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A TRANSISTORIZED CURRENT-CONTROLLED OSCILLATOR 
FOR DC EXCITED STRAIN GAGE APPLICATIONS 

INTRODUCTION 

This paper describes t h e  t rans is tor . ized  current -cont ro l led  o s c i l l a t o r  

(abbreviated TCCO). The TCCO was designed pr imar i ly  t o  opera te  with a 

DC exci ted ,  r e s i s t i v e  bridge,  s t r a i n  gage transducer t o  provide a  modu- 

l a t i n g  s i g n a l  f o r  an FM telemetering t r ansmi t t e r .  f change i n  input  

cu r ren t  produces a propor t ional  change i n  output frequency of t h e  TCCO. 

The p r i n c i p a l  f ea tu res  of t h i s  u n i t  are:  i t s  compat ib i l i ty  with DC 

exci ted ,  r e s i s t i v e  bridge transducers;  i t s  s i z e  - 2.8 cubic inches; i t s  

inherent  high r e l i a b i l i t y  due t o  the  s impl ic i ty  of the  c i r c u i t  and com- 

p l e t e  t r a n s i s t o r i z a t i o n ;  and i t s  low c o s t .  Its compact and rugged design 

and i ts  low power requirement make it  espec ia l ly  s u i t a b l e  f o r  a i rborne  

telemetry app l i ca t ions .  

Summary 

The purpose of t h i s  paper is t o  present  a f t ~ n c t i o n a l  desc r ip t ion  of t h e  

TCCO. This desc r ip t ion  malces use of the  fundamental concepts of the  theory 

associa ted  with each c i r c u i t  component; however, a  r igorous c i r c u i t  analys is  

is not  intended. On the  cont rary ,  t h e  scope of the  c i r c u i t  desc r ip t ion  is 

l imi ted  t o  i n t u i t i v e  reasoning v e r i f i e d  by experimental r e s u l t s .  

A desc r ip t ion  of t h e  opera t ion  of the  TCCO is presented i n  terms of t y p i c a l  

experimental t r a n s f e r  c h a r a c t e r i s t i c s  r e l a t e d  t o  a  block diagram. 



Each major component of the  TCCO (%.e . ,  t he  DC d i f f e rence  ampl i f ie r ,  t he  

va r i ab le  inductor ,  and the  o s c i l l a t o r )  is described i n  d e t a i l .  The descrip-  

t i o n  of each major component includes the  development of a  nonrigorous 

mathematical expression r e l a t i n g  the  output  t o  t h e  input  i d  a  d iscuss ion 

o'f temperature s t a b i l i t y  of the  component. 

Using t h e  mathematical input-output r e l a t ionsh ips  developed a s  p a r t  of the  

desc r ip t ion  of each component, an over -a l l  input-output  equation i s  devel- 

oped which r e l a t e s  the  output frequency t o  the  magnitude of the  input  

current, .  

c i r c u i t  performance and pro.posed app l i ca t ions  a r e  discussed b r i e f l y  pre- 

ceding a general  summary and statement of conclusions. 

Descript ion of Operation 

General 

The TCCO is shown i n  block diagram form i n  Figure 1. The TCCO c o n s i s t s  

of th ree  bas ic  funct ional  components; a  DC ampl i f ie r ,  a v a r i a b l e  inductor;  

and a t r a n s i s t o r  o s c i l l a t o r .  A r e s i s t i v e  br idge  transducer is  shown con- 

nected across the  input terminals  of t h e  DC ampl i f i e r .  

The key component i n  the  conversion of a  low-level change i n  input  cu r ren t  

t o  a  change i n  output  frequency is the  v a r i a b l e  inductor .  The v a r i a b l e  

inductor makes u s e ' o f  the  p r i n c i p l e  t h a t  t h e  e f f e c t i v e  permeabil i ty of a  

ferromagnetic core  ma te r i a l  subjec ted  t o  t h e  influence of superimposed AC 

and DC magnetic f i e l d s  i s  "'a funct ion  of .  t h e  magnitude of t h e  DC f i e l d .  



Since the  inductance of a c o i l  woynd on a specimen of ferromagnetic mate- 

r i a l  is a function of the  permeability of the  ma te r i a l ,  t he  inductance i s  

a l s o  a function of t h e  magnitude of the  DC f i e l d  o r  of the  DC cu r ren t  pro- 

ducing the  f i e l d .  The DC b ias ing  f i e l d  of t h e  v a r i a b l e  inductor  i s  devel- 

oped by current  flowing i n  two separa te  con t ro l  windings. A t h i r d  wicding 

of the  inductor  is connected i n  the  tank c i r c u i t  of an o s c i l l a t o r .  Changes 

i n  magnitudes of t h e  DC cur ren t s  i n  the  con t ro l  windings produce propor- 

t i o n a l  changes i n  inductance of the  tank c i r c u i t  winding. 

The DC d i f fe rence  ampl i f ie r  appears a s  a cons tant  r e s i s t i v e  impedance t o  

the  bridge transducer.  When the  r e s i s t a n c e  bridge i s ' ba lanced ,  the.  cu r ren t  

i s  zero i n  the  input  c i r c u i t  of t h e  ampl i f ie r .  An unbalance i n  one o r  more 

arms of the  br idge  produces a cu r ren t  i n  the  ampl i f ie r  input  c i r c u i t  which 

is  proport ional  t o  the  bridge unbalance and the  magnitude of t h e  DC exci ta-  

t i o n  voltage.  A change i n  DC ampl i f ie r  input  cu r ren t  is amplif ied and 

appears a s  a change i n  DC cu r ren t  i n  the  con t ro l  windings of the  v a r i a b l e  

i n d t ~ c t o r .  This ,  i n  turn ,  produces a change i n  inductance of the  tank c i r -  

c u i t  winding of the  va r i ab le  inductor .  The o s c i l l a t o r  freq-aency is a 

function of the inductance i n  the  tank c i r c u i t ;  therefore ,  a change i n  

inductance r e s u l t s  i n  a change i n  o s c i l l a t o r  frequency. 

S t r a i n  Gage Bridge 

It is a well  known p r i n c i p l e  t h a t  s t r a i n  is  propor t ional  t o  s t r e s s  i n  the  
ii, 

region below the  y i e l d  point  of most ma te r i a l s .  .The s t r a i n  gage br idge  

makes use of t h i s  p r i n c i p l e  f o r  measuring s t r e s s e s  i n  a ma te r i a l .  The 

function of t h e  s t r a i n  gage br idge  is  t o  convert  s t r e s s  v a r i a t i o n s  (e.g., I 

,I 



I i n  the  sk in  o r  a  s t r u c t u r a l  member of an a i r c r a f t  br  miss i l e )  t o  vol tage  

l e v e l  changes a t  the  output of the  br idge .  This is e f fec ted  by making 

one o r  more arms of the  r e s i s t a n c e  br idge  a c t i v e  i n  t h e  sense t h a t  t h e i r  
I;> 

r e s i s t ances  a r e  proport ional  t o  t h e  s t r a i n  i n  the  ma te r i a l  t o  which they 

a r e  bonded. Therefore, i f  t h e  br idge  is balanced'with normaf, steady- 

s t a t e  s ' tress i n  the  mater ia l ;  s t r e s s  v a r i a t i o n s  i n  f l i g h t  w i l l  produce 

propor t ional  br idge  unbalance. The br idge  output vol tage  i s  zero f o r  
a 

the  balanced bridge condi t ion .  Figure 2 is a typ ica l  br idge  c h a r a c t e r i s t i c  

giving output  vol tage  a s  a  function of DC e x c i t a t i o n  vol tage  and r e s i s t a n c e  

v a r i a t i o n  i n  one a c t i v e  arm. 

