re ,  can be tuned by a d j u s t i n g  t h e  
va lue  o f  C1 o r  C2. I 

For t h i s  c i r c u i t  t h e  phase r e l a t i o n  between 
t h e  c r y s t a l  c u r r e n t ,  d r i v i n g  vo l t age  and 
o u t p u t  vo l t age  i s  shown i n  F igu re  6b. The 
i n p u t  vo l  tage o f  t h e  amp1 i f  i e r  1  ags t he  

a, 
c u r r e n t  i, by 90' s i nce  t h e  i n p u t  r e s i s t a n c e  FIGURE 6b THE PHASE RELATION 
o f  CMOS i s  r e l a t i v e l y  h igh .  I n  genera l ,  BETWEEN CURRENTS AND VOLTAGES 
under t h i s  c o n d i t i o n  t h e  phase s h i f t  Q2 f o r  I N  THE OSCILLATOR CIRCUIT 
Vo t o  V i  th rough t h e  feedback network i s  
l a r g e r  than 180°. The phase ang le  between 
i n p u t  vo l t age  V i  and t he  a m p l i f i e r  o u t p u t  
c u r r e n t  io i s  180". Wi th  an approximate Xco, 
t he  phase angle between i n p u t  vo l  tage Vi 
and o u t p u t  vo l t age  Vo through t h e  a m p l i f i e r  
w i l l  be 360' - Q2. 

The t r a n s f e r  r a t i o  o f  V1 t o  Vo through t h e  
feedback network i s  

and the  phase angle i s  

-1 e2 = t a n  - xc2)1  



The gain of the amp1 if ier is approximately equal to gmZL 

where ZL is the total impedence across the drain to the source. The phase 
angl e 0, i s  then 

The conditions for the oscil lation are 

a@ 2 1 

and 41 + a2 = n 360' 

NOTES : 




