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ABSTRACT

T h e  th e o ry  of ’’n e g a tiv e  r e s i s ta n c e ” and  s te a d y  s ta te  o s c il la t io n  

fo r  a  s in g ly  re so n a n t LR C c i r c u i t , i s  rev ie w e d , T he  a v e ra g e  n e g a tiv e  

r e s i s ta n c e  Rn is  d e fin ed  and  co n d itio n s  fo r  s te a d y  s ta te  o s c il la t io n  a r e  

e s ta b lis h e d  in t e r m s  of a v e ra g e  e ffe c tiv e  p a r a l le l  im p e d a n c e , u s in g  a 

p lo t o f a v e ra g e  n e g a tiv e  r e s i s ta n c e  v e r s u s  am p litu d e  lo r  th e  n e g a tiv e  

r e s i s ta n c e  d ev ic e . T he ex te n s io n  of the  th e o ry  to  a doubly  re so n a n t 

LR C c i r c u i t  is  d is c u s s e d  an d  an  a tte m p t i s  m ad e  to  c o m p a re  th e  th e o ry  

w ith  d a ta , u s in g  th e  tu n n e l d iode a s  the  n e g a tiv e  r e s i s ta n c e  d ev ice . 

Q u a lita tiv e  a g re e m e n t i s  s a t i s f a c to ry ,  b u t q u a n tita tiv e  a g re e m e n t is  

p o o r  due to  a  la c k  of a c c u ra te  d e te rm in a tio n  of the tu n n e l d iode c h a r ­

a c t e r i s t i c s  and  c i r c u i t  r e a c ta n c e  ch an g es  w h ich  a r e  no t a cc o u n te d  

fo r  in the  th e o ry .



INVESTIGATION OF A TWO-DIMENSIONAL 

NEGATIVE RESISTANCE OSCILLATOR



INTRODUCTION

W hile s tu d ie s  of co u p led  n o n - lin e a r , .o s c i l la to r s  go b ack  to. the 

e a r ly  tw e n tie s , i t  is  b e lie v e d  th a t a  re e x a m in a tio n  of so m e  g e n e ra l  

p r o p e r t i e s  of such  n o n - lin e a r  o s c il la to ry  s y s te m s  w ould  be f ru itfu l. 

M o st o s c i l la to ry  p h en o m en a  in  n a tu re  invo lve  th e ,n o n - l in e a r  b e h a v io r  

of one o r  m o re  e le m e n ts  of th e  s y s te m ’in v o lv e d ,. T h e se  e le m e n ts  

m ay  be d is t r ib u te d  th ro u g h  th e  vo lum e of th e  s y s te m  a s  in  a p la s m a  

o r  th ey  m ay  be lu m p ed  a s  in  an  e le c t r i c a l  c i r c u i t ,  w h e re  ea ch  e le m e n t 

is  a  lo c a liz e d  co m ponen t of th e  c i r c u i t .  D e v ia tio n s  f ro m  l in e a r i ty  m ay  

be c la s s i f ie d  a s  la r g e  o r  s m a ll  am p litu d e  e f fe c ts ,  R e lax a tio n  o s c i l l a ­

tio n s  a r e  ty p ic a l  of la rg e  a m p litu d e  n o n - l in e a r  b e h a v io r  of a; system * 

S m a ll a m p litu d e  s in u so id a l o s c il la t io n s  on the  o th e r  han d  s t i l l  r e q u i r e  

n o n - l in e a r  e f fe c ts  in  th e i r  d e s c r ip t io n , a lth o u g h  they  can  be t r e a te d  by 

a lm o s t  l in e a r  (“ q u a s i- l in e a * ” ) m e th o d s , such  a s  th o se  d is c u s s e d  in 

th is  th e s is .

S ince  a l l -r e a l 'd e v ic e s  h av e  lo s s e s ,  s e l f - s u s ta in e d 'o s c i l la t io n  

can  o c c u r  only  if the  s y s te m  c o n ta in s  a  s o u rc e  of e n e rg y  su ch  a s  a 

b a t te ry .  T he  m a n n e r  in  w h ich  a  b a t te ry  can  supp ly  lo s s e s  to  an  o s c il l  ­

a tin g  c i r c u i t  f re q u e n tly  in v o lv e s  the  co n cep t of'“negative r e s i s ta n c e .  f*
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The n o n -lin ear  b e h a v io r  of a one d im e n s io n a l o s c i l la to r  h a s  been

1 , 2
e x te n s iv e ly  a n a ly z e d  ' and  i s  w ell u n d e rs to o d . T he b e h a v io r  of th e

n o n - l in e a r  o s c i l la to r  w ith  s e v e ra l  d e g re e s  of f re e d o m  h a s  a ls o  been  

2 3
d is c u s s e d  * but is  le s s  w e ll u n d e rs to o d  th an  th e  o n e -d im e n s io n a l 

c a s e ,

F u r th e r  in v e s tig a tio n  s e e m s  d e s ir a b le  in  o rd e r  to  develope 

so m e  " in tu itio n ” o r  " fe e lin g ” a s  to  the  p h y s ic a l  b e h a v io r  of m u lti-  

m ode o s c il la t io n , s in c e  th is  i s  n o t a lw a y s  c le a r  in  t e r m s  of th e  m a th ­

e m a tic a l  d e s c r ip t io n .  A c o n s id e ra b le  in te r e s t  h a s  a r i s e n  r e c e n tly

w ith  re g a rd - to  m u lti-m o d e  o s c i l la t io n s ,  p a r t ic u la r ly  in th e  a r e a s

4
of l a s e r s  and  of p la s m a  p h y s ic s  . T h is  th e s is  w ill, h o w ev er, be 

d ev o ted  to  th e  s im p le  e a s e  of tw o co up led  c i r c u i ts  co n ta in in g  a  s in ­

g le  n o n - lin e a r ,  e le m e n t in. the. form  ,of .a. tunnel d iode, - in  the. hope of 

c la r ify in g  so m e  of th e  g e n e ra l  p r o p e r t i e s  of m ulti-m ode .o sc illa tio n .