Balanced Bridge Operation 

When t h e  s t r a i n  gage br idge  is balanced, es = o and is = o (Figure 8 A ) .  

The o s c i l l a t o r  output  remains a t  cen te r  frequency f o  a s  indica ted  on the  

input-output  c h a r a c t e r i s t i c ,  Figure 6 .  With es = o, t h e  DC ampl i f ie r  out- 

put cu r ren t s  i and ic2 a r e  determined by the  f ixed b i a s  on t r a n s i s t o r s  c  1 

Q1 a.nd Q2 and the  c h a r a c t e r i s t i c s  of these  t r a n s i s t o r s .  A t y p i c a l  t r a n s f e r  

c h a r a c t e r i s t i c  f o r  the  DC ampl i f ie r  i s  shown i n  Figure 3. With icl and 

ic2 f ixed  a t  values corresponding t o  e  = o as  shown on Figure 3, the  
S 

inductor b i a s  cu r ren t  I is adjus ted  t o  obta in  the  des i red  opera t ing  point  
B 

on the  t r a n s f e r  c h a r a c t e r i s t i c  of the  v a r i a b l e  inductor .  The inductance 

corresponding t o  t h i s  opera t ing  po in t ,  Figure 4, is the  value required t o  

produce o s c i l l a t i o n  a t  cen te r  frequency f o  a s  shown on the  output  frequency 

versus inductance curve f o r  the  o s c i l l a t o r ,  Figure 5. 



Unbalanced Bridge OperaCion 

When the  s t r a i n  gage bridge is unbalanced, a voltage es is impressed be- 

tween the  base of  Ql and the  base of Q2 (Figure 8A) which produces a ' 

cur ren t  i . - I f  the  p o l a r i t y  of e; i s  p o s i t i v e  a t  the  base of Q1 with 
S 

respect  t o  the  base of Q the  base cu r ren t  i of Q1 is  reduced by 
2' b 1 

approximately the  magnitude of i while the  base cu r ren t  i 
b2 Of '2 

is 
s ' 

increased by approximately t h e  magnitude of i . This r e s u l t s  i n  a 'decrease 
S 

i n  Q c o l l e c t o r  cu r ren t  i and a corresponding increase  i n  Q c o l l e c t o r  
1 c 1 ' 2 

cur ren t  i as  shown i n  Figure 3. I f ,  on the  o the r  hand, the  p o l a r i t y  of 
c2' 

es is p o s i t i v e  a t  the  base of Q2 with respect  t o  t h e  base of Q l ,  t h e  base 

current  i is  reduced, while base cu r ren t  ibl is  increased by approximately 
b2 

the  magnitude of is. This r e s u l t s  i n  a reduction of ic2 and a corresponding 

increase  i n  i 
c l  ' . . 

I n  add i t ion  t o  the  c o l l e c t o r  cu r ren t s  of the  DC ampl i f ie r ,  a f ixed b ias  

cu r ren t  IB is  used t o  e s t a b l i s h  a DC magnetizing force ,  which, i n  tu rn ,  

produces a DC f l u x  dens i ty  i n  the  cores  of the  v a r i a b l e  inductor .  The po- 

l a r i t i e s  of . the con t ro l  windings of the  va r i ab le  inductor a r e  opposi te;  

the re fo re ,  the  DC cu r ren t  r e l a t ionsh ip  which con t ro l s  the  inductance 

(assuming a constant  AC f l u x  densi ty)  i s  the  d i f fe rence  between che cuL- 

r e n t s  i n  the  con t ro l  windings, or :  ( IB  + ic2) - i When es is p o s i t i v e  
c l  ' 

a t  the  base of Q1 with respect  t o  t h e  base of Q i i s  increased and 
2' c2 

i is decreased a s  indica ted  above. . From the  r e l a t i o n s h i p  ( I  + i ) - c 1 B c2 

i it is seen t h a t  the  DC f l u x  dens i ty  is increased f o r  t h i s  condit ion,  
c l '  

r e s u l t i n g  i n  a reduction i n  inductance of the  tank c i r c u i t  winding of the  



var iab le  inductor ( r e f e r  t o  Figuye,4) ,  which produces an increase  i n  osc i l -  

l a t o r  frequency ( r e f e r  t o  Figure 5 ) .  When es is p o s i t i v e  a t  the  base of 

92 with  respect  t o  the  base of Q1, reasoning s i m i l a r  t o  t h a t  abovecan  be 

used t o  show t h a t  t h e  inductance of the  tank c i r c u i t  winding w i l l  be in- 

creased and the  o s c i l l a t o r  frequency reduced. Figure 6 shows the  change ' 

i n  output  frequency produced by a change i n  input  cu r ren t .  

DC Difference Amplifier 

Transfer  ~ u n c t  ion 

The schematic diagram of the  DC Difference Amplifier is shown i n  Figure 7 .  

Figure 8 A  i s  an equivalent  c i r c u i t  r ep resen ta t ion  of the  ampl i f ie r ,  and 

Figure 8 B  i s  an equivalent  c i r c u i t  r ep resen ta t ion  of t r a n s i s t o r  Q1 and 

i ts  associa ted  c i r c u i t  components. 

I n  Figure 8 A ,  RL1 and represent  the  r e s i s t ances  of the  DC con t ro l  

windings of the  va r i ab le  inductor .  Since the  two windings have equal 

numbers of tu rns ,  these  r e s i s t a n c e s  a r e  e s s e n t i a l l y  equal .  Bias r e s i s t o r s  

R1 and R a r e  equal; a l so ,  R4 and R a r e  equal.  The c h a r a c t e r i s t i c s  of 2 6 
- * 

t r a n s i s t o r s  Ql and Q 2  a r e  matched so  t h a t  = B 2  and Icol - Ic02'  

The approximate r e l a t ionsh ips  between input  and output  cu r ren t s  (neglec t ing  

l o )  are: 

* a 
fl is  the  t r a n s i s t o r  cu r ren t  feedback f a c t o r  ( P =  - ); I co i s  the  

1-a 

base-col lec tor  cu r ren t  when the  emit ter  cu r ren t  is zero. 



I f  the  values of Q1 and Q a r e  ca re fu l ly  matched s o  t h a t  PI = p2 = 
2 

then : 

Equation (3) s t a t e s  t h a t  the  d i f fe rence  between output cu r ren t s  is  pro- 

por t ional  t o  t h e  d i f fe rence  'between input  cu r ren t s .  This is  t h e  funda- 

mental equation f o r  the  d i f fe rence  ampl i f i e r .  ('1 

When t h e  s t r a i n  gage bridge is  balanced ( i . e . ,  is = o ) ,  Equation (4) 

expresses the  r e l a t i o n s h i p  between t r a n s i s t o r s  Q1 and Q2 c o l l e c t o r ~ c u r -  

. r e n t s  f o r  the  quiescent  condit ion of the  ampl i f ie r ,  

where ( ic l )o ,  ( i  .)o represent  t h e  values of i and ic2, c L c 1 

respec t ive ly ,  when is = o; ( ib l l0 ,  ( i b i ) o  represent  

t h e  values of i and ib2, respec t ive ly ,  when i = o.  
b 1 s 

I f  the  s t r a i n  gage br idge  is  unbalanced s o  t h a t  is flows i n  the  ~ o s i t i v e  

d i r e c t i o n ,  indica ted  i n  Figure 8A, ibl is  decreased and i is increased: 
b 2 

( ib l Ih  = (ibll0 - A i 4 ( ib l l0  - i bl' . s' 

where ( ibl)h,  ( ib2)h,  ( i c l ) h a n d  ( i  ) represent  the  values of 
c2 h 

i i i r e spec t ive ly ,  f o r  posi . t ive i a s  
ibl '  b2' c l '  c2 s 

indica ted  i n  Figure 8 A .  



I f  t h e  s t r a i n  gage b r idge  is unbalanced i n  t h e  oppos i t e  d i r e c t i o n ,  i . e . ,  

i flows i n  t h e  nega t ive  d i r e c t i o n  ind ica t ed  on Figure  8A, ibl i s .  increased 
S 

and i is  decreased: 
b2 

where ( i b l ) ,  ( i b 2 ) ,  ( i c l ) ,  and (i ) r ep re sen t  t h e  va lues  of 
c2 

ib2* icl, and i r e s p e c t i v e l y ,  f o r  nega t ive  is a s  
c2 

ind ica t ed  i n  F igure  8 A .  

Since Equation (3) holds  f o r  a l l  va lues  of ibl and i under cons idera t ion :  
b2 

Expanding Equation (7) us ing  Equation (S ) ,  t h e  fo l lowing  r e l a t i o n s h i p  i s  

obtained:  

Rearranging terms: 



~ u b t r a c ' t i n ~  Equation (4) from Equation (10) .: 

aic2 + A i c l  5 2 $is 

Equation (11) s t a t e s  t h a t  the  sum of the  changes i n  c o l l e c t o r  cu r ren t s  is 

e s s e n t i a l l y  equal t o  the  s t r a i n  gage cur ren t  mul t ip l i ed  by t h e  f a c t o r  2 8  

Equation (8) can be expanded i n  the  same manner a s  Equation (9) by using 

Equation (6) , t o  y i e l d  the  r e l a t ionsh ip  .given i n  Equation (11) . Equation 

(11) is ,  the re fo re ,  a  statement of the  t r a n s f e r  funct ion  f o r  the  DC ampli- 

f i e r .  The cur ren t  gain of the  DC ampl i f ie r  is approximately 2 8  when 

B 1 = B 2 = B  

Temperature S t a b i l i t y  (1) 

The s t a b i l i t y  of the  DC ampl i f ie r  depends almost e n t i r e l y  upon two fac to r s :  

a .  Se lec t ion  o£ an optimum opera t ing  point  f o r  each of the  t r a n s i s t o r s .  

b.  Careful  matching of the  t r a n s i s t o r s  with respect  t o  and Ico. 

The f i r s t  of these  f a c t o r s  minimizes the  change i n  c o l l e c t o r  cu r ren t  of 

each t r a n s i s t o r  f o r  a  given change i n  temperature; the  second f a c t o r  tends 

t o  equal ize  the  changes occurring with temperature i n  the  two t r a n s i s t o r s  

Selec t ion  of an optimum opera t ing  point  f o r  each t r a n s i s t o r  involved de- 

f i n i n g  a  cu r ren t  s t a b i l i t y  f a c t o r ,  the  magnitude of which depended upon 

the  incremental change i n  emi t t e r  cu r ren t  f o r  a  given incremental change 

i n  I o .  The base 'b ias ing  r e s i s t o r s  of Q1 and Q were chosen t o  minimize 
2  

t h e  cu r ren t  s t a b i l i t y  f a c t o r  and, thus,  maximize the  temperature s t a b i l i t y  



of the  DC arnplif i e r  . I n  addi t ion  t o  determining the  optimum b i a s  point  

f o r  t h e  t r a n s i s t o r s ,  the change i n  c o l l e c t o r  cur ren t s  with a given change 

i n  temperature was f u r t h e r  reduced by connecting a thermistor ,  having t h e  

proper resistance-temperature c h a r a c t e r i s t i c ,  i n  p a r a l l e l  with the  two 

t r a n s i s t o r s .  The res i s t ance  of t h e  thermistor  decreases with an iucrease  

i n  temperature which tends t o  s t a b i l i z e  t h e  c o l l e c t o r  cur ren t s .  

The va r iab le  inductor is designed s o  t h a t  equal changes i n  Q1 and Q2 

c o l l e c t o r  cur ren t s ,  within c e r t a i n  bounds, produce no e f f e c t i v e  change 

i n  t h e  DC magnetizing force  of the  inductor.  Therefore, i f  the  character-  

i s t i c s  of Q1 and Q2 (especia l ly  fj and I ) a r e  ca re fu l ly  matched, a change 
CO 

i n  temperature produces approximately equal changes i n  the  two c o l l e c t o r  

cur ren t s .  Since t h e  DC magnetizing force  remains e s s e n t i a l l y  constant ,  

the  inductance of t h e  tank c i r c u i t  winding of the  va r iab le  inductor a l s o  

remains e s s e n t i a i l y  constant .  

Variable Inductor 

General 

The va r iab le  inductor is a t o r o i d a l  sa tu rab le  reac to r .  The inductor has 

four windings and two matched t o r o i d a l  co tes ,  a s  shown i n  Figure 9A. Each 

core  is 0.500 inch OD, 0.312 inch I D ,  and 0.093 inch high. The core mate- 

r i a l  is a f e r r i t e  manufactured by General Ceramics Corporation designated 

"Ferramic 0-2 ." 

Referring t o  Figure 9B, winding 1 - 2 ' i s  wound on one core;  winding 3-4 is 

wound on the  second core.  Windings 1-2 and 3-4 a r e  matched, i .e . ,  they 



each have the  same number of tu rns .  These two windings a r e  connected i n  

s e r i e s  with opposi te  p o l a r i t i e s ,  a s  shown i n  Figure 9A. The s e r i e s -  

connected windings a r e  used i n  the  tank c i r c u i t  of t h e  o s c i l l a t o r .  Current 

flowing I n  one d i r e c t i o n  through these  windings produces f l u x  i n  opposing 

d i r e c t i o n s  i n  the  two cores .  After  windings 1-2 and 3-4 a r e  on t h e  cores ,  

the  cores  a r e  p laced 'one  on top of t h e  o the r  and con t ro l  windings 5-6 

' and 7-8 a r e  wound on both cores a s  a u n i t .  The two con t ro l  windings a r e  

a l s o  matched and t h e i r  p o l a r i t i e s  a r e  opposi te .  

The inductance which windings 1-2, 3-4 e x h i b i t  i n  the  tank c i r c u i t  of 

the  o s c i l l a t o r  i s  t h e  incremental inductance. Incremental inductance is 

the  inductance o f fe red  t o  AC by a c o i l  wound on a specimen of  ferromagnetic 

co re  ma te r i a l  when the  magnetic f l u x  i n  t h e  core is produced by an AC 

f i e l d  superimposed on a DC f i e l d .  The incremental inductance of the  tank 

c i r c u i t  winding of the  v a r i a b l e  inductor  is d i r e c t l y  propor t ional  t o  the  

incremental pern?eabil i ty (2) of the  co re  ma te r i a l .  The incremental perme- 

a b i l i t y  i s  expressed a s  follows: 

where pA is t h e  incremental permeabil i ty;  A B is  the  change i n  f l u x  

dens i ty  produced by the  AC f i e l d ;  and A H . i s  the  change i n  magnetizing 

fo rce ,  o r  the  amplitude of t h e  AC f i e l d .  