1
E . . V, A pp le ton  and  Balth*. Van D e r P o l,  " O sc il la t io n  H y- 

a t e r e s t s  in  S im p le  T r io d e  G e n e ra to rs ,  ” P h i l ,  M ag. 4 3 , i 77 {1922)

2
N ich o la s  M in o rsk y , N o n lin e a r  O s c illa t io n s  (D» ..Van N o s tra n d  

Co, , I n c . ,  New Y ork , 1962)

^ B alth  Van D e r  P o l, " O s c il la t io n  H y s te re s is  in  a T r io d e  Gen- 
e r a to r  w ith  Tw o D e g re e s  of F re e d o m , " P h i l .  M ag, 43, 700 (1922)

^ C o n fe re n c e  on P h e n o m e n a  in  Io n ized  G -so e , 7th B e lg ra d e
1965, P ro c e e d in g s  (to  be p u b lish e d ) , G ra d e v in sk a  R n jig a , B e lg ra d e
1966.
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SM A LL A M PL IT U D E  N EG A TIV E RESISTA N CE O SCILLATO RS

T he eq u a tio n  m o s t  o ften  u s e d  to  .d e sc r ib e  th e  m o tio n  of a n  o s c ill*  

a tin g  s y s te m  h a s  th e  fo rm

sfrtK + P X  + k x  -  O . (i)

T he t e r m  in  th e  .eq u a tio n  involv ing . D i s  th e  • "d am p in g ” te r m  and  d e ­

s c r ib e s  th e  d is s ip a t iv e  e ffe c ts  on th e  s y s te m . If D = 0, th e  s y s te m  

c o n s e rv e s  e n e rg y  and  o s c i l la te s  w ith  a r b i t r a r y  c o n s ta n t am p litu d e .

If D > 0 ,  th e r e  i s  dam p in g , th e  s y s te m  d is s ip a te s  e n e rg y  an d  o s c i l l ­

a te s  w ith  an a m p litu d e  w h ich  d e c r e a s e s  w ith  t im e . If 0 < ^ 0  the  en e rg y  

In c re a s e s  an d  th e  s y s te m  o s c i l la te s  m th  in c re a s in g  a m p litu d e .

S in ce  no r e a l  p h y s ic a l  s y s te m s  a r e  lo s s l e s s ,  su ch  a  s y s te m  c a n ­

n o t be d e s c r ib e d  by an  eq u a tio n  o f th e  ty p e  D = 0, s in c e  th is  im p lie s  

no damping, ' On th e  o th e r  han d  it, c a n n o t'b e  d e s c r ib e d  by an  equ a tio n  

of th e  ty p e  0 o r  D ^ Q , s in c e  th e s e  Im p ly  d ecay  to  z e ro  o r  in fin ite  

g ro w th  of o s c il la t io n  r e s p e c t iv e ly ,  A s y s te m  of s e lf - s u s ta in e d  o s ­

c il la t io n  a t  a  d e f in ite  am p litu d e  r e q u i r e s  th a t  th e  d am p in g  of th e  s y s te m  

be  p o s it iv e  w hen the  o s c il la t io n s  b eco m e  to o  la r g e  and  n e g a tiv e  w hen 

th e  o s c il la t io n s  b eco m e to o  s m a ll .  T h a t i s ,  th e  d am p in g  in  a  s y s te m  

of s e lf - s u s ta in e d  o s c il la t io n  m u s t  be a  fu n c tio n  of i t s  a m p litu d e  of 

o s c il la t io n ; th e  e n e rg y  r e q u ir e d  to  o v e rc o m e  lo s s e s  m u s t be su p p lied , 

fo r  e x a m p le , by a b a t te ry .



In an e le c t r ic a l  c i r c u i t  th is  type of n o n - lin e a r  b e h a v io r  m ay be 

o b ta in ed  by inc lud ing  in th e  c i r c u i t  a su ita b le  ’’n e g a tiv e  r e s i s ta n c e  

d e v ic e , ’’ su ch  a s  a tu n n e l d iode. F ig u re  (1) is  a p lo t of th e  c u r r e n t  - 

v o ltag e  c h a r a c te r i s t i c  of a ty p ic a l funnel d iode. O v er a p o r tio n  of i ts  

I V c h a r a c te r is t i c  the tunnel d iode ex h ib its  a ’’n eg a tiv e  r e s i s ta n c e :” 

i. e. a  d e c r e a s e  in  v o ltag e  c a u s e s  an  in c r e a s e  in  c u r re n t .  A lso  of im ­

p o r ta n c e  is  the fa c t th a t th is  ’’n eg a tiv e  r e s i s ta n c e ” is  confined  to only 

a l im ite d  p o r tio n  of the  c h a r a c te r is t i c ,  p re v e n tin g  th e  c u r r e n t  f ro m  

in c re a s in g  w ithou t l im it  fo r  la rg e  d e c re a s e s  in  v o ltag e , If such  a 

d ev ice  is  p u t in to  a c i r c u i t  i t  can feed  p o w er in to  th e  c ir c u i t ,  the p o w er  

o r ig in a tin g  f ro m  the b a t te ry  u s e d  to  b ia s  th e  diode to the n eg a tiv e  r e ­

s is ta n c e  re g io n  of i ts  c h a r a c te r is t i c .

W e w ill p ro c e e d  n ex t to d is c u s s  su ch  a n eg a tiv e  r e s i s ta n c e  os

5
c i l la to r ,  fo llow ing  B ru n e tti  , and  d e s c r ib in g  the ex ten s io n  of h is  

m e th o d  to  the  c a s e  of two d e g re e s  of f re e d o m . Suppose th a t  a n e g a ­

tiv e  r e s i s ta n c e  d ev ice  such  a s  a tu n n e l diode is  co n n ec ted  a c r o s s  the 

s im p le  LRC c ir c u i t  show n in  f ig u re  (?.), (C onnections fo r  b ia s in g  

the  n eg a tiv e  r e s i s ta n c e  d e v ic e  a r e  o m itte d  in  th is  f ig u re . ) If a  s in u ­

s o id a l v o ltag e  is  p r e s e n t  a c r o s s  A B the  c ir c u i t  is  ab le  to  m ak e  up 

fo r  lo s s e s  b e c a u se  the  n eg a tiv e  r e s i s ta n c e  d ev ice  Rn fe e d s  p o w er to

^C iedo  B ru n e tti , ” T he C la r if ic a tio n  of A v e ra g e  N eg ativ e  R e ­
s is ta n c e  w ith  E x te n s io n s  of Its  U se , ” P ro c .  I. R. E. , 25, 1595