The incremeucal pcrmeabili.ty Q£ t h e  core  ma te r i a l  of t h e  v a r i a b l e  inductor  

i n  t h e  TCCO depends upon the  following f a c t o r s  i n  add i t ion  t o  the  magnitudes 

of the  AC and DC magnetizing forces:  



a.  The core m a t e r i a l .  

b. S t res ses  i n  the  core  mater ia l  r e s u l t i n g  from ex te rna l  forces .  

c .  The temperature; 

The core  ma te r i a l  i s  f ixed,  s o  t h i s  f a c t o r  becomes a cons tant .  The mate r i a l  

and techniques' used i n  the  encapsulat ion of the  inductor  were c a r e f u l l y  

se lec ted  i n  order  t o  i s o l a t e  the  core  from ex te rna l  forces ;  hence, t h i s  

f a c t o r  is not  considered i n  t h e  following ana lys i s .  Therefore,.  i f  the  

temperature i s  assumed t o  be cons tant ,  an expression can be developed 

which gives the  inductance of the  tank c i r c u i t  winding a s  a 'function of 

t h e  magnitudes of the  applied AC and DC f i e l d s .  

Transfer  Function 

Although the  term " t rans fe r  function" may be a misnomer i n  view of i t s  

usual  app l i ca t ion ,  the  term is here  used t o  des ignate  the  r e l a t ionsh ip  

between the  inductance of the  tank c i r c u i t  winding of the  v a r i a b l e  in- 

ductor and c o l l e c t o r  cu r ren t s  of the  DC ampl i f i e r .  The inductance L 

of the  tank c i r c u i t  winding can be expressed a s  follows: 

where @ i s  the  incremental permeabil i ty a s  previously defined.  

N is the  t o t a l  number of t u r n s  i n  the  tank c i r c u i t  

winding ( i . e . ,  t he  sum of t h e  tu rns  of windings 1-2 
. . 

and 3- 4) . 
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A is the total cross-sectional area of core material 

(i.e., twice the area of one core) in square centi- 

meters. 

1 is the mean length of flux path in centimeters 

h is the'sum of the heights of the two cores or twice 

J the height of one core in centimeters. 

d2 is the outside diameter of the core. 

dl is the inside diameter of the core. 

(NOTE: dl and d must be expressed in the same 
2 

units of measure.) 

For a given inductor, all 'the factors in Equation (12) are fixed by the 

physical characteristics of the inductor except L and A . The induct- 
' ,  

ance can, therefore, be expressed as a function of incremental permeability 

.alone. 

L = K 1 p A  ( K ~  = constant) 

The incremental permeability can be expressed as a function of the.applied 

AC and DC fields. The magnitudes of these fields are functions of the 

currents producing the fields. The general equation for the magnetizing 

force developed by a given winding is: 



where H i s  t h e  magnetizing fo rce  i n  oers teds  ( g i l b e r t s  per 

centimeter) . 
N i s ' t h e  number of turns  i n  t h e  winding. 

I i s  t h e  current  i n  the  winding i n  amperes. 

f is  the  mean length of f l u x  path i n  t en t imete r s .  

For a p a r t i c u l a r  inductor,  and N a r e  f ixed,  s o  H can be expressed a s  

a function of the  cur ren t  alone: 

H = K2 I ( K p  = constant) (16) 

The msgna{:.izing force  H, producing f l u x  i n  the  cores of the  s p e c i f i c  in- 

ductor i n  the TCCO, cons i s t s  of t h e  following components: 

a.  The DC magnetizing fo rce  developed by Q1 c o l l e c t o r  current  i n  

ccn t ro l  winding 7-8, and the  combination of Q2 c o l l e c t o r  cur ren t  

end the f ixed b ias  cur ren t  Ig i n  control  winding 5-6.. 

b. TI-? AC r.sgi-eLizing fo rce  developed by the  AC current  i n  the  tank 

c i r c u i t  winding. 

The componknt of the 3C magaetizing fo rce  produced i n  control  winding 7-8 

opposes t h a t  produced i n  winding 5-6 s ince  the  two windings a r e  wound w.ith 

opposing p o l a r i t i e s .  Since t h e  number o f . t u r n s  i n  each of these  windings 

i s  equal,  t h e  effect ive.DC magnetizing fo rce  i s  a function of t h e  d i f ference  

of the  cur ren t  magnitudes i n  the  two windings. Referring t o  Equation (15) 

the  DC magnetizing force  is expressed a s  follows: 



The AC magnetizing force  i s  given by the  following expression: 

where iAc is the  ms value of the  AC cur ren t  i n  the  tank c i r c u i t  

winding . 
0 

From the  d e f i n i t i o n  of incremental permeabil i ty a s  expressed by Equation (12) 

( e .  = ' ) , it  appears t h a t  pA is  a funct ion of t h e  AC 
A H 

magnetizing force  AH , but independent of t h e  DC magnetizing force  Hb 

It can be shown, however, t h a t  t h e  magnitude of dB i s  dependent upon t h e  

DC magnetizing fo rce  Hb, which., i n  tu rn ,  makes p A  a function of both A H  

and . 

The DC magcetizing force  Hb produces a DC flux, which can be described 

a s  a b ias ing f l u x  Bb, i n  the  core  of the  inductor. Vhen t h e  AC magne- 

t i z i n g  force  i s  superimposed upon Hb, t he  r e s u l t  is  e f f e c t i v e l y ' a n  increase  

i n  t h e  b ias ing f l u x  B I f  t h e  i n i t i a l  value of Bb i s  s u f f i c i e n t l y  near 
b ' 

t h e  f l u x  densi ty at  s a t u r a t i o n  Bs, t h e  superimposed AC magnetizing force  

& H  produces r e l a t i v e l y  l i t t l e  increase  i n  Bb; whereas, i f  the  i n i t i a l  

value of Bb i s  well  below sa tu ra t ion ,  A H produces a r e l a t i v e l y  l a rge  in- 

crease  i n  Bb. It follows log ica l ly ,  then, t h a t  the  incremental f l u x  

densi ty  A B  produced by a given AC magnetizing force  A H  is  a function 

of t h e  i n i t i a l  b ias ing f l u x  densi ty  B,, . 



From the definition of in~temental permeability pA , it can be seen 

that both a DC magnetizing force Hb and a superimposed AC magnetizing 

force AH must be present beford the phenomena expressed as A can 

exist. Adsuming then, that both Hb and W are applied initially, the 

limiting value of p A as AH is decreased to zero can be expressed as 

follows: 

l i m i t  p A = p r  

AH-o . . 

where p is, by definition, the reversible p'ermeability. (2) 

Refer to Figu.res 12 and 13. 

The reversible permeability is a finite limiting value of the incremental 

permeability as. AH 5s reduced to zero. For low values of Hb, ~ l ; r  is a 

function of both Hb and the maximum value of AH applied. As Hb is in- 

creased so that B approaches saturation, is almost entirely a function b 

of Hb, and it can be expressed as: 

In view of the relationship between p ~ .  and p a  given in (19) above, 

it appears logic,al that p A  can be expressed in terms of pr . This 

expression is given below: 

where 



Substituting Equation (21) into Equation (14) 

When Hb is made large enough so that pr  is a,function of Hb alone, then 

Equation (22) becomes : 

or, substituting Equat'ion (17) into Equation (23) : 

Equation (24) accurately describes the relationship; which exists in the 

TCCO, between the inductance of the tank circuit winding of the variable 

inductor and the magnitudes of the DC control currents. 

Temperature Stability 

A characteristic of the core material is that there exists a limited region 

of incremental permeability of the material where the temperature coefficient 

of change of permeability is approximately zero in the temperature range 

between 25'~ and 75OC. The limits of this region are' determined experi- 

mental ly as a function of the DC bias current IB. ID is then fixed at a 

value within this region which results in"excel1ent temperature stability 

for the variable inductor. 