5
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i t ;  th e  in s ta n ta n e o u s  va lu e  of i d ep en d s on th e  in s ta n ta n e o u s  va lue  of 

th e  s in u so id a lly  changing  v o ltag e . W e a r e  th u s  d ea lin g  w ith  a q u an tity  

w h o se  v a lu e  ch an g es  p e r io d ic a l ly  a lo n g  w ith  th e  v o ltag e  a c r o s s  th e

m u s t ho ld  w e m ay ex p e c t th a t th e  a v e ra g e  p o w e r su p p lied  by th e  n e g a ­

tiv e  r e s i s ta n c e  d ev ice  m u s t ju s t  e q u a l th e  c i r c u i t  lo s s e s .  In th e  s te a d y  

s ta te ,  th e  a v e ra g e  m ay  he tak en  o y e r  one cy c le  of th e  v o ltag e . T h e  

c i r c u i t  i s  then  a b le  to  su sta in ' o s c il la t io n . T he a v e ra g e  e ffec tiv e  n e g a ­

t iv e  r e s i s ta n c e  -H m ay  foe d e fin ed  by r e q u ir in g  th a t  th e  p o w er fed  in to  

th e  c i r c u i t  a v e ra g e d  o v q r one c y c le  of o s c il la t io n  foe g iven  by:

th e  p o w e r  d e l iv e r e d  to  the  c i r c u i t  a v e ra g e d  o v e r  a s in g le  cy c le  of

c i r c u i t .  T h e  I - V r e la t io n  is  n o n - lin e a r .  S ince  e n e rg y  c o n s e rv a tio n

(2 )

w h e re  V is  th e  m ax im u m  v a lu e -o f th e  o s c il la t io n  v o ltag e , a s s u m e d  

s in u so id a l. * T he a v e ra g e  e ffe c tiv e  r e s i s ta n c e  of th e  d ev ice  is  th u s :

If th e  v o ltag e  is  g iv en  by

V  Sc~> (3)

#T he a s su m p tio n  of Msm a ll .a m p litu d e -1 is  so m ew h at su b tly  h id d en  
in  th is  a s su m p tio n  w h ich  is ,w e l l  v e r if ie d  e x p e r im e n ta lly  in  m any  c a s e s ,  
( c f . B ru n e tti  bu t is  o b v io u sly  not t r u e  fo r  re la x a tio n  o s c il la t io n s .



o sc illa tio n  is : ^

W c < r - ^/  -  7 7  ‘' y  ^  7 ?  /  6 ^  /  (4)
/> t .

w h e re  T is  the  p e r io d  of o s c il la t io n  and  i th e  c u r r e n t  r e s u l t in g  f ro m

v. T h e  'c h a r a c te r i s t ic  r e la t io n s h ip  b e tw een  th e  c u r r e n t  an d  v o ltag e  of 

th e  n eg a tiv e  r e s i s ta n c e  d e v ic e  can  be r e p re s e n te d  by the s e r ie s ;

C ^ e r +  T^r3 t ̂ or'1 i-£ cTr  ̂̂ <r* /■/’■ ir 'V -  • ,  <5)

w h e re  .. a r e  constants-. U sin g  eq u a tio n  (3) th is  b e c o m e s :

i =o<V Bin ^ > t + /3 V2 s in 2 Cvi  + V  V'"’ sin^<, £4* . . • ,

W ith th e  u s e  of .trigonom etric id e n ti t ie s  the form , of th is  s e r i e s  can  

be changed  to y ie ld :

i » 10 4* I |  s ia iu^-  4* ta  c o s ' 2 u*-t 4* s in  3 <st 4* (6)

w h s r e : ^ ^ ^  .  -

X r  -  V’ f  Vr  + % l / 7 -  ̂ . • •
( )

If th is  expression  for i is  s u b s ti tu te d  in the  in te g ra l  fo r  the  a v e ra g e  

p o w er d e l iv e re d  to  th e  c i r c u i t ,  'h e  only te r m  w hich  re m a in s  a f te r

in te g ra tio n  is  the 1, s in fe t  term .; i e, ;
jy

I f i f  t i f . o f r  -  ) J fr//

9



T h e  ether t e r m s  vanish sin ce in each  c a s e  the Integration i s  o v e r  one 

c o m p le te  cycle  e l  th e  oscilla tion . T h e e ;

c t n j  $/*»cC  — *5. —• a j-c  ^  a  v/*e_ ;
£ P

 /  <9>

"It can b e seen th a t Hn depends only on. th e  maximum ^alue of the a m p ­

litu d e  of osc illa tion  V an d  on the  constants: <?<, 

C onsidering figure (2), we know th a t  at junction A:

I * ~ V a n d  a lso :  t * V ♦ (a d m it ta n c e 'e f  c irc u it) ,
* n

E q u a tin g  w e get:

+ r T ^ i  =  f  ' <10>

S in ce  th e  c i r c u i t  i s  o p e ra t in g 'u n d e r  s te a d y  s ta te  conditions*  th e  r e a l

a n d  im aginary p a r t#  of e i th e r  s id e  of e q u a tio n  (10) m u s t be s e p a ra te ly

equal. liv in g  the two Independent equations:
*->C -C L  - . J__ f t

/ ? V ^ c  /  ~  ~  <»*>

/ ? W ^  *  - / ? &

P  ~ , <i 2 >/ u .  -  ^

T h u s  u n d e r  s te a d y  s ta te  c o n d itio n s  th e  f re q u e n c y  of o s c il la t io n  

of the  c i r c u i t  Is su ch  a s  to  m ak e  i ts  e f fe c tiv e  im p e d a n c e 'a  p u re  r e s t s -

10



tanca of m ag n itu d e  . U sin g  equation©  (9) and  (12) w© h av e :

 _______________       (13)
/?c ~ ev*+-zjTv‘,t-- ■

T h e le f t  s id e  of eq u a tio n  (11) is  th e  e f fe c tiv e  im p e d a n c e  of th e  c i r c u i t  

and  th e  r ig h t  s id e  i s  th e  e ffe c tiv e  a v e ra g e  n e g a tiv e  r e s i s ta n c e .

If one p lo ts  a  g ra p h  of *R a s  a fu n c tio n  of am p litu d e  V, i t  is  

p o s s ib le  to  p r e d ic t  c o n d itio n s  fo r  o s c il la t io n , A  ty p ic a l p lo t of th is  

k in d  i s  sk e tc h e d  in  f ig u re  {!).

If R (e q ) , th e  e q u iv a le n t p a r a l le l  r e s i s ta n c e  of an  LRC circu it, 

i s  such that the line R(eq) = constant in tersec ts  the -R.n versu s V 

c u rv e , s te a d y  s ta te  o s c il la t io n  i s  p o ss ib le *  An in c r e a s e  in  R(eq) 

w ill  r e s u l t  in  o s e ii  l&tiona, of l a r g e r  a m p litu d e  w h ile  a  d e c r e a s e  w ill 

d e c r e a s e  th e  a m p litu d e . A s R ( :jq ) a p p ro ach es^ ? , th e -a m p litu d e  te n d s  

sm o o th ly  to  a e ro .  A. p lo t of th is  k ind  fo r  a p a r t i c u l a r  n e g a tiv e  r e s it*  

ta n c e  d e v ic e  c le a r ly  s h o w s 'th e  co n d itio n s  on R{eq) fo r  self*susta ined  

o s c il la t io n  of a  p a r t i c u la r  luRC c i r c u i t  and  p r e d ic t s  th e  am p litu d e  of 

o s c il la t io n  fo r  any  p a r t i c u la r  v a lu e  of R (eq), H o w ever, f ro m  eq u a tio n  

(IS ) i t  can  be se e n  th a t th e  fu n c tio n  n eed  no t be  th e  m o n o to m ica lly  in* 

c r e a s in g  type  ju s t  c o n s id e re d ;  th e  sh ap e  of th e  p lo t  of ~R v e r s u s  V i s  

d e te rm in e d  by th e  c h a r a c te r i s t i c  I - V c u rv e  of th e  n e g a tiv e  resistan ce  

d e v ic e  an d  th e  b ia s  p o in t, c o r re s p o n d in g  to  V * 0. W e a r e  d ea lin g  h e r e  

w ith  a  s m a ll  a m p litu d e  d ev ic e  w h ich  sw ings o v e r  only a p o r tio n  of th e  

I  - V c h a r a c te r i s t i c .  T h e  e x a c t p o r tio n  o v e r  w h ich  th e  o s c il la t io n  sw ings 

i s  d e te rm in e d  by th e  b ia s  on th e  negative, r e s i s ta n c e  .device an d  by R (eq).
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M any p o s it io n s  on i t s  I - V characteristic  are  p o s s ib le .

A n o th e r n eg a tiv e  r e s i s ta n c e  v e r s u s  am p litu d e  c u rv e  is  show n

in f ig u re  (4). Som e o f.o u r d a ta  show  th is  effect,, and  o th e r  ex a m p le s

5
a r e  show n in  B ru n e tti  .

T he q u e s tio n  now a r i s e s  a s  to  w h e th e r  v a lu e s  of R(eq) s itu a te d  

below  th e  in te rc e p t  y ie ld  tw o a m p litu d e s  fo r  s ta b le  o sc illa tio n , 

s in c e  th e se  v a lu e s  of R feq l y ie ld  two v a lu e s  of V?  T o  in v e s tig a te  th is  

w e no te  th a t th e  a v e ra g e  p o w er d e liv e re d  to  th e  circu it by th e  n eg a tiv e  

r e s i s ta n c e  d e v ice  is

and  th e  a v e ra g e  p o w e r d is s ip a te d  fey th e  c i r c u i t  is

V2 .
2 R feq)

T h e  d iffe re n c e  b e tw een  th e  a v e ra g e  p o w er a b s o rb e d  p e r  cy c le  by the 

c i r c u i t  an d  th a t su p p lied  by th e  n e g a tiv e  r e s i s ta n c e  d ev ice  is :

W hen A P  i s  n eg a tiv e , th e  n eg a tiv e  r e s i s ta n c e  d ev ice  Is- supply* 

ing m o re  p o w e r p e r  cy c le  th an  th e  c i r c u i t  i s  d is s ip a tin g . T h is  r e s u l t s  

in  an  in c r e a s e  of th e  e n e rg y  in  the  LRC c ir c u i t ,  and  h en ce  in  the a m p ­

litu d e  of o s c il la t io n . W hen A P  is  p o s it iv e , th e  n e g a tiv e  r e s i s ta n c e  d e ­

v ice  su p p lie s  le s s  p o w e r  p e r .c y c le  th an  the  c i r c u i t  d is s ip a te s .

A p -  (/* __<c-VX)
-l (?«

(14)

13
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T h is  r e s u l t s  in .a  d e c re a s e  in  e n e rg y  and  a  c o r re sp o n d in g  d e c r e a s e  in

a m p litu d e . In o r d e r  th a t  an  o s c il la t io n  of a m p litu d e  V be s ta b le  if . i s

n e c e s s a r y  th a t  A  P  be p o s itiv e  if V I n c re a s e s  In a m p litu d e  L e., dam p th e

a m p litu d e  down to  ¥  again* It is  a l s o  n e c e s s a r y  th a t  A  F  be n eg a tiv e  i f

V d e c r e a s e s  in  a m p litu d e  i .  e . p u sh  th e  a m p litu d e  up to  ¥  ag a in . F o r

s ta b le  o s c il la t io n  then* we m u s t hav e  the cond ition :

d ) > o  (15)
d ¥

T a k in g th e  d e r iv a t iv e s  th is  b eco m es :

d ( 4 p ) =  £> ( d P )  r n n +
4 ¥  p  Rn d ¥  £> ¥

Z/tix J Z> \r L-7<n )'  Z fc f  P { ^  b /*

T h u s  fo r  s ta b le  o sc illa tio n :

+ f  ^ )  > °

We a lre a d y  know th a t  f o r  a m p litu d e  ¥  to  b e  p o s s ib le : Rn * * R(eq)

th u s  th e  co n d itio n  fo r  s ta b le  o s c il la t io n  w ith  a m p litu d e  ¥  b e co m es :

d t*R n ) >  o i m
dV

W e th u s  se e  th a t  v a lu e s  of R<eq) below  th e  ~R.}1 in te rc e p t  r e p r e s e n t  co n ­

dition© f o r  s ta b le  o s c il la t io n , a s  long  a s  th e  c u rv e  th e r e  h a s  a  p o s itiv e  

s lo p e .

- C o n s id e ra tio n  of ■figure (4) show s, th en , th a t  if the va lue  of R(eq) 

i s  decreased th e  o s c il la t io n s  d e c r e a s e  in am p litu d e  bu t p e r s i s t ,  even  

f o r  v a lu es  of R (eq) below  th e  Hn in te rc e p t .  T he o s c il la t io n s  con tinue  

to  p e r s i s t  u n til  a v a lu e  of R (eq) i s  re a c h e d  w h ich  c o r re s p o n d s  to  the



ordinate of th e  c u rv e  a t  the  m in im u m , w h e re  i t s  s lo p e  g o es  n eg a tiv e . 