As previously mentioned, stress due to external forces on the core affects 

the permeability ~f the material. For this reason, the encapsulating 



process used i n  packaging the  va r i ab le  inductor i s o l a t e s  the  co re  from 

s t r e s s e s  which can r e s u l t  from volumetric changes of the  encapsulat ing 

mate r i a l  with temperature. 

C i r c u i t  Operation 

The t r a n s i s t o r  Q3 e x h i b i t s  a l t e r n a t e l y  high and low impedances during 

successive ha l f  cycles  of o s c i l l a t o r  opera t ion .  Durlng the  p a r t  of each 

cyc le  i n  which the  t r a n s i s t o r  impedance is  high,  the  b a t t e r y  suppl ies  

cu r ren t  t o  the  s e r i e s  LC tank c i r c u i t .  While the  t r a n s i s t o r  impedance 

i s  low, i t  provides a conduction path f o r  cu r ren t  from the  tank c i r c u i t  

and the  b a t t e r y .  By t h i s  switching ac t ion ,  the  t r a n s i s t o r  con t ro l s  t h e  

tank c i r c u i t  e x c i t a t i o n  and thereby s u s t a i n s  o s c i l l a t i o n .  

Refer t o  o s c i l l a t o r  c i r c u i t  diagram, Figure 10A; and o s c i l l a t o r  cu r ren t  

and (measured) vol tage  wave shapes, Figure 11. 

Switch S is c losed a t  t =,O. 

Due t o  inductance L, t he  i n i t i a l  tank c i r c u i t  cu r ren t  i s  zero a t  t = 0 .  

The vol tage  VX a t  X (across capaci tor  C) with respect  t o  ground is  zero 

a t  t = 0.' 

The vol tage  V a t  B with r e spec t  t o  ground is zero a t  t = 0.  
B 

When switch S is  closed,  the  b a t t e r y  cu r ren t  i s  determined, f o r  a  s h o r t  

but  f i n i t e  i n t e r v a l  .of time,' by t h e  r e s i s t a n c e  of R9 and emi t t e r -co l l ec to r  

impedance of t r a n s i s t o r  Q3. Since the  vol tage ,  VB, is i n i t i a l l y  zero with 



respect  t o  ground, the  t r ans  i s t o r  starts conducting when a p o s i t i v e  vol tage  

i s  impressed a t  E. With the  t r a n s i s t o r  conducting, the  vol tage  VE drops 

almost instantaneously t o  a low p o s i t i v e  va lue  with respect  t o  ground. 

A t  t h i s  point  i n  time, the  c i r c u i t  e n t e r s  opera t ion  Region I a s  indica ted  

on Figure 11. Although the  vol tage  a t  E a t  t h i s  i n s t a n t  is  small,  it is  

p o s i t i v e  wi th  respect  t o  VB, VX, and ground. With t r a n s i s t o r  Q3 conducting, 

base cu r ren t  s t a r t s  t o  flow through R8 producing a voltage across  C2 and C1 

i n  s e r i e s ,  a n d s t a r t s  charging capaci tor  C2. Since C2 i s  small compared t o  , 

C1, the  vol tage  VB s t a r t s  increas ing i n  a p o s i t i v e  d i r e c t i o n .  For a f i n i t e  

period of time the  vol tage  VB is p o s i t i v e  with respect  t o  VX and negative 

with r e s p e c t , t o  Simultaneously the  cu r ren t  is increas ing i n  L, causing 

the  vol tage  VX t o  increase  i n  a p o s i t i v e  d i r e c t i o n .  A s  t he  vol tage  VX 

a p p ~ o a c h e ~  VB, cur ren t  flow through C2 reverses  d i r e c t i o n  ,and d r ives  B 

f u r t h e r  posi t ' ive.  When the  vol tage  VB becomes equal t o  the  vol tage  V the  
E ' 

c i r c u i t  opera t ion  leaves Region I and e n t e r s  Region.11. 

A s  the  vol tage  VB goes p o s i t i v e  with r e spec t  t o  the  vo l t age  VE, r eve r se  

b i a s  is  applied t o  t h e  emit ter-base junction of the  t r a n s i s t o r  causing the  

impedance between E and B t o  increase  t o  a - h i g h  value.  While B is p o s i t i v e  

with r e spec t  t o  E ,  the  vol tage  VE depends almost e n t i r e l y  upon the  vol tage  

drop across  Rg and the  b a t t e r y  vo l t age . .  A s  the  tank cur ren t  swings through 

. i ts  maximum p o s i t i v e  value,  the  vol tage  a t  E with respect  t 0 . B  reaches i ts  

maximum negative value.' A s  the  tank cur ren t  decreases toward zero,  the  

cu r ren t  through R and hence ' the  voltage-drop across  Rg, decreases 
9' 

causing VE t o  increase  toward VB. 



While VX i s  p o s i t i v e  and increas ing with respect  t o  VB, C2 is  charging 

through R8 and the  r e l a t i v e l y  high base-col lec tor  junction impedance of 

t h e  t r a n s  is t o r .  

When the  vol tage  VE equals  t h e  vol tage  VB, t h e  c i r c u i t  opera t ion  goes i n t o  

Region 111. 

A s  VB becomes negative with respect  t o  VE, the  t r a n s i s t o r  base-col lec tor  

junction impedance decreases r ap id ly ,  causing V t o  go f u r t h e r  negative B , 
with respec t  t o  VE u n t i l  near  maximum cur ren t  i s  flowing through t h e  

t r a n s i s t o r .  

When the  t r a n s i s t o r  emi t t e r -co l l ec to r  impedance reaches i t s  minimum value,  

t h e  c i r c u i t  opera t ion  goes i n t o  Region IV. 

The ba t t e ry  cu r ren t  through R and the  t r a n s i s t o r . r e a c h e s  a maximum value  
9 

a s  t h e  emi t t e r -co l l ec to r  impedance reaches a minimum value. The low im- 

pedance between E and ground a l s o  allows t h e  tank cur ren t  t o  flow i n  a 

negative d i r e c t i o n  through the  t r a n s i s t o r .  Since t h e  t r a n s i s t o r  impedance 

i s  a low res i s t ance ,  t h e  b a t t e r y  cu r ren t  is  p r a c t i c a l l y  l imi ted  by t h e  

value  of Rg. The t r a n s i s t o r  cu r ren t ,  t he re fo re ,  reaches i ts  maximum 

value  a t  the  same time the  tank cur ren t  reaches i ts  maximum negative value.  

While t h e  c i r c u i t  i s  opara t ing  i n  Region I V ,  VE remains. p o s i t i v e  with 

r e spec t  t o  VB; VB remains p o s i t i v e  with r e spec t  t o  ground, and VX remains 

p o s i t i v e  with respect  t o  VB I n  t h i s  region,  the  vol tage  VX goes from 

near i ts  maximum p o s i t i v e  va lue  t o  a va lue  a t  which t h e  vol tages  VX and 



vB' a r e  equal. When the voltage VX equals the voltage V the current i n  
B ' 

C2 is  zero. A s  V goes negative with respect  t o  VB, the c i r c u i t  operation X 

goes in to  Region I and the cyc1.e through Regions I, 11, 111 and I V  repeats 

' i t s e l f .  

Transfer Function 

Again, i t  is  necessary t o  qual i fy  the use of the term "t ransfer  function." 