A t th is  tim e  th e  o s c il la t io n  v a n ish e s . It is  in te re s t in g  to  no te  th a t if 

now th e  va lu e  of R{eq) i s  in c r e a s e d  s lig h tly , b rin g in g  it  b ack  above th e  

m in im u m  of th e  c u rv e  a g a in , o s c illa tio n  w ill n o t be in itia te d . In o rd e r  

to  in i t ia te  o s c il la t io n  th e  v a lu e  of R(eq) m u s t be in c r e a s e d  to  i t s  value 

a t  the  ~Rn in te rc e p t  ©f th e  c u rv e . T he p o s itiv e  s lo p e  re g io n  below  

th e  ~Rn in te rc e p t  c o r re s p o n d s  to  a type of m e ta s ta b le  co n d itio n  w h e re  

o s c il la t io n  w ill p e r s i s t  if  JR(eq) i s  b ro u g h t in to  th is  re g io n  f ro m  above  

the  in te rc e p t ,  a lth o u g h  o s c il la t io n  w ill n o t be in i t ia te d  h e r e  u n le s s  they  

a r e  s ta r te d  by so m e  e x te rn a l  s o u rc e , su ch  a s  a  s ta r t in g  p u ls e ,  n o ise , 

e tc .  T he n e g a tiv e  slop© re g io n  of the  c u rv e  c o r re s p o n d s  to  co n d itio n s  

w hich  a r e  u n s ta b le  fo r  s e lf  - s u s ta in e d  o s c illa tio n . It is  in te re s t in g  to  

n o te  th a t if R{eq) Is  in c re a s e d  f ro m  z e ro  th e  o s c il la t io n  a m p litu d e  d is  

co n tin u o u sly  ju m p s  to  an  a m p litu d e  c o rre sp o n d in g  to  a  p o s itio n  on the  

p o s it iv e  s lo p e  p o r tio n  of the  c u rv e  an d  f ro m  th is  p o in t in c r e a s e s  co n ­

tin u o u sly  a s  th e  v a lu e  of H(eq) is  in c r e a s e d .  M ore c o m p lic a te d  d e ­
ft

p en d an ce  of on V is  d is c u s s e d  by B ru n o tti ' .

W e n ex t c o n s id e r  the  behavior'of a .sim ple  n e g a tiv e  r e s is ta n c e  

o s c i l la to r  w ith  two d e g re e s  of f re e d o m , such  a s  th e  one show n in 

f ig u re  (5). S ince the  two m a in  su b sy s te m s  h e re  a r e  th e  n eg a tiv e  

r e s i s ta n c e  d ev ice  an d  th e  c ir c u i t  to  w hich  it  i s  co n nected , i t  i s  co n ­

v en ien t to  c o n s id e r  th e i r  in te ra c t io n  w ith  each  o th e r  in . te r m s  of the  

s e p a ra te  s y s te m s .  T h a t i s ,  ag a in  c o n s id e r  a  n eg a tiv e  r e s i s ta n c e  d e ­

v ice  c o n n ec te d  a c r o s s  an  "effective” p aralle l c ir c u i t .  Such a s y s te m

16
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i s  r e p re s e n te d  in  f ig u re  |6 ) . If one o b ta in s  ~Rn v e r s u s  am p litu d e  c u rv e s  

fo r  th e  n e g a tiv e  r e s is ta n c e  d e v ice , p r o p e r  c o n s id e ra tio n  of the b e h a v ­

io r  of o u r  tw o d im e n s io n a l o s c i l la to r  to  w h ic h  i t  i s  co n n ec ted  should  

p r e d ic t  co n d itio n s  fo r  o sc illa tio n , a s  w ell a s  s ta b ili ty  an d  a m p litu d e .

A s w as  the  c a s e  fo r  the  one d im e n s io n a l o s c i l la to r ,  in  o r d e r  fo r  the 

c i r c u i t  to  o s c i l la te  the  to ta l  e ffec tiv e  eq u iv a len t p a r a l l e l  im p ed an ce  of 

th e  coup led  c i r c u i ts  m u s t be  r e s i s t iv e  and  g r e a te r  th an  the  m in im u m  

v a lu e  of - Rn :{and to  be s e l f - s ta r t in g ' m u s t exceed- th e  in te rc e p t  value 

of ~Rn ); the f req u e n c y  m u s t be one fo r  w hich  th e  s u se e p ta n c e  Is  z e ro . 

T he p ro b le m  d if fe r s  s lig h tly  now, s in c e  we a r e  d ea lin g  h e r e  w ith  tw o 

c i r c u i ts  co u p led  to g e th e r  w hose  to ta l  e ffe c tiv e  im p ed an ce  i s  a  function  

of th e  f re q u e n c y  of o s c illa tio n , and  th e  suscep ianc©  m ay  v a n ish  a t 

m o re  th an  one f re q u e n c y , f A c tu a lly  tw o p a r a l le l  r e s o n a n t  and  one 

s e r i e s  re so n a n t, fo r  th e  c i r c u i t  show n and fo r  the  c a s e  w hen both c i r ­

c u i t s 'a r e  tu n ed  to a p p ro x im a te ly  th e  sa m e  f re q u e n c y .) T he q u es tio n  

a r i s e s  q u ite  n a tu ra l ly  th en  a s  to  th e  p o s s ib i l i ty  of m u lti-m o d e  o s c i l l a ­

tion  of a  s y s te m  su ch  a s  th is  in the  ev en t th a t  th e  eq u iv a le n t p a r a l le l  

r e s i s ta n c e  is  h ig h  enough a t  bo th  p a r a l le l  r e so n a n t f re q u e n c ie s  s im u l­

ta n e o u s ly .

It shou ld  be p o s s ib le  to  a r r i v e  a t s ta b ili ty  co n d itio n s  fo r  m u lti 

m ode o s c il la t io n  by c o n s id e ra tio n s  an a lo g o u s  to  th o se  above, ex cep t 

now fo r  m u lti-m o d e  o s c il la t io n :

v = a s in  t  + b s in  ( t  +

I*



w h e re  a  and b a r e  th e  a m p litu d e s  and  ^  |  and  60 ^ the  f re q u e n c ie s  of 

th e  m o d e s . ) )  i s  a p h a se  an g le .

It i s  th is  e x p re s s io n  fo r  v w h ich  is, now s u b s titu te d  in to  eq u a tio n

0 k

i * f (v) == i  a  s in  t  + b s in  ( t, 4- A ) J  .