It is  defined i n  t h i s  instance t o  be t ha t  function which s t a t e s  the re la-  

t ionship between the inductance of the tank c i r c u i t  winding of the var iable  

inductor and the frequency of the o s c i l l a t o r .  since the o s c i l l a t o r  i s  oper- 

ated Class B o r  Class C ,  a rigorous analysis of its operation is beyond the  

scope of t h i s  paper. Instead, an i n t u i t i v e  development of the  t rans fe r  

function follows. 

Refer t o  the equivalent c i r c u i t ,  Figure 10B. The switching act ion of the 

t r ans i s to r  Q3 is  controlled by the base current ,  which is a function of the  

voltage VB. A condition which is  essen t ia l  t o  Class B o r  Class C operation 

i s  t ha t  the voltage VB must be posi t ive  with respect t o  VE during a portion 

of each cycle. During t h i s  portion of the cycle, base current ib is. flowing 

i n  a negative d i rec t ion ,  as indicated on Figure 10B, and the t r ans i s to r  

emitter-collector impedance is qu i te  high. Similarly, during another portion 

of each cycle VB bus t  be negative with respect  t o  VE. During t h i s  portion 

of the  cycle, .the base current ib is flowing i n  a posi t ive  direct ion,  as 

indicated i n  Figure 10Bj and the t r ans i s to r  emitter-collector impedance is 

qu i te  low. It has been determined experimentally tha t  the optimum rela t ion-  

ship  between C2 and R a t  a given frequency fo  is: X.c2 = R8. The r a t i o  8 



CZ/C1 is  f ixed a t  each frequency fo  t o  produce minimum d i s t o r t i o n .  The 

maximum value  of C /C is 0.5. Res is tor  Rg l i m i t s  t h e  t r a n s i s t o r  emi t ter -  
2 1 

c o l l e c t o r  cu r ren t  during t h a t  por t ion  of t h e  cycle  when VB is p o s i t i v e  wi th  
\ 

, respect  t o  VE; therefore ,  R is s e l e c t e d  t o  ob ta in  t h e  des i red  opera t ing  
9 

point  during t h i s  por t ion  of the  cycle. 

An approximate equivalent  c i r c u i t  of the  o s c i l l a t o r  with the  t r a n s i s t o r . r e -  

placed by a switch and two r.es'istors is shown i n  Figure 10C. Class C opera- 

t i o n  i s  approximated when the  switch i s  closed during ha l f  of each cyc le  and 

open during the  remaining ha l f  cycle.  The r e s i s t a n c e  RA represents  the  

emi t t e r -co l l ec to r  r e s i s t a n c e  of the  t r a n s i s t o r  when VB is p o s i t i v e  with 

respect  t o  VE. The r e s i s t o r  RB r ep resen t s  the  emi t t e r -co l l ec to r  r e s i s t a n c e  

when VB is negative with respect  t o  VE. Capacitor  C '  represents  the  
\ 

e f f e c t i v e  capacitance p a r a l l e l i n g  C1 due t o  C2. 

The t r a n s f e r  function,  a s  previously defined,  must be v a l i d  f o r  the  range 

of values of L necessary t o  produce 27.5% change i n  frequency from some 

center  value.  The £ o m  of the  t r a n s f e r  function is: 

where f is the  frequency of the  o s c i l l a t o r .  

F(L) is  a function of L which s t a t e s  the  r e l a t i o n s h i p  

between f and L over t h e  range given above. 

Let: C1 + C '  = CT 

Then : 



Equation (27) must be t r u e  i n  the  range of opera t ion  s t a t e d  above. 

It follows then: 

which i s  the  t r a .~ l s fe r  . funct ion  given i n  Equation (25).  

The re l a t ionsh i?  between Cq and C '  depends upon the  c l a s s  of operat ion,  

the  Q associa ted  with L ,  and t h e  e f f e c t i v e  Q of the  C1 .+ C '  combination. 

This r e l a t ionsh ip  can be evaluated experimentally f o r  a  given s e t  of c i r c u i t  

parameters,  and  i n  the  range of opera t ion  required,  can be s t a t e d  a s  follows: 

C1 = 5 C2 (K3 = constant)  (31) 

then C1 + Kj C2 = CT (32) 

and 1 
) 1 (--- ( 33) 

C E 
. . 3 2 

The eonseanc K3 1s dekerrulned by the condftions seated & u v e .  

Temperature S t a b i l i t y  

This o s c i l l a t o r  exh ib i t s  exce l l en t  temperature s t a b i l i t y  when i t  is  operated 

Class B o r ,  preferably ,  Class C. The t r a n s i s t o r  functions .as a  switch, a s  

explained above, so  t h a t  i f  the  magnitude of the  d r iv ing  s i g n a l  remains above 

the  value required f o r  Class  B opera t ion ,  changes . in  t r a n s i s t o r  cha rac te r i s -  

t i c s , w i t h  temperature have l i t t l e  e f f e c t  on the  opera t ing  frequency. 



Over-all Input-Output C h a r a c t e r i s t i c  
0 .  

The re la t ionsh ip  between o s c i l l a t o r  frequency and magnitude and d i r e c t i o n  of 

the  r e s i s t i v e  bridge transducer cu r ren t  can be expressed,by combining the  

previously developed t r a n s f e r  funct ions  f o r  the  DC amplif ier , ,  the  v a r i a b l e  

inductor ,  and the  o s c i l l a t o r .  

Beginning with Equation (33) which gives o s c i l l a t o r  frequency a s  a funct ion  

of the  inductance of the  tank c i r c u i t  winding of t h e  v a r i a b l e  inductor: 

For a p a r t i c u l a r  design of the  TCCO, the  f a c t o r  ( 1 1 is  
L 2 nv- K3 C2 

f ixed and can be represented a s  a cons tant  K: 

K f (34) 
V T -  

Subs t i tu t ing  f o r  L i n  Equation (34), the  equation which expresses L a s  a 

function of the  DC con t ro l  currents .  i i and I ( i - e . ,  Equation 24), 
c l '  c2 B 

the  following expression is obtained: 

By s e t t i n g  i and i ' equa l  t o  t h e i r  resp.ective values when the  DC ampl i f i e r  
c 1 c2 

input  cu r ren t  i s  zero ( i . e . ,  - 
ic 1 - ( icl)o;  ic2 = ( i  ) ), Equation (35) 

c2 0 

becomes an expression g i v i n g  ' t he  o s c i l l a t o r  cen te r  frequency f o  a s  a funct ion  



Using Equations (10) and (11) t o  express DC ampl i f ie r  c o l l e c t o r  cu r ren t s  a s  

a funct ion  of the  r e s i s t i v e  bridge transducer current :  

The f s i g n  f o r  2B is gives t h e  d*rection f o r  is a,s indica ted  on Figure 8 A .  

When the  p lus  (+) s ign  i s  used f o r  2 $ i s ,  t he  + s ign  app l i e s  f o r  A f ;  

the  opposi te  is t r u e  f o r  the  negative (-) s igns .  

Redefining t h e  cons tants  i n  Equation (37):  

= (  hV* )where Kg depends upon the  c l a s s  of opera t ion  

of the  t r a n s i s t o r  i n  the  o s c i l l a t o r ' .  A s  the  t r a n s i s t o r  

opera t ion  approaches Class  C ,  Kg approaches 1. 

K1 j N~ ( h  g,., ) ( 2 x 10-3 Refer t o  ~ ~ u a t i o n  (13) f o r  
d 1 

d e f i n i t i o n  of symbols. 

Refer t o  ~ ~ u a t i o n  (15) f o r  d e f i n i t i o n  of 

symbols. 