But i  is  a ls o  g iven  by:

° \y  j  c fS ***% b  A ) ■

& M ' ^  £ Y o v ) ^

w h e re  Z ( AJt ) is  th e  im p ed an ce  a t  f req u en cy  <j, and  Z( ^ ) th a t a i  .
, ‘ s, • '*■ * f ; '

E q u a tin g  th e se  tw o e x p re s s io n s  fo r  i:

f(a  s in  U)x t  4* b  s in  ( 4-A ) ) = a  s in ^ q t + b sin( 4)z t  + m .
z ( u , y  z < ^ a

If 60, a n d  A^7. a r e  n o t c o m m e n su ra te , w e m ay  expand f(v) in  a 

nd©obie F o u r ie r  S e r ie s ” in  to, t, : 4 ^ t .; + A- , an d  a s  w e d id  in th e  one 

d im e n s io n a l c a s e , we m ay  r e q u ire  th a t the  c o e ff ic ie n ts  of sin...to, t s 

cos 6j ,  %■ gin ( t  . 4* A ) and  cos{ *ovt  4* A 1 be id e n tic a l  on both  s id e s  of

th e  equation* g iv ing  fo u r  in d ep en d en t eq u a tio n s  in  a  and  b. F o r  cub ic

• . 3
f (v) th e s e  -equations a r e  t h e a a m e  o n es  a r r iv e d  a t  by ,V an D e r P o l.,

T h e se  le a d  to  fo u r  p o s s ib i l i t ie s  be tw een  a and  b:

a ' y  0 , b -  0

a = 0 , b ;>• 0

a £ 0 , b = 0

a  ;> 0 i b . y  0

19



T h e la s t  a  >  0 and  b ^  0, le a d s  to  a  c o n tra d ic tio n  in the  eq u a tio n s  and 

is  th u s  im p a s s ib le . We conclude  th e r e fo re ,  th a t m u lti  m ode o s c illa tio n  

is  n o t p o s s ib le  fo r  a cub ic  f  {y\

S tab ility  c o n s id e ra tio n s  a r e  a ls o  p o s s ib le , ex cep t th a t one shou ld  

c o n s id e r  e ffe c ts  pf the  changing  of each  am p litu d e  a lo n e , an d  find the 

ch an g es  in  pow or su p p lied  to o r  a b s o rb e d  f ro m  the  c i r c u i t  by R . T h e se
■ JPl

sh o u ld  le a d  to  eq u a tio n s  in a and  b and  change© in  p o w e r w hich  w ill ag a in  

be the  sam e  a s  Van B a r  P o l*& an d  s ta b ili ty  c o n c lu s io n s  w ill be the  sam e .



EQ U IPM EN T AND PR O C ED U R E

T h e n e g a tiv e  r e s is ta n c e 'd e v ic e  u se d -in  th e se  e x p e r im e n ts  w as a 

ty p e  1N2939 tu n n e l d iode. T h e  I - V c h a r a c te r is t ic  of the  d ev ice  w as 

o b ta in ed  by in se r tin g  i t  in the  r e s i s ta n c e  b r id g e  show n in  f ig u re  (7).

It can  be show n th a t if  the  b r id g e  is  in i t ia l ly  b a lan ce d  {i. e . b a lan ced  

w ith  no tu n n e l d iode in  th e  c irc u i t) ;  in s e r t in g  the  d iode in  th e  c i r c u i t  

u n b a la n c e s  th e  b r id g e  in  such  a w ay th a t  V 7 i s  p ro p o r t io n a l  to  th e  c u r ­

r e n t  th ro u g h  the  d iode . 'V r e p r e s e n ts  th e  v o ltag e  a c r o s s 'th e  d io d e fo.

T h e  I — V c h a r a c te r is t ic  of th e  tu n n e l d iode w as p lo tte d  d ire c t ly ,  

u s in g  a M odel :i  35 M oseley  Aufo-graf X Y r e c o r d e r .  T o  do th is  the 

b r id g e  w as  f i r s t  b a la n c e d  w ith o u t th e  d iode in  p la c e . A f te r  b a lan c in g , 

the  d iode w as  p la c e d  a c r o s s  th e  10-rv. r e s i s to r  and  th e  v o ltag e  a c r o s s  

th e  b r id g e  w as slow ly  in c re a s e d . T h e  iO-Th r e s i s t o r  shu n tin g  th e  diode 

p re v e n te d  i t  f ro m  sw itch in g , th u s  g iv in g  v a lu e s  of I and  V in  i ts  n e g a ­

tiv e  r e s i s ta n c e  reg io n , I and  V w e re  fed  d ire c t ly  to  the  X and  Y a x e s  

of th e  r e c o r d e r  resp ectively . T he r e c o r d e r  t r a c e d  out th e i r  v a lu e s  a s  

th e  p o w er supply  v o ltag e  w as  r a is e d .  T he d iode w as then  re m o v e d  and  

th e  c h a r a c te r i s t i c  c u rv e  of a 1 K~rc r e s i s to r  w as o b ta in ed  to  ca llib ra t©

^A lvin M. G oodm an, "T u n n e l D iode T e s t  Set, " T he R eview  
of S c ie n tif ic  In s tru m e n ts ,  31, 288 (1960)
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th e  c u r r e n t  s c a le  on the r e c o r d e r .  F ig u re  (1) is th e  I - V c h a ra c te r*  

i s t ic  o b ta in ed  fo r  the 1N2939 tu n n e l d iode.

V alues of I and  V w e re  tak en  d ire c t ly  off of the  c u rv e  and  a 1620 

IBM d ig ita l c o m p u te r  w as u se d  10 o b ta in  a l e a s t - s q u a r e s  f it  to  a fifth  

d e g re e  p o ly n o m ia l. A sev en th  d e g re e  p o ly n o m ia l f it  w as  a ls o  o b ta in ed  

fo r  c o m p a r iso n . T hen  s in ce :

the  m ach in e  w as p ro g ra m m e d  to  c a lc u la te  -R  fo r  a ra n g e  of v a lu e s  of 

V f ro m  th is  eq u atio n , f i r s t  u s in g  the  fifth  d e g re e  p o ly n o m ia l f it  and th en  

ag a in  fo r  th e  sev en th . F ig u re  18) show s tw o of th e se  c u rv e s  each  r e -  

p re s e n tin g  a  d if fe re n t b ia s  p o in t on th e  I - V c h a r a c te r is t i c .  On the  

b a s is  of the  c a lc u la te d  v a r ia n c e  of f i t  no p re fe r e n c e  w as d is tin g u ish a b le  

b e tw een  fifth  and  sev en th  o r d e r  f i t s  fo r  the  c h a r a c te r is t i c .  It i s  s u s ­

p e c te d  th a t  the  f it  of a p o ly n o m ia l to  th e  c h a r a c te r i s t i c  of th e  d iode is  

p o o r . It is  plain* h o w ev e r, th a t  changing  th e  b ia s  on th e  tu n n e l d iode 

q u ite  d r a s t ic a l ly  in flu e n c e s  th e  a m p litu d e  of o sc illa tio n . T he p lo ts  

p la in ly  show  a d e c re a s e  in  o s c il la t io n  am p litu d e  a s  th e  b ia s  on th e  d iode 

is  in c r e a s e d .  T h is  a g re e s  w ith  w hat w as se e n  e x p e r im e n ta lly .

F ig u re  (9) is  a s c h e m a tic  d raw in g  of the  n eg a tiv e  r e s i s ta n c e  

co u p led  c i r c u i t  o s c i l la to r  u s e d  fo r  th e s e  e x p e r im e n ts . T he re so n a n t 

f re q u e n c y  of th e  se c o n d a ry  c ir c u i t  w as v a r ie d  by tun ing  th e  v a r ia b le  

100 pf, c a p a c ito r .  A re g u la te d  p o w e r supply  w as  n eed ed , s in c e  th e  

p ro p e r  o p e ra tio n  of th e  tu n n e l d iode i s  v e ry  s e n s it iv e  to  s lig h t v o ltag e
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f lu c tu a tio n s . V oltage f lu c tu a tio n s  of le s s  than. . 5 m v  w e re  n eed ed  fo r  

c o n s is te n t  d a ta . M e a su re m e n ts  of v o ltag e s  a c r o s s  th e  d iode co u ld  be 

m ad e  w ith  a L e ed s  and  N o rth ro p  M illiv o lt P o te n tio m e te r .

T he  tu n n e l d iode w as d isc o n n e c te d  f ro m  th e  c i r c u i t  and  e ffe c tiv e  

to ta l  im p ed an ce  m e a s u re m e n ts  of the  co u p led  c i r c u i ts  w e re  obtained* 

u n d e r  co n d itio n s  of re so n a n c e . A t re s o n a n c e  the  e ffe c tiv e  im p ed an ce  

w as  a  p u re  r e s i s ta n c e  an d  m e a s u re m e n ts  could  be m ad e  w ithou t th e  

c o m p lica tio n  of p h a se  a n g le s . F ig u re  (10) show s a b lo ck  d ia g ra m  of 

th e  s e t-u p  u se d  fo r  the p ro c e d u re
fc

To avo id  ■difficulties due to an  u n b a lan ced  s ig n a l g e n e ra to r , a 

d if fe re n tia l  a m p lif ie r  p lu g - in  w as u s e d  and  (A — B) se n t to  th e  v e r t ic a l  

p la te s  of .the sco p e . and  w e re  d isp la y e d  on. th e  v e r t ic a l  and  

h o r iz o n ta l  p la te s  of an  o sc illo sc o p e  re sp e c t iv e ly  and  the  c i r c u i t  sw ep t 

w ith  a  s ig n a l g e n e ra to r ,  u n til  the  r e s u l t in g  e ll ip s e  d e g e n e ra te d  in to  a. 

s tr a ig h t  lin e . T he  v a lu es  of Vj^ and w e re  then  re a d  d ire c tly  off of 

the  sco p e  s c re e n  and  cou ld  then  be co m p u ted , s in c e  a t re so n a n c e :

y - - § -  .
V/? A$ 1A?

In th is  w ay the to ta l  e ffec tiv e  p a r a l le l  im p e d a n ce  of the  coup led  c i r c u i ts  

w as o b ta in ed  fo r  a ran g e  of v a lu e s  of s e c o n d a ry  c i r c u i t  c a p a c ita n c e . T h e  

r e s u l t in g  m e a s u re m e n ts  a r e  p lo tte d  in  f ig u re  (14a).

W h e re a s  the  to ta l  e ffec tiv e  im p ed an ce  of the one d im e n s io n a l 

o s c i l la to r  is  ju s t  F , it  can  be se en  th a t  the  to ta l  e ffe c tiv e  im p ed an ce  of 

th e  two d im e n s io n a l o s c i l la to r  is  a fu n ctio n  of i ts  fre q u en cy  of o s c il la
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tion . A s m ig h t-b e  expected,- w hen th e  two c i r c u i ts  a r e  tu n e d  to  f re q u e n ­

c ie s  n e a r  to  each  o th e r , th e  co up led  c i r c u i t ,p o s s e s s e s  tw o re so n a n t 

f re q u e n c ie s . S ince th e  c i r c u i t  can  be re so n a n t a t  two f re q u e n c ie s  a t  

once, a q u es tio n  of in te r e s t  is  th e  one of p o s s ib le  m u lti m ode os c ilia  

tion . Of in te r e s t  a ls o  a r e  the cond itions u n d e r  w hich  the  c ir c u i t  w ill 

o s c il la te  in ;one m ode o r  th e  o th e r .

T o  in v e s tig a te  the  b e h a v io r  of the  fre q u e n cy  of o s c il la t io n  of the 

sy s te m , freq u en c y  and  a m p litu d e  m e a s u re m e n ts  w e re  m ad e a s  th e  cap  

a c ita n c e  (and thus the  re so n a n t freq u e n c y ) of the se c o n d a ry  c i r c u i t  w as 

v a r ie d . T he d a ta  is  in q u a lita tiv e  a g re e m e n t w ith  the b e h av io r  w hich  

w ould be ex p ec ted  on th e  b a s is  of th e  c u rv e s  in  f ig u re s  (8) and  (14). 

C o m p a riso n  of th e se  c u rv e s  show  th a t a d e c r e a s e  in th e  e ffe c tiv e  p a r  

a l le l  r e s i s ta n c e  of the  c ir c u i t  is .a c c o m p a n ie d  by a c o rre sp o n d in g  d e ­

c r e a s e  in  am p litu d e  of o s c illa tio n . F ig u re  (14a) show s th a t  a t a  cap ac  

i to r  s e ttin g  (in the p r im a ry )  of five th e -fre q u e n cy  of o s c il la t io n  of th e  

c i r c u i t  is  such  a s  to  m ake  its  e ffe c tiv e  p a r a l le l  im p e d a n ce  (H ^) l ie  on 

the  low  freq u en cy  c u rv e . F ig u re  (14b) is  -a p lo t of f req u en c y  v e r s u s  d ia l 

se tt in g  fo r  th e  c ir c u i t .  It can be se en  b y  co m p arin g  f ig u re s  (8) and  (14) 

th a t a s  th e  d ia l se ttin g  is  in c re a s e d , R ^  is d e c re a s e d  and  bo th  the f r e ­

quency  and  a m p litu d e  of o s c il la t io n  shou ld  c o rre sp o n d in g ly  d e c re a s e .  