Figure 6 i s  a typ ica l  input-output c h a r a c t e r i s t i c  f o r  the  TCCO w i t h  both 

experimental and ca lcu la ted  po in t s  f o r  one prototype u n i t  p l o t t e d .  Figure 6 

shows reasonably c l o s e  agreement between ca lcu la ted  and measured.points on 

the  curve. 



Perf otma~lce 

Laboratory and production prototype4 of the  TCCO have been const ructed .  

Production prototypes a r e  present ly  being subjec ted  t o  extens ive  environ- 

mental t e s t i n g .  Tests  which have been performed on labora tory  prototypes 

ind ica te  t h a t  t h e  TCCO w i l l  be p a r t i c u l a r l y  s u i t a b l e  f o r  a i rborne  FM-FM 

telemetry app l i ca t ions .  Although the  c ' i r c u i t  is simple f rom' the  standpoint  

of the  number of components required,  somewhat r i g i d  production contro l  is  

required i n  the  s e l e c t i o n  of matched t r a n s i s t o r s  f o r  t h e  DC ampl i f ie r  and 

i n  the  f a b r i c a t i o n  of the  v a r i a b l e  inductor .  

Cer ta in  s p e c i f i c a t i o n s  and nominal performance d a t a  a r e  summarized i n .  
, 

Figure 14. F ina l  performance s p e c i f i c a t i o n s  w i l l  be issued a s  soon a s  

comp.lete environmental t e s t  da ta  a r e  ava i l ab le .  

Applicat ions 

It has been previously s t a t e d  t h a t  the  TCCO w i l l  f i n d  major app l i ca t ions  i n  

the  f i e l d  of a i rborne  FM-FM telemetry.  A Six  Channel Airborne ' s t r a i n  Gage 

Ca l ib ra to r  and Exc i t a t ion  Unit has been designed t o  provide i n f l i g h t  c a l i -  

b ra t ion  of s i x  TCCO u n i t s  and t o  provide i s o l a t e d  DC e x c i t a t i o n  f o r  the  

associa ted  r e s i s t a n c e  bridge transducers.  The TCCO used i n  conjunction with 

the  Ca l ib ra to r  and Exci ta t ion  Unit provides a simple means of measurement 

of any physical  phenomena f o r  which r e s i s t a n c e  br idge  transducer p r i n c i p l e s  

can be employed. These include, i n  add i t ion  t o  s t r a i n  measurements, t h e  

measurement of pressure  and acce le ra t ion  phenomena. Cer ta in  types of 

temperature measurements can be made u t i l i z i n g  thermistors  o r  o the r  



temperature s e n s i t i v e  elements. The TCCO can a l s o  be used wi th  s u i t a b l e  

adapters  f o r  low-level vol tage  measurements.. 

Summary and Conclusions 

The TCCO is a p r a c t i c a l  device f o r  providing a frequency modulated s i g n a l  

d i r e c t l y  propor t ional  t o  the  appropr ia te  e x c i t a t i o n  phenomena such as  s t r e s s ,  

pressure ,  acce le ra t ion ,  and, i n  some ins tances ,  temperature. The u n i t  was 

designed pr imar i ly  f o r  a i rborne  FM-FM telemetry app l i ca t ions .  The TCCO i s  

simple from the  s tandpoint  of number of p a r t s .  It c o n s i s t s  of only t h r e e  

funct ional  components: t h e  DC ampl i f i e r ,  the  va r i ab le  inductor ,  and the  

o s c i l l a t o r .  Each of the  funct ional  components was designed t o  provide 

maximum r e l i a b i l i t y  and s t a b i l i t y  of opera t ion .  The use of t r a n s i s t o r s ,  a 

subminiature t o r o i d a l  inductor ,  and p r in ted  wir ing  have made i b l e  a 

compact, rugged, low-cost u n i t  with extremely low power requirements. The 

TCCO provides a unique method of convert ing t h e  output  of a r e s i s t a n c e  ' 

br idge  transducer t o  a propor t ional  frequency modulated s igna l  with the  

requi red  accuracy and s t a b i l i t y .  



APPENDIX 

Temperature Stability of the DC Amplifier 

The temperature stability of the DC amplifier depends, in part, upon the 

selection and stabilization of the operating point,of transistors, Q1 and 

Q2. 
The operating point of each transistor was selected as follows: 

1. Relatively low transistors were selected for Q and 
1 

The total current gain required for most applica- "' 2 
tions of the TCCO-SG does not exceed 30. From Squation 

(11) in the text, the required /3 of each transistor is . 

then approximately 15. By using transistors with f? 

values in the range from 15 to 30, the stability prob- 

lem was minimized. 

2. Extensive measurements using ~~~e 2N413 trans is tors 

showed that kith an emitter current of approximately 

2 milliamperes, the transistor input and output resist- 

ances remained es.s~ntLal.1.y constant over the expected . , 

range of operation. For a fixed value of emitter cur- 

rent, the collector current is expressed as follows: 



Therefore, wi th  i = 2 milliamperes and i n  t h e  range 
e 

between 15 and 30, the  range of c o l l e c t o r  c u r r e n t s  is  

1.88 t o  1.94 milliamperes. Reference t o  the  t r a n s i s t o r  

manufacturer 's  da ta  revealed t h a t  with t h i s  range of 

c o l l e c t o r  c u r r e n t ,  s t a b l e  opera t ion  could be obtained 
. . 

by using a co l l ec to r - to -base  vo l t age  V of approxi-  
C 

mately -4 v o l t s .  

3. RL1 and R were f ixed  by the co re  s i z e ,  t he  number 
L2 

of tu rns ,  and the  wire  s i z e  used f o r  the  DC c o n t r o l  

windings of t h e  v a r i a b l e  inductor ,  These l a c t o r s  were, 

i n  tu rn ,  f ixed  by the DC magnetizing fo rce  r equ i red  

f o r  the  v a r i a b l e  inductor .  RL1 1. RL2 6 300 ohms. The 

vo l t age  drop i n  each DC c o n t r o l  winding due t o  the  

c o l l e c t o r  c u r r e n t s  i n  paragraph 2 above l i e s  i n  the  

range of 0,565 t o  0.583 v o l t s ,  

' 4 .  Neglecting t h e  vol tage  drop ac ross  the  emi t te r -base  

diode,  the  vol tage  drop ac ross  r e s i s t o r  R i s  then 10 

expressed a s  follows: 

Infiere: V i s  t h e  supply vo l t age  T 

V is  the  col lector- , to-base vo l t age  
C 



Using the  values from paragraphs (2) and (3) above, and 

a -  supply vol tage  of 12 v o l t s :  

The cur ren t  producing t h i s  vol tage  drop is the  sum of 

the  two emi t t e r  c u r r e n t s  o r  approximately 4 milliamperes. 

The value of R was then obtained: 
10 

122 = 7.425/0.004 = 2965 ohms 
"RIO e 

A value of 3000 ohms was used. 

5. .With the  emi t t e r  c u r r e n t ,  emi t t e r  r e s i s t o r ,  c o l l e c t o r  

cu r ren t ,  c o l l e c t o r  vol tage  and load r e s i s t a n c e  fixed.,  

t he  r a t i o  of Rl/R4 (and R /R ) w a s  reasonably we l l  
2 6 

es t ab l i shed  by the  vo l t age  requi red  a t  the  base of each 

t r a n s i s t o r .  A r e s t r i c t i o n  i n  the  s e l e c t i o n  of the  va lue  

of R (= R ) was t h a t  the  r e s i s t a n c e  of R1 must be a t  1 2 

l e a s t  seve ra l  times the  value  of input  r e s id taace  of 

Q i n  order  t o  prevent shunting t h e  i n p u t ' s i g n a l  e . 
1 S 

6. It was assumed t h a t  a c u r r e n t  s t a b i l i t y  f a c t o r  could 

be expressed a s  the  r a t i o  of change i n  emi t t e r  c u r r e n t  

t o  the  change i n  I f o r  the  temperature range of the  
C 0 

ampl i f i e r .  