F ig u re s  (11), (12) and  (13) show  th a t th is  w as  v e r if ie d  e x p e r im e n ta l ly .

If th e  d ia l s e ttin g  is  in c r e a s e d  fu r th e r ,  R is  d e c re a s e d  u n til  it  be -
X

c o m e s  le s s  th an  -R  o r  u n til  th e  c i r c u i t  c e a s e s  to  be re so n a n t in th isn
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ra n g e  (po in t B on f ig u re  (14a) ), and th e  f req u e n c y  ju m p s  to  the h ig h e r

freq u e n c y  ra n g e  w ith  a c o rre sp o n d in g  in c r e a s e  in am p litu d e . If th e

d ia l s e ttin g  is  now d e c re a s e d  ag a in  (the fre q u e n c y  of o s c il la t io n  now

being  on th e  h igh  ran g e ) the fre q u e n c y  now in c r e a s e s  u n til  i t  r e a c h e s  A

(o r  w h e re  it  is  su ch  th a t Rx<C -R ^) and  ju m p s  to  the low  f re q u e n c y  band

a g a in  w ith  i ts  c o rre sp o n d in g  in c r e a s e  in  am p litu d e . T h is  c h a r a c te r is t ic

b e h a v io r  can  be fo llow ed  in  th e  p lo ts  of f ig u re s  (11), (12) and  (13) qu ite

e a s i ly .  It is  in te re s t in g  to  no te  th a t  th e  ju m p s do not o c c u r  in  th e  sa m e

p la c e  w ith  in c re a s in g  f re q u e n cy  a s  they  do w ith  d e c re a s in g  freq u en cy

ca u s in g  a (freq u en cy  and  am p litu d e ) !,h y s te r i s i s H e ffec t. F ig u re  (14a)

show s th a t the  c i r c u i t  is  doubly  re so n a n t betw een  p o in ts  A and  B, and

sing ly  r e s o n a n t ,e ls e w h e re .  No d a ta  Was o b ta in ed  show ing m u lti-m o d e

3o s c illa tio n . T h e se  r e s u l t s  a r e  s im i la r  to  th o se  of Van D ?r P o l.

T he c u rv e s  in f ig u re  (14a) a r e  sh if ted  to  the le f t  r e la t iv e  to  th o se  

of f ig u re s  (11), (12) and  (13) due to  changes in  c i r c u i t  c a p a c ita n c e , w hen 

th e  c i r c u i t  w as  d isco n n e c te d  f ro m  the  tu n n e l d iode fo r  the  m e a s u re m e n t 

of f ig u re  (14a). T he re so n a n t freq u en cy  of the  o p e ra tin g  c i r c u i t  w as 

n e a r  45 (on the d ia l s e t  s c a le )  and  if  th e  p o in t of in te r s e c t io n  of th e se  

c u rv e s  is  m oved  to th is  p o s itio n , th e  fre q u en cy  ju m p s p re d ic te d  a r e  

r e la t iv e ly  n e a r  w h e re  they  w e re  o b se rv e d . It is  q u ite  c le a r  f ro m  f ig u re s  

(11), (12) and  (13) th a t th e s e  freq u en cy  ju m p s a r e  a ls o  s tro n g ly  e ffec ted  

by the  b ia s  on the d iode. T he w id th  cf the h y s te r e s i s  loop in c r e a s e s  w ith  bi 

b ia s , a s  w ould  be ex p ec ted  f ro m  the  d e c re a s e  in Rn , bu t a q u a n tita tiv e
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c o m p a r iso n  i s  no t p o s s ib le . It i s  b e lie v e d  th a t the  la c k  of a c c u ra c y  

of the lo w - c u r r e n t  p o r tio n  of the tu n n e l d iode c h a r a c te r is t i c  is  la rg e ly  

r e s p o n s ib le  f o r  the la c k  of d e ta ile d  c o m p a r iso n  betw een  th e o ry  and  

e x p e r im e n t.
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CONCLUSIONS

Q u a lita tiv e  a g re e m e n t of e x p e r im e n ta l r e s u l t s  w ith  th e o ry  is  

s a tis fa c to ry .  It w as found e x p e r im e n ta lly  th a t  ch an g es  in  c i r c u i t  r e ­

a c ta n c e  o c c u re d  w hen co n n ec tio n s  w e re  a l te r e d  in o rd e r  to  m e a s u re  

th e  eq u iv a len t p a r a l l e l  r e s i s ta n c e .  S ince th is  e ffe c t is  no t in c lu d ed  in 

th e  th e o ry  and  b e c a u se  of la c k  of a c c u ra te  m e a s u re m e n ts  of diode c h a r ­

a c t e r i s t i c s  q u an tita tiv e  a g re e m e n t is  not good. T he ch an g es  in c i r c u i t  

r e a c ta n c e  a r e  p ro b a b ly  p a r t ly  due to  th e  tu n n e l d iode and p o ss ib ly  o p ­

e ra t in g  a t  a lo w e r f re q u e n c y  w ould  m in im iz e  th is  e ffec t. A n o th e r a l ­

te rn a t iv e  w ould be to  u se  a n o n - re a c t iv e  n eg a tiv e  r e s is ta n c e  d ev ice  

It is  no t obvious how  w e ll th e  p o ly n o m ia l f its  th e  tu n n e l d iode c h a r ­

a c te r i s t i c . ' T he le a s t  s q u a re s  e s t im a te s  of "g o o d n e ss  of f i t” p ro v id e d  

by the c o m p u te r  p ro g ra m  d id  n o t a llow  us to  d is tin g u ish  c le a r ly  betw een  

p o ly n o m ia ls  of d if fe re n t o r d e r s .  A m plitude m e a s u re m e n ts  off of the  

• Rn v e r s u s  am p litu d e  p lo t a r e  doubtfu l.

In co n c lu s io n , we h av e  found good q u a lita tiv e  a g re e m e n t w ith  

th e o ry  and  in c r e a s e d  o u r  u n d e rs ta n d in g  of n eg a tiv e  r e s is ta n c e  o s c i l la ­

to r s .  We b e lie v e , h o w ev er, th a t the in c o rp o ra tio n  of som e of th e se  

su g g e s tio n s  a n d /o r  the  d i r e c t  m e a s u re m e n t of Rn a s  su g g e s te d  by

c
B ru n e tti  w ould le a d  to  b e t te r  d e ta ile d  a g re e m e n t.
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