By minimizing S the  cu r ren t  s t a b i l i t y  of the  ampl i f i e r  
I' 

i s  maximized. In order  t o  obta in  a minimum value of S 
I 

f o r  the  DC ampl i f i e r ,  S was expressed a s  a funct ion  of 
I' 

(= R6) R (= R ) and P4 
1 2 . (Refer t o  Figure 8 B  which i s  

the  equivalent  c i r c u i t  f o r  Q 1 and i t s  assoc ia ted  ex te rna l  

r e s i s t ances . )  Again i t  was assumed t h a t  the  vol tage  drop 

ac ross  the  emit ter-base junction was zero. L e t  R . =  2R10: . 

The following r e l a t i o n s h i p s  a r e  obtaine'd from the  equiv- 

a l e n t  c i r c u i t ,  Figure 8 B :  



Rearranging terms i n  (11): 

I f  .Ico increases by a factor A1 the fol lowing holds: 
CO' 

Subtracting (12) from (13):  

For f3 values in  the range 15 to 30, the factor (1 - a )  

assumes values i n  the range 0.063 to  0.032. Since neg- 

l i g i b l e  error was introduced by discarding the factor 



-33- 

From Equation (16), f o r  a f ixed '  value of R10 , SI was 

minimized by s e l e c t i n g  R and R t o  be the  smal les t  values 
1 4 

which s a t i s f i e d  the  previously s t a t e d  c r i t e r i a  f o r  these 

r e s i s t o r s .  The minimum value  of R was obtained experi-  
1 

mentally; the  corresponding value fo r  R was se lec ted  t o  
4 

obta in  the  des i red  c o l l e c t o r  current .  Since R = R and 
1 2 

R4 = R 6 ,  a l l  values of b i a s  r e s i s t o r s  were determined by 

the  above a n a l y s i s ,  

7. The minimum value of S obta inable  with l i n e a r  b i a s  c i r -  
I 

c u i t  elements was achieved a s  indica ted  above. A means 

was then sought f o r  fu r the r ' r educ ing  the  cu r ren t  s t a b i l i t y  

f ac to r .  A s a t i s f a c t o r y  method was found which requi red  

the  use of a nonlinear  compensating element shunting t r an -  

s i s t o r s  Q and Q . Thermistor RT 1 was se lec ted  s o  ' t h a t :  
1 2 

Where: i is  the  cu r ren t  through the  thermistor  RT 1. 
t 

A i c l , A i c 2  r ep resen t  the  change i n  i and i 
c 1 c2, 

r e spec t ive ly ,  f o r  a given increase  i n  temperature. 

I f  the resistance-versus-temperature c h a r a c t e r i s t i c  of 

the  thermistor  i s  s e l e c t e d  so  t h a t  the  r e l a t i o n s h i p  i n  

Equation (17) is  s a t i s f i e d  over the  temperature range 

of operat ion,  the  current s t a b i l i t y  o f  eke anaplifier i s  



appreciably improved, The change in resistance required 

for the thermistor from some initial value at an initial 

temperature To was expressed as a function of change in 

Ico 
of the transistors. Since change in I is, in turn, 

CO 

a function of temperature, the resistance-versus-temperature 

characteristic required of the thermistor was obtained. 

The change in collector current with a changein tempera- 

ture AT was expressed as follows:' 

Substituting Equation (18) in Equation (17) : 
\ 

Where: i i o  tho' vialuo of tharmistor current a t  the ?.owest 
to 

temperature in the range under consideration (i.e., 
I 

To). 

The resistance of RT 1 at To is: 



The required change i n  r e s i s t a n c e  of RT 1 ( fo r  a tempera- 

t u r e  change AT) expressed a s  a function of change in  I 
CO 

i s  a s  follows: 

When Icol Ico2, Equation (30) s i m p l i f i e s  to:  

Using the  following r e l a t i o n s h i p :  

Where : 1 is the  i n t r i n s i c  col lec tor-base  cu r ren t  flowing 
0 

with reverse  ' b i a s  on the col lec tor-base  junction;  

V is the col lec tor-base  vol tage;  T i s  temperature 
C 

Then : 

/- 
A Ico 

= I exp K'V pxp - exp i'j 
0 . T1 To ... ,' 

1 ' " . 1 -1.. 
AI = K exp - . - (exp - . 

co T1 i Toi 
-.. . ../ 



Substituting (24) in (22) : 

VT - 2i 8 
- - e 10 

A R ~ ~  1 1 
2K(oS + l)(exp - - exp - 

I 
Tl 

To 

From Equation (25) a characteristic curve can be con- 

structed allowing 'RT 
to vary as a function of the 

parameter T. This can be expanded into a family of 

curves by assigning different values to K. 
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Figure 11 Wave Forms,  Oscillator 
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FIGURE: 14 

PERFORMANCE DATA AND SPECIFICATIONS TCCO 

PERFORMANCE DATA 6 

Center Frequencies 
Available: . , I R I G  Band No. 4 through Band No. 18 (0.96 KC t o  70 KC) 

Power Required: 10 ma nominal a t  12 v o l t s  20.5%. 

Input : 

Sens i t iv i ty :  

DC exci ted ,  four-arm ' r e s i s t ance  bridge.  Bridge exc i t -  
a t i o n  must be i s o l a t e d  from TCCO power supply. 

210 microamperes produces 27.5% dev ia t ion  from cen te r  
frequency. Refer t o  Figure 2. With 330 ohm bridge,  
one a c t i v e  arm, 12 v o l t s  exc i t a t ion :  20.4% s t r a i n  
produces 27.5% frequency devia t ion .  

Output Signal Amplitude: 2.5 v o l t  nominal across  70K load.  

Output Signal Dis tor t ion:  Less than 1.5% t o t a l  harmonic d i s t o r t i o n  over bandwidth. 

Frequency Response: F l a t  wi th in  0.5 db t o  twice I R I G  recommended frequency 
response (modulation index of 5 ) .  

Output Signal s in ear it^: Within 21% of 'bandwidth from b e s t  s t r a i g h t  l i n e  through 
97.5% bandwidth po in t s .  

Amplitude Modulation of 
Output Signal: Less than 10% o.ver bandwidth when ca lcu la ted  a s  follows: 

Nominal Operating 
Temperature Range: 70°F t o  150°F 

Frequency D r i f t :  Less than +1% of cen te r  frequency over a two hour 
, period a f t e r  15 minutes warm-up wi th in  nominal 

opera t ing  temperature range. 

NOTE: The da ta  l i s t e d  above i s  average f o r  a l l  protypes t e s t e d .  

PHYSICAL CHARACTERISTICS 

Overall  Length: 
Overall  Width: 
Overall  Height: 
Overall  Weight: 
Vibration: 
Shock: 
Acceleration: 

2-13/16 inches ' 

1-11/16 inches 
3/4 inch ' 

3.1  ounces 
To 10 g a t  500 cps 
500 g a l l  planes,  both d i rec t ions )  
100 g a l l  planes,  both d i rec t ions )  
20 seconds dura t ion  1 

Causes l e s s  
than 2% of 
B. W .  frequency 
s h i f t .  
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